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Abstract Anticipated sea level rise (SLR) threatens intertidal areas and associated ecosystems in estuaries
worldwide. There is a need to develop validated modeling tools to assess the impact of SLR on estuarine
morphodynamics. This study explores the morphological impact of SLR on a channel-shoal system in San
Pablo Bay, a subembayment of San Francisco Bay, California, using a 3-D, process-based modeling approach
(Delft3D) including density currents and wave action. The Bay underwent considerable morphologic
development in response to variations in fluvial sediment load and discharge associated with a period of
hydraulic mining for gold and later damming in the watershed. The availability of a unique 150-year, 30-year
sequenced, bathymetric data set provided a rare opportunity for model validation. We investigate a 250-year
period of morphodynamic evolution including a 150-year hindcast and a 100-year forecast with different
SLR scenarios. The model shows significant skill in hindcasting volumes and patterns of bathymetric
development during both net depositional (1856–1951) and erosional (1951–onward) periods. Forecasts
show that SLR alters the Bay’s erosional trend to a depositional trend again. Despite increased sediment
trapping rates, the intertidal mudflats drown under all modeled SLR scenarios (42, 84, and 167 cm by end of
the 21st century). Our work highlights the potential of using process-based models to assess the
morphodynamic impact of SLR. The study also suggests that SLR can greatly increase the loss of intertidal
area when landward migration is not possible. Sustainable management strategies are required to safeguard
these valuable intertidal habitats.

Plain Language Summary Sea level rise is expected to affect coastal areas all around the world
including the estuarine environment. In particular, the estuarine intertidal area comprises delicate and
valuable ecosystems. Anticipated sea level rise poses questions on the fate of this unique estuarine
environment. In this research, we aim to validate a numerical model against observed bed level
developments in San Pablo Bay, a subembayment of San Francisco Estuary, to make trustworthy predictions
of the estuarine bed including future sea level rise. The model included detailed tidal water movement,
wind-wave action, sediment transports, and resulting bed level updates. Our hindcast (1856–1983) showed
significant skill in reproducing observed bed level developments. Our forecast shows that sea level rise slowly
drowns the intertidal environment. The sea level rise rate is larger than the accretion rate of the mudflats.
Mitigation and adaptation strategies are required to ensure the sustainability of the estuarine environment
against climate-induced changes.

1. Introduction

Estuaries are the transition zones between land and sea where the interaction between freshwater and tidally
varying saline water makes it one of the most productive ecosystems in the world (Harvey et al., 1998). The
estuarine bed has a dynamic nature and is subject to marine (e.g., waves, tides, salinity, and sea level) and
fluvial (e.g., discharges and sediment load) forcing. Sediments may have local, fluvial, or marine origin and
shape the estuarine morphology into channels, shoals, and intertidal area. This morphology forms the basis
for valuable estuarine habitat and ecosystems (Harvey et al., 1998). Maintaining this diverse nature is crucial
for ensuring the estuarine sustainability. Constant hydrodynamic and sedimentological forcing leads to mor-
phological equilibrium over a time scale longer than decades (Dam et al., 2016; van der Wegen & Roelvink,
2008). However, changes in forcing conditions lead to continuous morphological adaptations ranging from
seasons to millennia (e.g., Pethick, 1994; van der Wegen et al., 2016).

Throughout history, natural forcing perturbations occurred and the estuarine morphology adapted accord-
ingly. Sea level fluctuated in accordance with Earth’s climate and reached its modern levels from about
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6,000 years ago (Fleming et al., 1998). Between 1 and 1800 CE, there were relatively slight sea level changes.
However, sea level began to rapidly rise in the nineteenth century and further accelerated in the early
twentieth century. Currently, the sea level rise (SLR) rate is much greater than any time in the past 200 years
(Kemp et al., 2011) and global SLR projections range from 0.2 m to approximately 2.0 m by the end of the 21st
century (Parris et al., 2012).

Estuaries must accrete by trapping sediment in order to keep up with the rising sea level (Castagno et al.,
2018; Fagherazzi et al., 2013; Leonardi et al., 2018). The current accelerated SLR is expected to have a slow,
potentially governing impact on the future state of estuarine systems. Examples are shoreline erosion
(Passeri et al., 2015), loss of salt marshes, and coastal wetlands along with their associated habitats
(Nicholls & Cazenave, 2010; Sampath et al., 2011; Thorne et al., 2018), coastal squeeze and increased inunda-
tion and flooding (Pelling & Blackburn, 2013), decline of intertidal area (Rossington & Spearman, 2009; van der
Wegen et al., 2016), and economic losses due to disruption of economic activities or land loss (Asuncion &
Lee, 2017; Peri & Šverko, 2015).

Estuaries provide the economic livelihood for several communities (Mitsch & Gosselink, 2000). Human-
induced pressure can be seen in estuaries through several aspects such as lack of accommodation space,
flow-regulating structures, land reclamations, dredging operations, and ecosystem manipulation (Cooper,
2003). A solid understanding of SLR impact on the morphological state of estuaries is critical for identifying
potential threats and associated adaptation measures. Predicting SLR impact on the long-term morphologi-
cal evolution is challenging as anticipated SLR rates are historically unprecedented and are associated with
high uncertainties which require a solid comprehension of the estuarine system dynamics (Sampath
et al., 2011).

1.1. Previous Studies

Roughly, behavior-based and process-based models are the two main approaches used in long-term mor-
phodynamic modeling (de Vriend et al., 1993; Murray, 2003; Werner, 2003). Behavior-based models are based
on empirical relationships developed from measurements and observations which are extrapolated to
address conditions under SLR. Sampath et al. (2011, Guadiana Estuary), Rossington and Spearman (2009,
Thames Estuary), and Van Goor et al. (2003) provide examples of behavior-oriented modeling to study SLR
impact on estuarine morphodynamics. Their work showed that SLR potentially affects the estuarine morphol-
ogy more than any other developments in recent history, including, for example, the drowning of intertidal
area despite local accretion. This modeling approach does not provide an understanding of the underlying
physical mechanisms instead it is based on a combination of expert analysis and empirical relationships
developed from observations.

Process-based models take detailed description of physical processes as a starting point. Z. Zhou et al. (2015)
implemented a 1-D fundamental approach to investigate the morphological evolution of intertidal flats and
sediment sorting dynamics. Van der Wegen and Roelvink (2008) showed millennial time scale 2-D morpho-
dynamic developments using highly schematized conditions in a rectangular embayment. Other implemen-
tations of 2-D or 3-D process-based modeling efforts with considerable skill in hindcasting observed
bathymetric developments are Dam et al. (2016) for the Western Scheldt (110 years), Ganju et al. (2009) for
Suisun Bay (30 years), and van der Wegen, Jaffe, and Roelvink (2011) and van der Wegen and Jaffe (2013)
for San Pablo Bay (30 years). In addition to reproducing the morphological evolution, models can be used
as virtual labs to perform various investigations of interest. X. Zhou et al. (2013) implemented this approach
to investigate the impact of SLR on the long-term morphological development of the Yangtze Estuary. Van
der Wegen et al. (2016) used a 1-D model to reproduce a mudflat profile in South San Francisco Bay and
quantify the impact of a 100-year SLR. Van der Wegen (2013) evaluated the morphodynamic impact of SLR
on a schematic 2-D rectangular tidal basin. Ganju and Schoellhamer (2010) performed a decadal time scale
(30 years) morphological forecast for Suisun Bay under different SLR, sediment supply, and river flow scenar-
ios. In all of the above SLR studies, the estuarine morphology experienced notable development and the
intertidal area gradually declines.

Previous research provides a solid understanding of the morphological development of the period under
consideration and the system’s governing processes. However, most previous case studies investigated
periods with a time scale that ranges from years to decades. Also, usually the different periods (e.g.,
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Depositional/Erosional) were treated in a relatively separate way such as the use of different parameters. In
this study, we use the 3-D process-based model applied by van der Wegen, Jaffe, and Roelvink (2011) to
investigate the morphological development of San Pablo Bay over a 250-year period incorporating both a
validated hindcast from 1856 to 1983 (last available survey) and a SLR forecast from 1983 to 2103.
Studying the system on a longer time scale allows for achieving a wider perspective on the morphody-
namic evolution and the potential impact of SLR. Our research combines the findings of shorter time scale
previous studies into one model in order to produce the first 100-year morphological forecast for San
Pablo Bay.

1.2. Research Objective

The aim of this study is to assess the impact of SLR on the long-term morphological development of an
estuarine channel-shoal system. San Pablo Bay, a subembayment of San Francisco Estuary, was chosen as
a case study due to the availability of a unique historic bathymetric data set that captures the considerable
morphological changes over the past 150 years (Jaffe et al., 2007). The data set is used to validate a morpho-
dynamic model hindcast over the past 150 years and to forecast 100 years under SLR scenarios. Our aim is to
provide a reliable morphological forecast for the system which will help identify and understand the poten-
tial threat of SLR. We apply the process-based, numerical model Delft3D (D3D; Deltares, 2016; Lesser et al.,
2004) to compute detailed hydrodynamics, sediment dynamics, and associated morphodynamic develop-
ment. This research tests the ability of process-based models to predict representable morphological devel-
opment and provide a methodology for performing such forecasts on a centennial time scale.

2. Case Study
2.1. Setting

San Francisco Estuary is the largest estuary on the west coast of the United States. Its watershed covers
more than 195,000 km2 (US EPA, 2018) and drains about 40% of California State (Kimmerer, 2004). The
present-day estuarine configuration with its complex topographical and geological features is a tectoni-
cally reshaped river valley which started gradually drowning with SLR since the last ice age (Atwater
et al., 1977).

The San Francisco estuarine system is commonly referred to as the Bay-Delta system which comprises both
San Francisco Bay and Sacramento-San Joaquin Delta (Figure 1). This system starts inland with two main river
branches, the Sacramento and San Joaquin Rivers that drain the enormous watershed through a complex
network of tributaries. Following that water flows to the Sacramento-San Joaquin Delta, the only inland
Delta in the world (US EPA, 2018), which is located at the confluence zone between both major rivers.
Eventually, fresh water gets discharged into San Francisco Bay where it passes through a series of subembay-
ments heading toward the mouth of the estuary at the Golden gate bridge. Starting landward from the Delta
there is Suisun Bay followed by San Pablo Bay to the west, then Central Bay to the south in front of Golden
Gate, and finally there is South Bay located more to the south of Central Bay. In this research, we model
North San Francisco Bay (supporting information Figure S1) which comprises both Suisun Bay and San
Pablo Bay along with their only connection through Carquinez Strait.

2.2. Morphology

San Pablo Bay (Figure 1), a subembayment of North San Francisco Bay, is bound by San Pablo Strait to the
west and Carquinez Strait to the east. It covers an area of approximately 300 km2 comprising a channel-shoal
system which consists of shoals (<5 m MLLW, Mean Lower Low Water) dissected by a deep main channel
with a depth larger than 12 m MLLW (Schoellhamer et al., 2008). This channel serves as the main shipping
channel as it provides the connection between the deep San Pablo Strait and Carquinez Strait. The surround-
ing Northern and Southern shoals occupy most of the Bay area accounting for about 190 and 43 km2, respec-
tively (Bever & MacWilliams, 2013). A small secondary navigation channel bisects the northern shoals and
joins to the Petaluma River (Schoellhamer et al., 2008). Throughout this paper, the terms “channel” and “sec-
ondary channel” refer to the main and secondary channel, respectively. The Petaluma River and Sonoma
Creek are the two main tributaries that flow into San Pablo Bay. San Pablo Bay margins comprise large inter-
tidal mudflats which are in some locations bound by salt marshes.
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Carquinez Strait extends about 11 km from Carquinez Bridge at the eastern boundary of San Pablo Bay till
Benicia Bridge at the western boundary of Suisun Bay. Its morphology is characterized by a deep channel
(max. depth 35 m), steep bed level slopes, a narrow cross-section (≈1,000 m wide), multiple bends, and rocky
banks. When entering Suisun Bay, Carquinez Strait splits into two navigational channels, the Northern
Channel that extends northeast toward Grizzly Bay and the Southern Channel that extends east-northeast
toward the Delta (Ganju & Schoellhamer, 2008). Shoals cover more than 50% of Suisun Bay and can be
found in-between and surrounding the two channels and in Honker and Grizzly Bays (Ganju &
Schoellhamer, 2006). Similar to San Pablo Bay, a large portion of Suisun Bay shoals are intertidal mudflats
bound by salt marshes.

2.3. Tides

San Francisco Bay has a mixed semidiurnal tidal signal, with a median tidal range of approximately 1.8 m
(Kimmerer, 2004). In San Pablo Bay, the tidal range can reach about 2.5 m during spring tides and about
1 m during neap tides (Bever & MacWilliams, 2013). The tidal wave propagates from the Pacific Ocean
through the Golden Gate into Central Bay then toward San Pablo Bay. Within North Bay, which includes
San Pablo Bay, Carquinez Strait, and Suisun Bay, the tidal wave is a progressive wave. Going upstream, the
tidal amplitude starts gradually diminishing due to frictional effects, shoreline interaction, and river discharge
attenuation. During periods of low discharge, the tide can propagate far upstream, while during high dis-
charges the tide is dampened out at Sacramento (Kimmerer, 2004). Simulations of Achete et al. (2017)
showed that SLR will impact the tidal prism and tidal wave penetration. The decreased effect of the bottom
friction resulted in further tidal wave penetration in the Delta. The tidal prism increased (≈5%) due to higher
flow velocities and slight changes in the net discharge.

2.4. Salinity

Analysis of water quality samples (USGS, 2018) showed that salinity levels within San Pablo Bay channel can
be as high as 30 psu during extreme dry conditions such as the 2012–2015 period and as low as about 10 psu
during extreme wet conditions such as in year 1997 and 2017. Furthermore, the deep nature of the main
channel enhances the formation of salinity stratification during high river flow conditions reaching about
15 psu within the vertical water column during a 2017 peak flow event. During dry conditions, a vertically
well-mixed, longitudinal salinity gradient exists between San Pablo and Suisun Bay. This gradient drives
gravitational circulation and associated exchange processes between the two subembayments through
Carquinez Strait (e.g., Elmilady, 2016).

Figure 1. Left panel shows San Francisco Estuary land-boundary. Right panel shows a zoom on San Pablo Bay with its 1856 bathymetry andmarsh extent plotted, the
thin black line indicates the main channel while the gray dotted line in the middle donates the division used in this study between the eastern and western side of
San Pablo Bay.
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2.5. River Inflow

San Francisco Bay is fed by both the Sacramento and San Joaquin rivers which account for about 80% and
10–15% of the total annual discharge, respectively (Barnard et al., 2013; Kimmerer, 2004), the remaining dis-
charge is supplied fromminor tributaries. The freshwater flow is highest during the winter-spring period (wet
season) and lowest during the summer-fall period (dry season). There is a high seasonal and annual variability
with peak flows during the wet season reaching as high as 16,000 m3/s and as low as 300 m3/s during the dry
season (Kimmerer, 2004).

River discharges changed considerably during the past century due to anthropogenic influence. From 1910
to 1975, the Delta and watershed were modified by enhanced channel conveyance, land reclamation,
construction of several flow regulation structures, export facilities, and dikes (Barnard et al., 2013). During this
period, freshwater discharges were affected significantly especially during the wet season. Currently, the
values and timing of discharges are artificially controlled with a series of flow-regulating structures so that
the location of the 2 psu isohaline does not retreat landward further than the Sacramento and San
Joaquin rivers convergence zone (Kimmerer, 2004). Water is stored in Delta reservoirs during the wet season
and released during the dry season to satisfy the fresh water demand and control the salinity levels in the
Delta for ecological and agricultural purposes.

Climatic changes are expected to affect riverine flows (IPCC, 2013). Knowles and Cayan (2002) show that in
San Francisco Bay watershed, river discharges at the end of the 21st century are expected to increase slightly
during the wet seasons with higher runoff peaks and decrease during the dry season compared to the
present-day situation. Annual flow volume is expected to remain steady or slightly decline due to a decrease
in snowmelt contribution and unimpaired runoff (Cloern et al., 2011).

2.6. Waves and Wind

Locally generated wind-waves play a significant role in shaping the morphology of San Francisco Bay, espe-
cially at the muddy shoals (e.g., Ganju et al., 2009; van der Wegen et al., 2016; van der Wegen & Jaffe, 2014).
Bever and MacWilliams (2013) show the significant role that wind-generated waves play in the resuspension
of sediment and elevating the SSC (Suspended Sediment Concentration) in both the relatively deep and shal-
low portions of San Pablo Bay. Schoellhamer et al. (2008) observed up to 0.6 m (4 s period) wind-waves in San
Pablo Bay with 700 mg/L SSC while 0.2 m waves resulted in a SSC of 200 mg/L. In addition to causing sedi-
ment resuspension, wave-induced bed shear stress can lead to high SSC vertical gradients and formation
of sediment-induced stratification (MacVean & Lacy, 2014).

The complex topography surrounding North Bay is a strong control on meteorological conditions. The sea-
sonal variability of wind directions in San Pablo Bay can be represented by a western and south-western
dominant wind direction (wet/dry season) along with an eastern and south-eastern secondary wind direction
(dry season; Hayes et al., 1984; NOAA, 2018; Windfinder, 2018). The average wind speed (2011–2018) is about
4.5 m/s with higher speeds associated with the dominant wind direction (Windfinder, 2018). Maximum
sustained wind speed can reach up to 24 m/s (Weather2, 2018). Typically, there is little to no wind during
the night.

2.7. Sediment Characteristics

Within North Bay, the sediment size distribution has a high correlation with the local geometry and topogra-
phy. Fine cohesive sediment (mud) persists at the shoals, while sandy sediment is usually found in and
around deep channels (e.g., Conomos & Peterson, 1977; Kimmerer, 2004). This is attributed to the high tidal
currents in the channels that causes tidal scouring, while relatively low flow velocities at the shallow zones
allow for mud deposition. Locke (1971) reported that more than 90% of the shallow tidal flats in San Pablo
Bay are covered with mud, and dynamic patches of mud partly cover the sandy channel.

2.8. Sediment Load

The Sacramento-San Joaquin Delta has supplied most sediment to North Bay (Krone, 1979; B. J. Smith, 1965;
Wright & Schoellhamer, 2004), although in recent years the impact of local tributaries increased (Lewicki &
McKee, 2010; McKee et al., 2013; Moftakhari et al., 2015). Sediment supplied from the Delta partly deposits
on the mudflats in Suisun Bay and San Pablo Bay, while wind-wave-driven resuspension events may further
enhance seaward transport (Krone, 1979, 1996). During high river flow events sediment can be directly
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transported to the ocean resulting in turbid plumes seaward of the Golden gate (Ruhl & Schoellhamer, 2004).
The sediment fluxes through Golden Gate show an ebb-dominated systemwith a clear net seaward sediment
transport (Elias & Hansen, 2013; Erikson et al., 2013; Teeter et al., 1997).

Sediment load to the Bay has changed significantly over the past centuries (Ganju et al., 2008; Gilbert,
1917). Natural variations in precipitation patterns played a role (Goman & Wells, 2000), but human interven-
tions dominated the sediment supply variations. Moftakhari et al. (2015) estimates that about 55% of the
1,500 ± 400 million ton delivered to the estuary from 1849 to 2015 was caused by anthropogenic influence
within the watershed. The most important impact was caused by hydraulic mining for gold between 1852
and 1884 (Jaffe et al., 2007; Krone, 1979), resulting in an excessive and mercury-contaminated supply of
sediments to the Bay. When hydraulic mining came to a halt, there was a considerable decline of sediment
loads which was later enhanced during a period of Delta and watershed modifications from 1910 to 1975
(Barnard et al., 2013). This period included reservoir construction and Delta land reclamation projects,
declining tidal marsh area and increasing flow conveyance through the Delta. The Bay’s sediment trapping
efficiency decreased with the decline of tidal marsh area, which had a considerable effect on the sediment
balance (Atwater et al., 1979). Flow-regulating structures trapped sediment in their upstream and fresh-
water export facilities extracted sediment from the system (Kimmerer, 2004; Oltmann, 1996, 1999). This
decrease in sediment load continued toward the end of the twentieth century while gradually leveling
off and resulting in the current low SSC levels (Ganju et al., 2008; Wright & Schoellhamer, 2004).

During the hydraulic mining period, San Pablo Bay received a high sediment load which resulted in a net
accretion of 256 ± 14 × 106 m3 from 1856 to 1887 and mudflats area increased (Jaffe et al., 2007). During
the following period of decreasing sediment supply and Delta and watershed modifications, the mudflats
became lower although they expanded laterally and narrowed the channel at the same time. In the
mid-twentieth century, San Pablo Bay became net erosional (Jaffe et al., 2007; Kimmerer, 2004) and the sedi-
ment supply from local tributaries (Petaluma River and Sonoma Creek) became more important relative to
the supply from the Sacramento and San Joaquin Rivers (Lewicki & McKee, 2010; McKee et al., 2013). Ganju
et al. (2004) studied the sediment exchange between San Pablo Bay and its tributaries. Their analysis showed
a tidally oscillating sediment mass which is effectively trapped within their confluence region except during
the high flow conditions where a net seaward transport occurs.

SLR combined with the decreased fluvial sediment supply are posing new challenges to the system. Shallow
mudflats might not be receiving the required sediment to cope with SLR causing their area to decline. If not
for restoration projects, the sustainability of mudflats and adjacent tidal marshes will potentially be at stake
(Barnard et al., 2013; Kimmerer, 2004). Because of their wave attenuating effect, drowning of marshes and
mudflats will increase wave attack on existing levee systems. Thus, SLR poses a threat to the critical infrastruc-
ture around the Bay (Knowles, 2009). SLR also increases the risk of dike breaching within the Delta, which
would alter hydrodynamics and sediment transport in the system.

It is unclear what SSC levels will be in the coming century. A better understanding of the physical mechan-
isms is needed in order to project the future sediment load (Wright & Schoellhamer, 2004). Also, climate
change increases the uncertainty as it is expected to affect the future sediment yield. When performing a
morphological forecast for Suisun Bay, Ganju and Schoellhamer (2010) applied a decreasing sediment supply
by extending the declining trend identified by Wright and Schoellhamer (2004). This method yielded a 34%
decrease in sediment supply for their 30-year modeling period. Modeling performed by Achete et al. (2017)
showed that SLR is expected to increase the Delta’s suspended sediment discharge due to an increased tidal
action and its induced suspension. The combined effects of SLR and a drop in the sediment load resulted in a
considerable decline of SSC levels in the Delta.

2.9. Regional SLR

Tidal gauge records from a location near the Golden Gate Bridge showed that during the period from 1855 to
1999, mean sea level (MSL) rose with a rate of approximately 1.5 mm/year (Flick et al., 2003; R. Smith, 2002).
However, this rate has increased considerably over the past decades to more than 3mm/year (R. Smith, 2002).
NRC (2012) projections for the San Francisco area range from 43 to 167 cmwith a median value of 91.9 cm by
the end of the 21st century. They forecast a rise of 4–30 cm by 2030, 12–61 cm by 2050, and 43–167 cm by
2100 compared to 2000. In this research we implement three SLR scenarios by 2100 to cover the wide range
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of uncertainties: (1) an optimistic scenario (42 cm); (2) an intermediate scenario (84 cm); and (3) a worst-case
scenario (167 cm).

3. Modeling

Van der Wegen, Jaffe, and Roelvink (2011) and van der Wegen and Jaffe (2013) developed a model setup for
hindcasting the 1856–1887 depositional period and the 1951–1983 erosional period in San Pablo Bay, respec-
tively. They applied different river flow forcing and sediment supply to reflect decreasing sediment supply by
the cease in hydraulic mining and dam construction as well as more regulated stream flows by increased
conveyance and reservoir operations. In addition, van der Wegen and Jaffe (2013) applied a slightly modified
wind field and sediment erosion to optimize model skill.

We implemented the samemodel setup and generally the same parameter settings as previous studies along
with some minor modifications. The average grid size is about 550 × 550 m. The hydrodynamic time step is
2 min indicating that we include short time scale processes covering intratidal dynamics. The model is 3-D
with 15 vertical sigma layers and includes saline-fresh water interaction while wind fields generate wave
heights up to 0.3 m. In the sigma layer approach, number of layers is spatially constant and the top and
bottom layers follow the water surface and bottom topography, respectively. Higher vertical grid resolution
was implemented near the bed and water surface to provide adequate representation of the near-bed
velocity shear and wind-wave action, respectively. To save computational time we use the morphological
acceleration factor (MF; Roelvink, 2006) to model a representative single high-low river cycle instead of mod-
eling 30 consecutive years each with a wet and dry season. We start with a 1 month of wet season with a MF
of 30 followed by 4 months of dry season with a MF 82.5 which adds up to 30 morphological years. The wet
season is assigned a lower MF to provide a better representation of the higher morphological activity that
occurs during the wet season compared to the dry season. van der Wegen, Jaffe, and Roelvink (2011) and
van der Wegen and Jaffe (2013) extensively tested this approach of separate scaling and the MF values imple-
mented. With the use of the MF and the parallel computations option in D3D, the resulting model simulates
250 morphological years (≈3.5 hydrodynamic years) in about 8 days on a 4 core (2.6 GHz) computer. The sup-
porting information provides a more detailed description of the model setup (Hoitink et al., 2003; Kuijper
et al., 2004; Lesser, 2009; Partheniades, 1965; van der Wegen, Dastgheib, et al., 2011; van der Wegen, Jaffe,
& Roelvink, 2011; Van Rijn et al., 2004; Winterwerp & Van Kesteren, 2004).

Our starting point is to model an entire ~250-year period with constant wind forcing conditions and
sediment characteristics, while adapting only the river flow forcing and SSC at the landward boundaries
and implementing a SLR at the seaward boundary. A single run consists of a 127-year hindcast period from
1856 to 1983 (used for validation while 1983 was the last bathymetric survey for the area) and a 120 years
forecast from 1983 to 2103. We break down the modeling period into eight 30- to 34-year periods
(Figure 2). The four periods during the hindcast period correspond with available bathymetric surveys (i.e.,
1856–1887, 1887–1921, 1921–1951, and 1951–1983). The remaining four forecast periods are set to 30-year
intervals (i.e., 1983–2013, 2013–2043, 2043–2073, and 2073–2103).

Figure 2 shows the modeling timeline while indicating the imposed boundary conditions for each period. For
example, the river discharge imposed during the wet and dry seasons of the 1856–1887 period is 5,000 and
350 m3/s, respectively. van der Wegen, Jaffe, and Roelvink (2011), and van der Wegen and Jaffe (2013) used
the wet season river discharge as a calibration parameter leading to lower discharge during the erosional
period (2,100 m3/s in 1951–1983) than during depositional period (5,000 m3/s in 1856–1887). Although we
could not find clear indications on decreasing discharges over the past 150 years in literature, the different
values may reflect somehow the change in river flow regime as the result of dam construction and convey-
ance measures in the catchment. In addition to the discharge decreasing trend, we imposed decreasing SSC
at the boundary leading to an 1856–1983 decay in sediment load similar to values suggested by Ganju et al.
(2008) and presented by Wright and Schoellhamer (2004).

The forecast from 1983 to 2103 is performed using the 1983 modeled bathymetry as an initial condition.
During the forecast, the SSC is kept constant while the sea level starts rising starting from 2013 to 2103.
This SLR is imposed at the seaward boundary of a large D3D FM model (see Text S3; Achete et al., 2015;
Martyr-Koller et al., 2017; Vroom et al., 2017) that covers the entire San Francisco Bay-Delta system and is used
to derive the hydrodynamic boundary conditions for the smaller D3D North Bay model used in this study.
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Implementing this approach enables us to account for the SLR-induced variations in the tidal signal and river flow
at the D3D North Bay model boundaries. SLR is imposed incrementally for each 30-year period with the
magnitude of the rise calculated using a sine curve and the value at the end of each period. For example, a
167 cm SLR is imposed as 22, 84, and 167 cm for the 2013–2043, 2043–2073, and 2073–2103 periods, respectively.

4. Results
4.1. Hindcast

Comparing the 1856 initial bathymetry (Figure 3a) to the measured and modeled 1983 bathymetries
(Figures 3b and 3c) shows that the model provides a good representation of the 127-year morphological
development of the intertidal area (<0 MLLW), shoals (0–5 m MLLW), and channel (>5 m MLLW) during
the hindcast period. This is also reflected by the good correspondence of observed and modeled cumulative
sedimentation/erosion patterns (Figures 3e and 3f) and by a high Brier Skill Score of 0.54 (Excellent Category,
see Table S2).

Both measurements and hindcasts show a significant increase in intertidal area caused by deposition at the
Bay’s margins. The model captures the considerable deposition volumes over the shoals near the main chan-
nel margin which resulted in a narrower main channel. The secondary channel fills in fully. Model results
reflect the observed slightly erosional shoals to the west and the east of the secondary channel.

Figure 3d shows that the largest discrepancy exists near the main channel margin. The model hindcasts a
total cumulative deposition of 3.48 × 108 m3 which is about 20% larger than the observed 2.85 × 108 m3.
Compared to the 1983 measurements, the modeled channel is generally shallower along the model domain,
wider in the west (Figure 3g), and narrower in the east (Figure 3h). A possible explanation is that the applied
sand fraction in the deep section of the channel is coarser than in the reality. Also, in the model, we do not
simulate (limited) dredging activities in the channel (Jaffe et al., 2007).

The model reflects the observed depositional trend in periods from 1856 to 1951 and a slightly erosional
trend from 1951 to 1983 (Figure 4). Both measurements and hindcasts show erosion in the deepest channel
section during all periods. The model slightly underestimates this erosion, especially during the 1887–1951
period. Hindcasts show deposition at the northern channel bank which starts from the eastern end and

Figure 2. Schematization of the modeling timeline showing the hindcast (1856–1983) and forecast (1983–2103) along with the associated boundary conditions. The
orange, blue and green lines represent the SSC, river discharge, and sea level, respectively. Sea level is increased for the forecast scenarios with 14%, 50%, and 100%
of the total SLR imposed for 2013–2043, 2043–2073, and 2073–2103 periods, respectively. SLR = sea level rise.
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propagates gradually with time toward the western end. This behavior is observed in measurements,
however, the deposition at the eastern end starts earlier in hindcasts (1887–1921) than that in
observations (1921–1951). For the southern channel bank, hindcasts match the measured trend of
considerable deposition during the 1856–1887 period.

Figures 5a–5c show that the model reproduces changes in channel, shoal, and intertidal area. Channel
narrowing occurs throughout the entire hindcast with a gradually decreasing rate over time (Figure 5a).
The model provides a good representation of this trend showing higher rates in the wet season than that
for the dry season which implies that its main driver is bank deposition associated with the wet season
sediment pulse. This is especially evident for the eastern side during the 1856–1887 wet season. Shoal area
remains fairly constant over time (Figure 5b) due to the fact that it lies between a narrowing channel and

Figure 3. Top panel shows San Pablo Bay bathymetry (a) 1856measured, (b) 1983measured, and (c) 1983modeled. Middle panel shows (d) difference between 1983
measured and modeled bathymetries, (e) measured, and (f) modeled cumulative sedimentation/erosion from 1856 to 1983. Continuous and dashed lines represent
the 0 and 5 m MLLW contour lines, respectively. The observed 1983 contours are shown in red in both (d) and (e). Bottom panels are (g) western and (h) eastern
bed level cross-sections (CRS) shown in (a).

10.1029/2018JF004857Journal of Geophysical Research: Earth Surface

ELMILADY ET AL. 46



widening intertidal flats. Channel banks experienced sedimentation and shifted to shoals at the same time
deposition landward transformed shoals into intertidal flats.

Hindcasts successfully capture the large increase in intertidal area that occurred during the depositional
period from 1856 to 1951 (Figure 5c). Unlike the channel narrowing, this intertidal area growth occurs during
both the wet and dry season with the latter having the higher contribution. A possible explanation is that a
portion of the sediment deposits during the wet season sediment pulse while a larger portion is supplied by
wave-induced resuspension during the dry season from either newly deposited wet season sediment during
or older sediment being eroded from the shoals. Intertidal flats accretion is highest during the 1856–1887
period and continues with a gradually decreasing rate toward the end of the depositional period (1951),
while model results underestimate the drop in intertidal areas after 1951.

Investigating the development of the BSS (Brier Skill Score; Bosboom et al., 2014; Bosboom & Reniers, 2014;
de Alegria-Arzaburu et al., 2011; Sutherland et al., 2004; Text S7) and its Murphy and Epstein (1989) decom-
position over time (Figure 5d) provides a more objective insight into model performance. For the deposi-
tional period from 1856 to 1887, the model shows good performance (BSS of 0.47). The low mean error
(γ = 1.8 × 10�3) indicates good skill in hindcasting the total depositional volume. The model hindcasts a total
depositional volume of 2.46 × 108 m3 which is about 3% higher than the 2.39 × 108 m3 observed during
this period.

The model performance gradually increases to a BSS of 0.63 in 1951, (1) α increased (0.36 to 0.52) indicating a
phase error decrease; (2) β decreased (0.38 to 0.15) illustrating a better performance in hindcasting the
sedimentation/erosion amplitudes/phases; (3) γ increased (1.8 × 10�3 to 1.1 × 10�2) showing a decreased
performance in mean level; and (4) ε decreased (0.96 to 0.80). The small decrease in BSS after 1951 is attrib-
uted to the small net erosion beingmore difficult to model than the large depositional signal (van der Wegen
& Jaffe, 2013). The shoal erosion is underestimated during the 1951–1983 period. Another reason is that the ε
value dropped sharply from 0.80 to 0.43. However, it is important to note that a decreasing epsilon value does
not directly indicate a decreased model performance instead it indicates that the difference between the

Figure 4. Measured (top panel) and modeled (bottom panel) sedimentation/erosion maps for each period.
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1856 initial reference bathymetry and the compared bathymetry have dropped, hence errors are more
severely penalized. A sensitivity analysis was carried out for the hindcast period and the results for some
selected sensitivity runs are presented in section 5.2.

4.2. Forecast

We performed a morphological forecast that extends 120 years from 1983 till 2103 for a No SLR scenario
along with three SLR scenarios of a 42 (optimistic), 84 (intermediate), and 167 cm (worst-case) rise during
the final approximately 100 years (Figure 6). Forecasts show that for the No SLR scenario, the Bay’s erosional
trend continues till the end of the 21st century (Figures 6a and 7a). By 2103, the spatially averaged intertidal
area height decreases by 12.8 cm while an average shoal erosion of 4.1 cm occurs (Table 1). The main drivers
of this erosion are the lack of sediment supply from the Delta and the wind-wave attack. Also, channel slope
deposition continues resulting in a narrower and deeper main channel. However, the average channel depth
remains relatively constant (+2.0 cm) as the deposition and erosional volumes are in the same order
of magnitude.

Figure 5. Modeled (color shaded) and observed (lines) spatial coverage of the model domain and its changes over time divided between (a) channel (< �5 m
MLLW), (b) shoals (0 to �5 m MLLW), and (c) intertidal area (>0 m MLLW) for both the eastern and western sides of San Pablo Bay. Vertical gray lines indicate
the end of the wet season runs. Right panel (d) shows the development of the BSS score and its Murphy and Epstein (1989) decomposition throughout the hindcast
period compared to the 1856 initial bathymetry.
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During the hindcast period, our simulations slightly overestimate the cumulative deposition volumes
(Figure 7a). However, simulations are still able to capture the shift from a depositional Bay (1856–1951) to
an erosional Bay (1951–1983). The forecast shows the continuation of this erosion from 1983 to 2013 and,
for the No SLR scenario, a net erosion of about 20 × 106 m3 from 2013 to 2103. In contrast, for the 42 cm
SLR scenario the Bay is neither strongly erosional nor depositional. However, for the 84 and 167 cm scenarios,
the Bay turns from erosional to depositional with net deposition of 16 × 106 and 58 × 106 m3, respectively.
The patterns of deposition and erosion are similar for all three scenarios, the deposition magnitude increases
with higher SLR (Figures 6s–6g).

Shoals experience a net depositional trend for the three SLR scenarios. This trend is due to an increased sedi-
ment trapping efficiency, deposition is mainly driven by the SLR-induced increase in water depth which
decreases the effect of waves on the bottom and creates calmer flow conditions that enhance mud deposi-
tion. This deposition is highest near the channel and decreases gradually toward the landward margins. In
response to SLR, the average shoal depth increased by 12.3, 23.7, and 40.4 cm for the 42, 84, and 167 cm
SLR scenarios, respectively. However, this accretion rate is only 25–30% of the SLR rate which means that it
cannot keep up with the rising sea levels and the relative shoal depth will increase leading to the drowning
of San Pablo Bay shoals.

Model results (Figure 7b) show an increase in intertidal area during the depositional period (1856–1953).
Following that, they begin decreasing gradually toward the present-day resulting in an intertidal area of
6.91 × 107 m2 in 2013. For the No SLR scenario, this gradually decreasing trend is predicted to continue with
a relatively constant rate which would lead to the loss of approximately 13% of the current (2013) intertidal
area by the end of the 21st century. Implementing the different SLR scenarios showed a sharp drop in inter-
tidal area and a considerable loss of about 43%, 66%, and 91% of intertidal area by 2103 for the 42, 84, and
167 cm SLR scenarios, respectively.

Figure 6. Top panel shows the cumulative sedimentation/erosionmaps from 1983 to 2103 for the (a) no SLR and (b, c, and d) SLR scenarios. Bottom panel shows SLR-
induced bed level changes for the (e) 42, (f) 84, and (g) 167 cm SLR scenarios. For example, (f) is the difference between (c) and (a) with the red and blue colors
indicating higher and lower bed levels, respectively. SLR = sea level rise.
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In addition to the inundation-induced loss of intertidal area, SLR increases the landward extent of wind-wave
attack which enhances erosion along the landward margins. For the optimistic 42 cm SLR scenario, this effect
results in a spatially averaged intertidal area erosion of 15.2 cm.While, for the worst-case 167 cm SLR scenario,
this erosion is observed at the early stages but as the inundation height increases, the wave-induced bottom
shear stress starts dropping causing the erosional trend to shift to depositional. However, the average deposi-
tional magnitude (+7.1 cm) is much less than the rising sea level (167 cm), eventually leading to inundation-
induced loss of intertidal area.

Channel bank deposition and erosion in the channel observed for the different SLR scenarios (Figures 6b–6d)
are similar to the No SLR scenario (Figure 6a). However, Figures 6e–6g show that SLR caused slightly higher
bed levels in the middle section and lower bed levels toward the eastern and western end of the main chan-
nel. This trend is most clear for the 167 cm scenario (Figure 6g), especially at the eastern channel end where
the elevation difference is more pronounced, even reachingmore than 1m compared to the No SLR scenario.
The eastern channel erosion starts from Carquinez Strait (not shown) which experienced considerable dee-
pening due to SLR. This eroded sandy sediment is carried seaward and settles in the shallower and calmer

Figure 7. Quarter millennium development of (a) depositional volumes, (b) intertidal area, and (c) channel volume for the no SLR (blue) and the 42 (green), 84 (pur-
ple), and 167 cm (red) SLR scenarios. SLR = sea level rise.

Table 1
Spatially Averaged Bed Level Changes Between 1983 and 2103 for the No SLR and for the Three SLR Scenarios Relative to the No SLR Case

Depth range (MLLW) Coverage area (%) No SLR (cm)

Δ depth relative to no SLR (cm)

+42 cm SLR +84 cm SLR +167 cm SLR

>0 m (Intertidal) 24.2 �12.8 �15.2 �13.1 +7.1
0 to �5 m (Shoals) 60.7 �4.1 +12.3 +23.7 +40.4
<�5 m (Channel) 15.1 +2.0 +1.1 �4.1 �6.6

Note. SLR = sea level rise.
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middle section of San Pablo Bay channel eventually resulting in higher bed levels. This behavior also occurs in
the western end at San Pablo Bay Strait; however, the sediment eroded there gets carried seaward out of the
model domain.

Throughout the hindcast period, the channel volume decreased significantly (Figure 7c). Forecasts show that,
without SLR, the channel volume will experience a slight drop toward the end of the 21st century and impos-
ing SLR results in a notable increase in channel volume. This increase occurs during the dry season, while
during the wet season it is either constant or there is a slight drop. This is caused by the wet season sediment
pulse that enhances channel bank deposition which is in the same order as the SLR-induced added
water volume.

5. Discussion
5.1. General Model Performance

The high model skill obtained in this work is in line with model skill reported by Dam et al. (2016) when
performing a 110-year morphological hindcast (1860–1970) for the Western Scheldt Estuary in the
Netherlands with a similar process-based model. They observed a decreasing skill in the first decades and
an increasing skill to a value of 0.52 after 110 years. A possible explanation for this behavior is a decadal mor-
phological spin-up time in which the bathymetry adjusts to its roughly schematized model parameters,
imposed constant forcing conditions, and process descriptions (Dam et al., 2016). Afterward, the model cap-
tures the morphological development that is governed on the long-term by the interaction of the major tide
with the estuary’s plan form. We think that the interaction between major tidal and fluvial forcing and the
estuary’s plan form also play a major role in San Pablo Bay morphodynamic development. Another explana-
tion is that the sediment supply signal is very strong in the first decades and dominates more subtle pro-
cesses such as wave action. Van der Wegen and Jaffe (2013) showed that net volume changes during the
erosional period are an order of magnitude smaller than the depositional period. The wave-driven erosion
is subtle compared to the sediment supply signal during the preceding decades and leads to lower skill
scores than during the depositional period.

5.2. Hindcast Sensitivity

We performed a sensitivity analysis for the base case hindcast presented in section 4.1 to achieve optimal skill
and a better understanding of the processes that govern the morphological development of San Pablo Bay.
In this section, we present a selected set of sensitivity runs: (1) excluding salinity effect (No Salinity); (2)
excluding 3-D processes (2DH-Model); (3) excluding wind-wave generation (No Waves); and (4) imposing
SLR in the hindcast (Hindcast SLR).
5.2.1. No Salinity
Salinity exclusion affects several aspects, most importantly it eliminates salinity stratification and density
currents. Two-layer flow and gravitational circulation associated with salinity gradients have been noted in
previous studies to have a considerable effect on North Bay sediment dynamics (e.g., Elmilady, 2016; Ganju
& Schoellhamer, 2008). Our model results (Figures 8a and 8e) confirm the importance of salinity-driven pro-
cesses on the long-term morphological development of San Pablo Bay. Excluding salinity results in consider-
ably lower bed levels at the estuarine margins, shoals, and channel banks. Channel narrowing and shoal
accretion are very poorly represented. This can be explained by shoal accretion first starting with channel
bank deposition that gradually propagates landward toward the estuarine margins (e.g., van der Wegen
et al., 2016).

Despite a slight increase in sediment import from its landward boundary, San Pablo Bay’s net depositional
volume for the No Salinity scenario (1.44 × 108 m3) was significantly lower than that for the base case simula-
tion (3.48 × 108 m3) and measurements (2.85 × 108 m3). This was caused by a simultaneous significant
increase in the seaward sediment export from San Pablo Bay, resulting in a decrease of the Bay’s sediment
trapping efficiency (Import/Export). This can be explained by salinity stratification, landward directed density
currents, and gravitational circulation increasing sediment retention in the system. This occurs primarily
because of the resulting calmer conditions near the bottom that enhance sediment settling and drives land-
ward directed sediment transport (Elmilady, 2016).
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5.2.2. 2DH-Model
Running the model in a 2DH form instead of the 15 sigma layers (Figure 8b) showed a high resemblance with
the No Salinity sensitivity run (Figure 8a). This suggests that salinity-driven 3-D processes have considerable
influence relative to other 3-D processes.

Figure 8. Hindcast sensitivity results for (a) no salinity, (b) 2DH-model, (c) no waves, and (d) Hindcast SLR. Maps
indicate bed level difference between sensitivity run and base case, red and blue color donates higher and lower than
base case bed level, respectively. Transects below each map are bed level cross-sections along CRS shown in (a) for
base case (blue) and sensitivity run. Bottom panel (e) shows deposition volumes for the hindcast period. SLR = sea
level rise.

10.1029/2018JF004857Journal of Geophysical Research: Earth Surface

ELMILADY ET AL. 52



Similar to the No Salinity case, there was a slight increase in sediment import from the Delta along with a
considerable simultaneous increase in the seaward sediment export from the Bay. This resulted in a net
depositional volume for 2DH-Model (2.03 × 108 m3) that is considerably lower than the base case
(3.48 × 108 m3). However, the sediment trapping efficiency for the 2DH model was slightly higher than that
for the No Salinity case that is reflected in a 41% increase in deposition volumes. A possible explanation for
this increase is that despite neglecting the effect of the salinity stratification and gravitational circulation, the
2DH model still simulates the landward directed density currents driven by the longitudinal salinity gradient
between San Pablo Bay and Suisun Bay.
5.2.3. No Waves
The sediment input from the Delta is almost the same as the base case, however, the seaward sediment
export decreased, hence resulting in a more depositional San Pablo Bay. This increase in sediment trapping
efficiency was caused by a 26% drop in bed shear stresses over the shoals. This drop resulted in a net deposi-
tion of 4.46 × 108 m3 which is about 35% higher than that for the base case. Most of this difference occurred
during the dry season when wind-waves play an important role in sediment resuspension and redistribution.
Also, by inspecting Figure 8e and comparing the No Waves run with other simulations, we found that wind-
waves are responsible for the—erosive—signal fluctuations that mainly occur during the dry season through-
out the hindcast.

Compared to the base case (Figure 8c), significantly higher depositional volumes occur on the landward
margins and their adjacent shoals resulting in a significant increase of intertidal area and higher elevation
shoals. The decreased flow over the accreting shoals resulted in larger flow volumes through the main
channel which enhanced its erosion and caused the formation of a secondary channel that bisects the
north-eastern shoals.

The No Wave simulation clearly illustrates that wind-waves play a very important role in maintaining the
channel-shoal structure in San Pablo Bay by limiting shoal elevation and ensuring a gradual transition in
elevation based on wave energy.
5.2.4. Hindcast SLR
Between 1855 and 1999, the MSL at the Golden Gate rose with a rate of approximately 1.5 mm/year (Flick
et al., 2003; R. Smith, 2002). This rate equates to approximately 19 cm SLR during the modeled hindcast
period. Our model results (Figure 8d) show that implementing this gradual SLR during the hindcast has a
minor impact on the morphological development. Less deposition occurred on the main channel northern
bank that resulted in a slight decrease in overall depositional volumes to 3.28 × 108 m3, which is closer to
observed volumes than the base case (Figure 8c). The end BSS decreased slightly to 0.52, but still remained
on the same order as that for the base case (0.54). Also, when modeling the morphological development of
San Pablo Bay during the erosional period, van der Wegen and Jaffe (2014) applied a 20-cm rise/drop in MSL
and their results showed that it had aminimal effect on the erosional/deposition patterns and volumes, even-
tually concluding that it is only when SLR accelerates that larger influences are expected. Furthermore,
Rossington and Spearman (2009) showed that the 2 mm/year SLR observed over the past 100 years in the
Thames Estuary (UK) had a limited effect on the morphological development of the estuary compared to
the anthropogenic influence and the predicted future SLR.

Based on the above, the effect of this 1.5 mm/year rise was excluded in our base case. This exclusion enables
us to create a hypothetical base case NO SLR scenario that extends into the forecast that allows us to isolate
the effect of future SLR by acting as a comparison point for the other three SLR scenarios. Errors resulting
from this assumption are small compared to implementing SLR in the hindcast and then abruptly stopping
it in the forecast. Van der Wegen et al. (2016) showed that the adaptation time scales of mudflats for abruptly
changing boundary conditions can be on the order of decades. Also, our simulations following 2103 (not
shown) indicated that when SLR is abruptly stopped, the system will still be adapting for decades. The exclu-
sion of SLR in hindcasts serves the main aim of this study, which is to understand the effect of the predicted
accelerated SLR on the morphological development.

5.3. Forecast Analysis

SLR increases San Pablo Bay’s sediment trapping efficiency and shifts the system’s erosional trend to a
depositional one for the intermediate (84 cm) and worst-case (167 cm) SLR scenarios. This increase in deposi-
tion is mainly driven by the increase in mean water depth which under similar wind-wave conditions results
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in a decreased effect of waves on the bottom and creates conditions that enhances mud deposition, espe-
cially on the shoals. As a result, the shoals capture more sediment and start accreting in response to SLR.
However, due to the low sediment supply from the Delta, the accretion rate is only between 25% and 30%
of the SLR rate and San Pablo Bay shoals are drowning. For a similar depth range, Ganju and Schoellhamer
(2010) indicated that Suisun Bay shoals are expected to accrete at a rate between 35% and 40% of the
SLR. This higher value can be explained by Suisun Bay being located closer to the inland source of
sediment supply.

In San Pablo Bay, the rate of shoal accretion is about 29%, 28%, and 25% of the SLR rate for the 42, 84, and
167 cm SLR scenarios, respectively. This relatively small variation between the different scenarios suggests
the relative independence of accretion rates on the magnitude of SLR. Sediment supply sensitivity runs
(not shown) illustrated that this rate is mainly dependent on the sediment load from the Delta. The current
sediment supply is too low for the shoals to keep up with SLR. In addition, Figure 7a shows that the effect
of SLR on the deposition volumes is small compared to the effect of the hydraulic mining period that deliv-
ered a huge sediment pulse to San Pablo Bay. This suggests that sediment supply from the Delta plays an
important role in determining whether there is net erosion/accretion of the Bay.

Our forecasts showed that the current trend of channel narrowing and deepening will continue in the future
at a gradually decreasing rate irregardless of SLR. However, we found that SLR enhances channel slope
deposition leading to a narrower main channel at the eastern side of the Bay. In addition, forecasts showed
considerable SLR-induced erosion starting in Carquinez Strait and propagating seaward toward the San Pablo
Bay channel. We attribute this to the larger tidal prism conveyed to Carquinez Strait. For the worst-case
167 cm SLR scenario, this erosional trend can be clearly observed at the eastern side of the Bay. Additional
simulations beyond 2103 showed that this erosion progresses gradually seaward leading to a deeper San
Pablo Bay channel. This illustrates that at the end of the 21st century the system is still reacting to the
imposed SLR and that the channel is expected to get deeper over time with a seaward residual transport.
It might take decades, or even longer, for the full effect of this imposed SLR to change the morphology.
The deeper channel sections like Carquinez and San Pablo Straits react faster to SLR than the shallower
channel sections. A similar trend was forecasted by Ganju and Schoellhamer (2010) who showed that SLR
results in deeper Suisun Bay channels. They found that the highest erosion occurred in the deepest sections
of the channel from 18 to 20 m and decreases gradually and shifted toward being depositional for the
10–12 m depth range.

We identified a considerable threat to intertidal area. Model results showed that the 2013 intertidal area will
experience a drop of 13%, 43%, 66%, and 91% by the end of the 21st century for the No SLR, 42, 84, and
167 cm SLR scenarios, respectively. The forecasted decrease for the No SLR scenario is mainly driven by
the lack of sediment supply and the wind-wave attack which extended the Bay’s erosive trend observed in
the hindcast. Imposing SLR increased the intertidal area decline due to inundation and the increase of the
landward extent of wind-wave attack, with the former having a higher contribution. Whenmodeling the evo-
lution of the South Bay mudflats to the end of the 21st century, van der Wegen et al. (2016) reported a decline
of about 40% of intertidal area for the 167 cm scenario and a complete loss of intertidal area when combined
with a 50% decrease in sediment supply.

Rising sea level will increase the inundation frequency of the intertidal mudflats, hence subjecting them to an
increased wind-wave attack. For the 42 and 84 cm SLR scenarios, this resulted in erosive estuarine margins
due to the lack of sediment supply to compensate for the increased wave attack. Ganju and Schoellhamer
(2010) reported a similar trend of SLR-induced erosional estuarine margins in Suisun Bay. For the 167 cm
SLR scenario, the large inundation height leads to a drop in the wave-induced bottom shear stresses and
shifted this erosional trend to a depositional trend. However, the deposition rate was minimal compared
to the SLR rate resulting in a considerable loss of intertidal area due to inundation.

Erosion, or accretion with a rate less than the SLR, resulted in inundation due to an increased relative water
depth. This increase caused a transition in states where shoals turned to channel and intertidal mudflats
turned to shoals. Consequently, salt marshes are expected to give way to the migration of their adjacent
intertidal area. However, in this research, no accommodation space was implemented, thus intertidal area
migration is not possible as the Bay’s boundary was imposed as a fixed boundary. Migration will only occur
in the case of no obstructions and accommodation space available (Kraft et al., 1992). In reality, there are no
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obstructions and accommodation space is available at some locations in northern San Pablo Bay. At most
locations in San Pablo Bay, however, migration is not possible due to obstructions.

The fate of San Pablo Bay salt marshes under SLR has been assessed in previous studies (e.g., Takekawa et al.,
2013). At some locations, salt marshes are expected to be able to trap sediment eroded from mudflats and
accrete with a rate that matches the SLR rate. At other locations, especially the young salt marshes, the
SLR-induced increased inundation frequency is expected to drown salt marshes and give away for intertidal
mudflat migration. The fate of San Pablo Bay intertidal mudflats heavily depends on whether or not salt
marshes will give way for migration. The results presented in this research assume that migration is not
possible, thus it can be argued it is a worst-case scenario. Indeed, we anticipate that the significant forecasted
loss of intertidal mudflats would have been much lower if migration was possible. However, in this case,
migration means the loss of valuable salt marshes.

5.4. Modeling Approach

There were some challenges associated with the forcing schematization. We imposed SLR in steps instead of
a gradual rise. A gradual SLR would have resulted in a lower rise during the wet season than that for the dry
season, while a sudden rise overestimates the SLR impact. However, comparing the results of both methodol-
ogies showed similar morphological behavior with a negligible difference in the magnitude of the
deposition/erosion volumes that would not affect the conclusions. The reason is that a model spin-up exists
when a new sea level is imposed.

We start the modeling with a wet season followed by a dry season. The order of seasons is of significance
when considering a single 30-year period, especially for the hydraulic mining period. However, on the
longer run the effect gradually becomes insignificant since it is overruled by the long-term
morphological development.

5.5. Application to Other Estuaries

In this research, San Pablo Bay is presented as a case study. The value of this research extends beyond
achieving a better understanding of SLR impact on the long-termmorphological development of a particular
system. Findings and the process-based methodology can be applied to estuaries with similar forcing condi-
tions. In this estuary with low sediment supply and artificially regulated flows, we show that SLR poses a
considerable threat to the estuarine environment. This situation is common in estuaries worldwide where
the construction of flow-regulating structures upstream resulted in a considerable decline in the sediment
supply and controlled discharges during the wet season significantly reduced the system dynamics. Not
being able to accrete at a rate equal to or greater than the SLR rate will lead to the system drowning and
the potential loss of valuable habitat. Landwardmigration is critical for the sustainability of those ecosystems.
However, as is the case in San Pablo Bay, several estuaries around the world lack accommodation space due
to urbanization pressure.

We illustrate the potential of applying the process-based modeling approach to identify governing processes
and to simulate the morphological development over a centennial time scale. Such models can be a useful
tool to assess the impact of climate change-induced perturbations on the morphological development of
estuaries worldwide. In addition, we present and test a framework for performing such long-term
morphological forecasts.

5.6. Future Research and Recommendations

We recommend further developments to this research such as using the developed model to assess the
impact of SLR combined with other climate change-induced changes in sediment supply, river flow, and
meteorological conditions. Moreover, there is value in includingmore processes (e.g., flocculation), specifying
more detailed forcing description (e.g., wind conditions including extreme events), and incorporating the
available accommodation space and surrounding salt marshes in the model. In addition, obtaining a more
recent bathymetry would allow further evaluation of the model and investigation of Bay’s erosional trend
continuity. Also, investigating the impact of possible Delta polders breach on the upstream boundaries.
Finally, studying the system on a longer time scale beyond the end of the 21st century could improve the
understanding of estuarine evolution.

10.1029/2018JF004857Journal of Geophysical Research: Earth Surface

ELMILADY ET AL. 55



6. Conclusions

San Pablo Bay historical bathymetric surveys showed considerable morphological development from 1856 to
1983 due to variations in fluvial sediment load and discharges associated with a period of hydraulic mining
for gold, modification of the Delta, and damming in the watershed.

Our 3-D processes-based modeling effort resulted in a reasonable reproduction of the morphological
development that occurred during this period. Further extending our model simulations in a forecast to
the end of the 21st century allowed us to study the effect of SLR on the Bay’s morphological evolution. We
identified that SLR poses a considerable threat to intertidal area when landward migration is not possible.
SLR enhances the recent erosional trend due to the inability of the low sediment supply to compensate for
the increased landward extent of wind-waves attack and inundation frequency.

Forecasts showed that SLR increases the Bay’s trapping efficiency which for the intermediate and worst-case
SLR scenarios caused the system to shift from being erosional to depositional. Despite that, San Pablo Bay
drowns under all SLR scenarios. The decreased effect of waves on the bottom allows shoals to accrete in
response to SLR. However, due to the low fluvial sediment supply, accretion is only 25–30% of the SLR and
results in an increase in relative water depth.

Model results indicated that the behavior of main channel narrowing and deepening observed during the
hindcast will continue to the end of the 21st century at a decreased rate and that it is not primarily
SLR-induced. SLR enhances channel erosion which starts in the deepest channel sections with a seaward
residual transport. By the end of the forecast, the system was still reacting to the imposed SLR.

The performed hindcast sensitivity analysis highlighted the considerable influence of the salinity-driven
and 3-D processes on the long-term morphological evolution of the Bay. They decrease the seaward
sediment export from the system resulting in a higher trapping efficiency. Wind-generated waves also play
a very important role in sediment redistribution, limiting shoal elevation, and maintaining the channel-
shoal structure.

Finally, our modeling exercise shows that process-based models can be a useful tool to achieve a better
understanding of the morphodynamic response of estuaries to climate change-induced forcing conditions
perturbations. Similar to the findings of Dam et al. (2016), we conclude that even with a large number of
schematizations implemented, such models can perform well in estuarine environments, especially when
considering centennial time scales.
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