
1. Introduction
Sea-level rise (SLR) threatens coastal regions globally, with millions of people at risk of SLR-induced flood-
ing by 2100 (Hauer et al., 2016). As sea levels rise, coastal inundation becomes more frequent and severe, 
impacting homes, businesses, and critical infrastructure systems located along the shoreline. Coastal com-
munities are wrestling with how to effectively adapt to the threat of future flooding to protect the lives and 
livelihoods of their residents.

Tidal wave propagation in estuaries is influenced by bottom friction, landward convergence (i.e., reduction 
in cross-sectional area), and partial tidal reflection at the convergent end of the estuary (Van Rijn, 2011). 
Climate and human drivers of change in these systems, including increases in water depth due to SLR 
coupled with modified shoreline geometry resulting from adaptation decisions, will affect these processes 
and alter tidal dynamics and patterns of inundation (Haigh et al., 2020). Numerical studies of estuarine and 
shelf systems, including the East China Seas (Song et al., 2013; Zhu et al., 2018), the Ria de Aveiro estuary 
in Portugal (Lopes & Dias, 2015; Picado et al., 2010), and Darwin Harbor in Australia (Li et al., 2012), have 
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documented changes in local, regional, and far-field tidal dynamics resulting from shoreline modifications 
such as levee construction, tidal flat reclamation, and loss of mangrove areas. Other studies have examined 
how SLR coupled with large-scale shoreline modifications will affect tidal dynamics or coastal inundation 
locally (Holleman & Stacey, 2014; Lee et al., 2017; Wang et al., 2018), regionally (Idier et al., 2017), and glob-
ally (Pelling et al., 2013; Pickering et al., 2017). In general, hold-the-line approaches that rely on engineered 
structures to maintain the present-day shoreline position tend to increase tidal ranges and amplitudes and 
cause additional flooding in unprotected areas. In contrast, approaches that allow for recession of the shore-
line as sea levels rise generally provide dissipation of tidal ranges and amplitudes.

From a coastal management perspective, understanding how tidal dynamics will respond to shoreline mod-
ifications as SLR progresses is critical to developing effective adaptation strategies. Approaches to miti-
gate the impacts of SLR are typically divided into three categories: protection, accommodation, and retreat 
(Dronkers et al., 1990). Protection approaches utilize engineered or nature-based infrastructure as a barrier 
to coastal water levels and wave effects (Sutton-Grier et al., 2015). These structures are typically constructed 
along the present-day shoreline, with the goal of allowing existing development to remain where it is with-
out major modifications. Accommodation approaches are aimed at reducing the damages caused by flood 
events and may include modification of building codes for physical infrastructure or implementation of pol-
icies that restrict development in coastal flood hazard zones (Harman et al., 2015; Klein et al., 2001). Retreat 
consists of strategies to move people and assets away from the shoreline, either at one time or gradually as 
SLR progresses (Dronkers et al., 1990). In this case, structures are relocated or reconstructed further inland, 
and inundation is allowed to progress in the formerly developed areas. The choice of which adaptation 
approaches to implement can influence local and regional-scale hydrodynamic interactions and feedbacks.

While the aforementioned analyses of interactions between estuarine hydrodynamics and shoreline infra-
structure have primarily focused on large-scale protection or accommodation approaches at the regional 
or county level, most SLR adaptation projects are implemented at a much smaller scale, typically within 
a single jurisdiction (Lubell, 2017). This can present a challenge for regional adaptation, as actions taken 
by one community may have implications for others, and communities may select adaptation approaches 
without full knowledge of what else is planned for the region. In addition, while smaller-scale projects that 
account for the local landscape may provide certain benefits for flood mitigation, restricting project extents 
based on jurisdictional boundaries may miss out on opportunities to connect across systems and may limit 
the effectiveness of the implemented solutions.

To address these concerns, Beagle et al. (2019) proposed the use of operational landscape units (OLUs) as 
a means of promoting coordinated SLR adaptation while also accounting for local-scale physical features 
and processes that might affect or inform adaptation alternatives. OLUs are a concept borrowed from the 
ecological literature and were originally developed as a way to identify areas with biological and hydrologi-
cal connections that could provide appropriate functionality for wetland ecosystem restoration (Verhoeven 
et al., 2008). The OLU framework can be applied more generally to identify any unit of the earth’s surface 
that includes a set of physical and ecological characteristics that provide a cohesive set of ecosystem servic-
es. In the context of SLR adaptation, OLUs can provide a level of refinement to large-scale shoreline adap-
tation strategies while maintaining the integrity of ecosystems by moving beyond traditional jurisdictional 
boundaries. This approach instead focuses on capturing the extent of physical and ecological processes that 
may influence which adaptation approaches are most appropriate and effective in a specific area. While 
there are potential benefits to implementing shoreline adaptation at the OLU level, it is not yet known how 
actions taken at this smaller, more spatially refined scale will impact subregional or regional hydrodynamics 
in coastal embayments.

In this study, we present, to our knowledge, the first systematic investigation of the effect of local-scale, 
spatially refined shoreline protection on regional tidal dynamics. We apply a hydrodynamic model of San 
Francisco Bay, which exhibits divergent tidal wave propagation behavior in its northern and southern em-
bayments, to quantify how shoreline protection implemented at the OLU scale influences tidal amplitude 
and phase. We also examine how the effects of protection vary across a range of shoreline geomorphic 
types. Thus, we can observe the effects of both geographic location and landscape characteristics on tidal 
dynamics. Our results can inform plans for coordinated SLR adaptation that account for hydrodynamic 
interconnections along local and remote stretches of the coastline.
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2. Methods
To examine the influence of local-scale shoreline interventions on bay-scale hydrodynamics, we utilize a 
numerical modeling approach that simulates shoreline protection at the scale of the OLU. Although coastal 
hydrodynamics are influenced by numerous factors, including tides, waves, and surge, we focus our anal-
ysis on tides and their interactions with coastline configurations. We compare peak water levels and tidal 
parameters for each protection scenario to quantify the local and regional effects of shoreline modification. 
The following sections provide more detail on the study area, the hydrodynamic modeling approach, the 
shoreline scenarios that were considered, and the tidal analysis methods.

2.1. San Francisco Bay Setting

San Francisco Bay in Northern California is a mesotidal estuary with a mixed tidal regime (Conomos 
et al., 1985). Tidal exchange through the narrow, deep Golden Gate inlet, which connects Central Bay to 
the Pacific Ocean (Figure 1), dominates circulation within the bay. Substantial differences exist between the 
northern and southern sections of the bay. South San Francisco Bay includes a channel along the western 
edge that reaches depths of 12–20 m and is bordered by broad, shallow shoals of depths less than 5 m. Tides 
in the South Bay approach a standing wave and are amplified toward the southern extent of the bay, some-
times by as much as 0.6 m (Holleman & Stacey, 2014; Walters et al., 1985). Extensive tidal flats and salt pond 
systems are located along the shoreline. The region is highly urbanized, with substantial residential and 
industrial development and critical transportation, energy, and wastewater infrastructure at low elevation 
near the shoreline (Heberger et al., 2011; Hummel et al., 2018). Inflows to South San Francisco Bay are lim-
ited to a few small rivers and creeks that originate in the hills surrounding the bay. To the north, San Pablo 
Bay connects through the Carquinez Strait to Suisun Bay and the Sacramento-San Joaquin Delta. Tides in 
the northern bays resemble a progressive wave (Walters et al., 1985). The shoreline surrounding these bays 
is less developed and consists of substantial marsh land. Major inflows include the Sacramento and San 
Joaquin Rivers, which drain California’s Central Valley, as well as several other moderately sized rivers.

Water levels in San Francisco Bay are influenced by tidal variations, SLR, freshwater inflows, storm surge 
(typically under 1 m) produced by low-pressure systems, and low-frequency climate fluctuations, such as 
El Niño Southern Oscillation and the Pacific Decadal Oscillation, which produce elevated coastal water 
levels (AECOM, 2016). In this study, we focus on tidal variations and SLR. Mean sea level increased by 
approximately 2 mm/yr between 1897 and 2006 at the San Francisco tide gauge (Zervas, 2009). Probabilis-
tic projections of future SLR for the region suggest a likely range (67% probability) of 0.3–1.0 m of SLR by 
2100, although SLR above 2 m is possible (0.5% probability), especially with rapid ice sheet melt (Griggs 
et al., 2017; Sweet et al., 2017).

2.2. Hydrodynamic Modeling

A modified version of the U.S. Geological Survey’s (USGS) Coastal Storm Modeling System (CoSMoS), 
which has been applied previously for dynamic SLR modeling in the region, was used for the hydrodynamic 
simulations in this study (Barnard et al., 2009, 2014). The model uses the Delft3D Flexible Mesh software 
and applies a finite-volume approach to simulate two-dimensional depth-averaged flow resulting from tid-
al and meteorological forcing on an unstructured grid, through solution of the governing shallow water 
equations,
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where h is the water depth, u and v are the depth-averaged velocities, g is the gravitational acceleration, ν 
is the viscosity, C is the drag coefficient, and x, y, and t are the space and time coordinates. Flooding and 
drying is accomplished by adding or removing grid points from the flow domain based on a threshold flood 
depth, in this case set to 0.1 mm. A free-slip condition is applied at the bottom boundary. Spatially variable 
roughness is applied using the Manning roughness formulation.

The model domain includes San Francisco Bay and upstream channels in the Sacramento-San Joaquin 
Delta, offshore areas to the −1,500 m depth contour, and overland areas up to the 10 m elevation contour 
(Figure 2). A digital elevation model (DEM) available at 2 m horizontal resolution from the USGS Coastal 
National Elevation Database is used to represent present-day topography and bathymetry (U.S. Geological 
Survey, 2013) and includes existing shoreline infrastructure such as levees, berms, and seawalls. The mesh 
extends overland in flood-prone areas to account for the effects of inundation. We modified the original 
CoSMoS model by extending the boundaries and refining the grid in certain locations to better capture 
overland flooding. Grid cells range in size from approximately 3 km in offshore areas to less than 50 m in 
overland areas. We implement shoreline protection (i.e., seawalls) in the model using infinitely high, imper-
meable flow barriers to provide complete protection of each OLU across all SLR scenarios. These barriers 
are aligned with the grid lines and act as no-flow boundaries. The model does not account for morpholog-
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Figure 1. San Francisco Bay study area, showing the boundaries of the Operational Landscape Units (OLUs) used in this analysis. Each OLU is given an 
alphanumeric label. The number represents its geographic location, starting north of the Golden Gate and moving clockwise around the Bay. The letter 
represents its geomorphic type: Headlands and Small Valleys (H), Alluvial Fans and Alluvial Plains (A), or Wide Alluvial Valleys (W).

Figure 2. Overview of San Francisco Bay hydrodynamic model, including (a) computational grid and (b) bathymetry. Triangles in (a) denote tide gauge 
locations with observational data used for model validation. White circles in (b) show the locations where harmonic analysis of tidal constituents was 
performed, at approximately 3.5 km intervals along the channel thalweg.
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ical shifts that occur as a result of changes in tidal range, sediment transport, and other relevant processes 
that may be impacted by shoreline modification.

The model is forced at the oceanic boundary by water levels and currents extracted from Oregon State 
University’s TPXO8 tidal model for eight harmonic constituents (M2, S2, N2, K2, K1, O1, P1, Q1) (Egbert & 
Erofeeva, 2002; https://www.tpxo.net/) and is run from January 1 to 27, 2010. The model is initialized with 
2010 mean sea levels and is allowed to spin up for 2 days until the tidal signal becomes stable. Inflows from 
the Sacramento and San Joaquin Rivers, which provide the primary sources of freshwater to San Francisco 
Bay, are also included. A description of the model validation is provided in Appendix A.

We model SLR scenarios of 50, 100, 150, and 200 cm by adding an additional tidal component with zero fre-
quency and amplitude equal to each SLR scenario at the oceanic boundary. The 50 cm and 100 cm scenarios 
fall within the likely range of SLR projected for the San Francisco tide gauge by 2100 (Griggs et al., 2017; 
Kopp et al., 2014). However, the higher SLR scenarios explored here are also possible in the case of rapid 
Antarctic ice sheet melt (Sweet et al., 2017). We do not attempt to assign a time horizon to our SLR simula-
tions, but instead examine how the patterns of hydrodynamic interactions and feedbacks change across the 
range of scenarios.

2.3. Shoreline Scenarios

Recently, the San Francisco Estuary Institute (SFEI) delineated 30 OLUs along the San Francisco Bay shore-
line to inform coordinated shoreline adaptation strategies that incorporate nature-based approaches (Bea-
gle et al., 2019; Figure 1). OLUs along the bayshore were delineated based on a variety of factors, including 
their geomorphic features, topography, watershed boundaries, and nearshore hydrodynamic processes. In 
the cross-shore direction, OLUs extend from the bathymetric contour where wind-driven waves are capable 
of resuspending fine sediment in the bay to the maximum tidal elevation under a 500 cm SLR scenario, with 
an additional 500 m inland buffer as a transition zone (Beagle et al., 2019). In contrast to existing approach-
es that focus on shoreline adaptation within a single jurisdiction, OLUs provide a framework for developing 
collaborative adaptation approaches that cross jurisdictional boundaries and account for the varied physical 
and ecological functions provided by each unit.

The Bay Area OLUs are classified into three geomorphic types: Headlands and Small Valleys (12 OLUs), 
Alluvial Fans and Alluvial Plains (11 OLUs), and Wide Alluvial Valleys (7 OLUs) (Figure 1). Headlands 
and Small Valleys include alternating landscapes of uplifted rock formations and small alluvial valleys that 
border the Bay. These OLUs generally include small watersheds, steep slopes, and narrow baylands. Al-
luvial Fans and Alluvial Plains formed from sediment that eroded from the hills that circle San Francisco 
Bay and was transported by creeks discharging into the Bay. These OLUs generally have intermediate-sized 
watersheds, moderate slopes, and baylands of intermediate width. Wide Alluvial Valleys are characterized 
by downdropped tectonic valleys filled with sediment transported by creeks. These OLUs generally include 
large watersheds, gradual slopes, and wide baylands (Beagle et al., 2019).

To assess the impact of OLU-level protection measures on local and bay-scale hydrodynamics, we simulate 
each OLU individually, assuming that its shoreline is protected while all other OLU shorelines maintain 
their existing configuration. We protect the OLU’s bay shoreline as well as the lateral boundaries separating 
the OLU from its neighbors to prevent overland flooding originating in other OLUs, based on the assump-
tion that if a costly shoreline protection project is implemented to prevent coastal flooding, lateral flooding 
will be accounted for as well, even if through approaches other than a seawall.

For OLU protection scenarios that produce the largest increases in water levels and tidal amplitudes across 
the bay, we then separately simulate the impact of floodwater accommodation in these OLUs to quantify the 
attenuation effects that would be provided. We simulate a full-bay protection scenario, with a seawall along 
the entire bay shoreline, and then remove shoreline protection along individual OLUs to allow flooding. We 
can thus quantify the potential benefits of strategically flooding certain areas while increasing protection for 
all other shoreline segments as sea levels rise.
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2.4. Water Level and Tidal Analysis

To quantify the effects of SLR and shoreline modifications, we examine the changes in baywide peak water 
levels and tidal amplitude and phase. Peak water levels were extracted at each cell in the model domain for 
each shoreline simulation. The change in water level with respect to the existing shoreline scenario for the 
same SLR was then computed and mapped.

The semidiurnal M2 and diurnal K1 tidal constituents are the largest contributors to tidal amplitude in San 
Francisco Bay. We assess changes in the tidal amplitude for the M2 and K1 constituents at approximately 
3.5 km intervals along the channel thalweg (Figure 2b). At each point, we perform harmonic analysis of the 
simulated water level time series using the T_TIDE program in Matlab to extract individual tidal constitu-
ents (Pawlowicz et al., 2002).

We also calculate the tidal phase difference, ϕ, between water levels and currents for each scenario to de-
termine the extent to which tidal propagation in each subembayment is characterized by a progressive or a 
standing wave (Jay, 1991). ϕ = 0° indicates a progressive tidal wave and ϕ = 90° indicates a standing tidal 
wave, with mixed tidal waves between. The tidal phase difference can be computed as the ratio of the energy 
flux at a point to the maximum energy flux exhibited by a fully progressive wave with the same water level 
and velocities (Holleman & Stacey, 2014), calculated as,

2 2
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2 2

( cos ) ( cos )x yu v
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where ϕx and ϕy are the velocity phase shifts determined from the harmonic analysis using T_TIDE.

In nearshore regions, tidal wave propagation in shallow water leads to nonlinear interactions between di-
urnal and semidiurnal tidal constituents, producing shallow water tides, or overtides, at new frequencies 
(Andersen et al., 2006). To assess the role of shallow water areas in affecting tidal dynamics and water level 
response in San Francisco Bay, we extract and compare amplitudes for the M4, M6, and M8 overtides using 
T_TIDE for each shoreline protection scenario.

3. Effect of Shoreline Protection on Peak Water Levels
Peak water levels in the bay are the primary driver of coastal flooding along the shoreline and are thus an 
important consideration for shoreline management. Here, we examine the baywide change in peak water 
levels produced by each OLU shoreline protection scenario. Results for the 50 and 200 cm SLR scenarios are 
presented in Figures 3 and 4, respectively. The results for the 100 and 150 cm SLR scenarios exhibit similar 
patterns. At 50 cm of SLR, OLUs classified as Headlands and Small Valleys produce only small changes 
in water levels, which are generally localized around that OLU’s shoreline (Figure 3). Water level effects 
produced by the majority of the Alluvial Fans and Alluvial Plains are similar in magnitude and extent, with 
the exception of OLU 11A, which generates more substantial amplification in Suisun Bay. The largest water 
level changes occur when Wide Alluvial Valleys are protected, leading to loss of substantial inundatable 
land in areas that are now protected (shown in dark blue in Figure 3). When OLU 7W in San Pablo Bay is 
protected, water levels across San Pablo Bay, the South Bay, and parts of Suisun Bay increase. Protecting 
OLUs 9W and 10W in Suisun Bay produces strong water level responses that are mainly limited to their 
subembayment. Protecting OLU 22W in the South Bay amplifies water levels in the South Bay, but does not 
have a substantial effect on other subembayments.

For the 200 cm SLR scenario, patterns of water level amplification are similar to the 50 cm scenario, al-
though the magnitude and extent of effects is generally larger (Figure 4). Protecting Headlands and Small 
Valleys still produces primarily localized, minor changes in water levels. The water level effects caused by 
protecting Alluvial Fans and Alluvial Plains are generally greater, leading to moderate increases in water 
levels that extend throughout the subembayment, especially in South Bay OLUs (19–21 and 25–26). In 
some cases, the change in water levels extends regionally, most notably for OLU 25A, which amplifies water 
levels in San Pablo Bay. Similar to the 50 cm SLR scenario, protecting Wide Alluvial Valleys produces the 
largest water level response, again driven by the large reductions in inundatable area behind the shoreline 
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protection. Unlike the 50 cm SLR scenario, when OLU 7W in San Pablo Bay is protected, water level ampli-
fication does not propagate through the Carquinez Strait to Suisun Bay but is instead limited to San Pablo 
Bay and South Bay. Protecting OLUs 9W and 10W produces strong water level responses in Suisun Bay that 
also propagate to San Pablo Bay. The water level effects of protection in OLUs 22W and 23W are still mainly 
restricted to the South Bay, with only minor effects on water levels in San Pablo Bay. Thus, for Wide Alluvial 
Valleys, the strongest cross-embayment feedbacks are caused by protecting OLUs 9W and 10W in Suisun 
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Figure 3. Maps of change in peak water levels for each OLU) shoreline protection scenario at 50 cm of SLR. The alphanumeric label of the protected OLU is 
shown in the bottom left corner of each panel. The number represents its geographic location, starting north of the Golden Gate and moving clockwise around 
the Bay. The letter represents its geomorphic type: Headlands and Small Valleys (H), Alluvial Fans and Alluvial Plains (A), or Wide Alluvial Valleys (W). OLU, 
Operational Landscape Units; SLR, Sea-level rise.



Journal of Geophysical Research: Oceans

Bay, which leads to amplification in San Pablo Bay, and by protecting OLU 7W in San Pablo Bay, which 
increases water levels in South Bay.

Figure  5 shows the change in peak water level along the central thalweg of San Francisco Bay, further 
highlighting the geographic influence of individual shoreline protection scenarios. The protection scenarios 
that produce the largest increase in water levels across different parts of the bay are noted in the legend. 
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Figure 4. Maps of change in peak water levels for each OLU) shoreline protection scenario at 200 cm of SLR. The alphanumeric label of the protected OLU is 
shown in the bottom left corner of each panel. The number represents its geographic location, starting north of the Golden Gate and moving clockwise around 
the Bay. The letter represents its geomorphic type: Headlands and Small Valleys (H), Alluvial Fans and Alluvial Plains (A), or Wide Alluvial Valleys (W). OLU, 
Operational Landscape Units; SLR, Sea-level rise.
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Protective actions in OLUs 7W, 10W, and 22W generally produce the largest increase in water levels in their 
respective subembayments, although protection of the OLU 25A shoreline also influences water levels in 
the northern part of South Bay for the 150 and 200 cm SLR scenarios (Figure 5). The amplifying effect 
of OLU 7W extends throughout San Pablo Bay and South Bay. OLUs 22W and 25A also produce a small 
cross-embayment effect that extends into San Pablo Bay at higher sea levels. The influence of OLU 10W 
does not extend past the Golden Gate.

4. Physical Drivers of Baywide Water Level Response
Here we further examine the physical processes that affect tidal wave propagation and contribute to the 
changes in water levels discussed in Section 3. We begin by analyzing the effects of SLR and shoreline mod-
ifications individually and then consider their combined influence on tidal amplitude and phase.

4.1. Sea Level Effects

At present sea level with existing shoreline infrastructure, the M2 and K1 tidal constituent amplitudes gen-
erally increase from north to south (Figures 6a and 6b). M2 amplitudes are approximately 0.6 m in San 
Pablo Bay (+25–40 km from the Golden Gate) and nearly 0.9 m in the far South Bay where the shoreline 
converges (−55  km from the Golden Gate) (Figure  6a). K1 amplitudes range from 0.2  m in Suisun Bay 
(+55–70 km from the Golden Gate) to 0.5 m in South Bay (Figure 6b). As SLR progresses, water depth in 
the bay increases at the same time that low-lying areas along the perimeter begin to inundate. Although 
an increase in water depth is typically associated with a reduction in frictional damping (Arns et al., 2017), 
this effect is outweighed by the increase in damping due to bottom friction in newly flooded shallow areas 
along the shoreline, leading to attenuation of tidal amplitude across all parts of the bay. This attenuating 
effect is most notable in Suisun Bay where low-lying, inundatable areas are more prevalent. Maximum M2 
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Figure 5. Change in peak water level for (a) 50 cm, (b) 100 cm, (c) 150 cm, and (d) 200 cm of SLR, calculated along the 
central thalweg of San Francisco Bay. OLU protection scenarios that cause the largest increase in water levels across the 
bay are indicated in the legend. OLU, Operational Landscape Units; SLR, Sea-level rise.
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amplitude reductions in Suisun Bay are modest for 50 and 100 cm of SLR (no larger than 6 and 34 mm, 
respectively), but are more substantial for 150 and 200 cm of SLR (up to 130 and 232 mm, respectively) as 
baywide inundation expands.

The effect of SLR on tidal phase difference is shown for the M2 and K1 constituents in Figures 6c and 6d. 
As highlighted in previous studies of San Francisco Bay (Holleman & Stacey 2014), tides in San Pablo Bay 
and Suisun Bay are closer to a progressive wave, with ϕ < 50°. In the South Bay, ϕ > 60° for the M2 constit-
uent and approaches 90° in some locations, demonstrating that the South Bay is closer to a standing wave 
condition. As sea levels rise, tides generally shift toward a more progressive condition in San Pablo Bay, as 
low-lying areas are allowed to flood and dissipate the reflective energy flux. In parts of Suisun Bay and South 
Bay, tides shift closer to a standing wave for higher SLR scenarios.

4.2. Shoreline Protection Effects

Protecting OLUs classified as Wide Alluvial Valleys generally leads to the largest change in M2 amplitudes 
across all four SLR scenarios (Figure 7). At 50 cm of SLR, protecting OLU 7W produces the largest increase 
in amplitude across most of the bay with the exception of Suisun Bay, although these increases are relatively 
minor (30 mm). As SLR progresses, the effect of OLU 10W becomes more apparent in Suisun Bay and leads 
to the largest change in tidal amplitude (109 mm at 200 cm of SLR). Protecting OLU 9W also leads to a rel-
atively large amplitude increase in Suisun Bay (61 mm at 200 cm of SLR). In South Bay, the effect of OLU 
22W is largest at 200 cm of SLR, leading to a maximum amplitude increase of 39 mm. OLUs 7W, 9W, 10W, 
and 22W tend to have higher flood accommodation volume due to their wide baylands and gradual slopes. 
When this volume is disconnected from the bay through the construction of shoreline protection, tidal 
amplification occurs. Protecting OLU 7W leads to a regional response that causes amplitudes to increase in 
San Pablo Bay as well as South Bay, demonstrating the potential for cross-basin interactions and suggesting 
that proximity alone is not responsible for the observed changes in amplitude.

Protecting certain OLUs along the Carquinez Strait (8H and 13H) produces a slight decrease in tidal ampli-
tude in Suisun Bay (Figure 7). These OLUs are both classified as Headlands and Small Valleys, indicating 
that they have little flood accommodation space when unprotected. However, when shoreline protection is 
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Figure 6. Plots of (a,b) amplitude and (c,d) phase difference for the M2 (left column) and K1 (right column) tidal 
constituents for various SLR scenarios, calculated along the central thalweg of San Francisco Bay. The phase difference 
between water levels and currents indicates the extent to which tidal propagation in a basin is characterized by a 
progressive or a standing wave (Jay, 1991). SLR, Sea-level rise.
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implemented, a slight constriction of the Carquinez Strait occurs, which may lead to a reduction in tidal 
energy transmission through the Strait and into Suisun Bay. Thus, even though the inundatable area in 
OLUs 8H and 13H is small, the loss of this area still impacts tidal amplitudes due to the geographic position 
of these OLUs at a constriction point in the Bay.

Amplitude changes for K1 are smaller than for M2, with maximum increases of 57 mm in Suisun Bay at 
200 cm of SLR. Protecting OLUs 7W, 9W, 10W, and 22W again produces similar patterns of tidal amplitude 
change (Figure 7). However, unlike the M2 constituent, which exhibits increased amplitude in South Bay 
due to protection of OLU 7W, no regional interactions are visible in the K1 amplitudes. The semidiurnal M2 
tidal constituent, with a tidal period of 12.25 h, is closer to tidal resonance in both the North Bay (resonant 
period ≈ 6 h) and South Bay (resonant period ≈ 7 h) (Walters et al., 1985) and thus has a larger impact on 
regional water level responses than the K1 constituent.

Most amplitude changes due to shoreline protection are small and proportional to the change in amplitude 
caused only by SLR. However, for several Wide Alluvial Valleys, most notably OLUs 9W and 10W, the 
change in amplitude does not scale linearly with SLR but is instead higher for the 150 and 200 cm SLR sce-
narios. This indicates that while most protection scenarios can be expected to cause proportion changes as 
SLR progresses, other scenarios will have nonlinear effects on tidal amplitude that can exacerbate impacts, 
especially at higher sea levels.

Shoreline protection scenarios have more complicated effects on tidal phase differences in each basin (Fig-
ure 8). In San Pablo Bay and Suisun Bay, which are progressive, shoreline protection in Wide Alluvial Val-
leys leads to positive shifts in phase difference (toward a more standing wave) down-estuary and negative 
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Figure 7. Change in amplitude compared to the existing shoreline scenario for (a,e) 50 cm, (b,f) 100 cm, (c,g) 150 cm, 
and (d,h) 200 cm of SLR for the M2 (left column) and K1 (right column) tidal constituents, calculated along the central 
thalweg of San Francisco Bay. SLR, Sea-level rise.
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shifts in phase difference (toward a more progressive wave) up-estuary. For example, consider OLU 10W 
with 200 cm of SLR. Between the Golden Gate (0 km) and OLU 10W, the change in phase difference is 
positive, so tides in San Pablo Bay generally move closer to a standing wave condition. At the approximate 
location of OLU 10W (+60–80 km from the Golden Gate), the phase difference changes sign, so that tides at 
up-estuary locations in Suisun Bay become more progressive. This is consistent with the expected physics, 
as implementing a seawall mid-estuary will cause reflection of the tidal wave seaward of that point but leave 
less energy to propagate landward. In Section 5, we present the results of a one-dimensional model of tidal 
propagation that reinforces these findings for San Pablo Bay and Suisun Bay. In South Bay, which is already 
close to a standing wave condition, the effects of shoreline modification on tidal phase appear more local-
ized and variable. At 200 cm of SLR, protecting OLU 22W leads to a positive change in phase difference in 
the far South Bay, indicating that the basin moves more toward a standing wave.

Overtides can also play an important role in affecting baywide tidal dynamics, representing the basin-scale 
response to friction in shallow areas. Figure 9 shows the change in overtide (M4, M6, and M8) amplitudes 
across the bay for each OLU protection scenario. Overall, the effects are small, producing changes in am-
plitude less than 2.5 cm across all three overtides and both SLR scenarios. Protecting Wide Alluvial Valley 
OLUs (7W, 9W, 10W, and 22W) affects overtides the most, since these areas include the most substantial 
low-lying, floodable area, which is cut off from the bay due to shoreline protection. In South Bay, protection 
of OLU 22W causes a local decrease in the M4 amplitude but a slight increase in M4 amplitude throughout 
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Figure 8. Change in phase difference compared to the existing shoreline scenario for (a,e) 50 cm, (b,f) 100 cm, (c,g) 
150 cm, and (d,h) 200 cm of SLR for the M2 (left column) and K1 (right column) tidal constituents, calculated along the 
central thalweg of San Francisco Bay. The phase difference between water levels and currents indicates the extent to 
which tidal propagation in a basin is characterized by a progressive or a standing wave (Jay, 1991). SLR, Sea-level rise.
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Figure 9. Change in (a,b) M4, (c,d) M6, and (e,f) M8 overtide amplitudes compared to the existing shoreline scenario 
at 100 cm (left column) and 200 cm (right column) of SLR, calculated along the central thalweg of San Francisco Bay. 
SLR, Sea-level rise.

Figure 10. Change in amplitude compared to the existing shoreline scenario for single-OLU accommodation scenarios 
at (a,b) 100 cm and (c,d) 200 cm of SLR, calculated along the central thalweg of San Francisco Bay. The left and 
right columns show the results for the M2 and K1 tidal constituents, respectively. The black line shows the change in 
amplitude when the entire bay shoreline is protected. OLU, Operational Landscape Units; SLR, Sea-level rise.
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Central Bay and San Pablo Bay. Protecting North Bay OLUs (7W, 9W, and 10W) generally leads to a local 
increase in M4 amplitude, with more variable impacts elsewhere.

4.3. Shoreline Accommodation Effects

Protection of the entire San Francisco Bay shoreline leads to amplification of the M2 and K1 tides by more 
than 30 and 10 cm, respectively, in North Bay (Figure 10). For the single-OLU shoreline accommodation 
scenarios, we focus on Wide Alluvial Valleys because they produce the strongest amplification effects when 
protected. Accommodation of floodwater in OLUs 7W, 9W, and 10W causes the largest reduction in ampli-
tude. This effect is small (less than 5 cm) at 100 cm of SLR (Figure 10a) but substantial at 200 cm of SLR, 
leading to amplitude reductions as high as 20 cm in Suisun Bay (Figure 10c). For both sea levels, OLU 7W 
is the only accommodation scenario that causes a reduction in amplitude in all three subembayments, al-
though the South Bay effect is small and only occurs for the M2 tide.

Full protection causes a positive shift in phase difference (toward a standing wave) in much of Central Bay 
and San Pablo Bay but a negative shift (toward a progressive wave) in Suisun Bay (Figure 11). The South 
Bay exhibits variable results, with some areas showing a positive shift and others a negative shift. For both 
tidal constituents and both SLR scenarios, floodwater accommodation in OLUs 7W, 9W, and 10W leads to a 
reduction in down-estuary phase difference in San Pablo Bay and Central Bay as compared to the full-pro-
tection scenario. At 200 cm of SLR, accommodation in OLU 10W leads to a positive shift in phase difference 
in Suisun Bay as compared to the full-protection scenario, moving Suisun Bay closer to its behavior under 
existing conditions (Figures 11c and 11d).

4.4. Combined Sea Level and Shoreline Protection Effects

Both SLR and shoreline protection can affect tidal dynamics in estuaries by influencing water depths, ba-
sin length, and lateral inundatable area. To quantify the combined influence of these effects, we plot the 
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Figure 11. Change in phase difference compared to the existing shoreline scenario for single-OLU accommodation 
scenarios at (a,b) 100 cm and (c,d) 200 cm of SLR, calculated along the central thalweg of San Francisco Bay. The left 
and right columns show the results for the M2 and K1 tidal constituents, respectively. The black line shows the change 
in phase difference when the entire bay shoreline is protected. OLU, Operational Landscape Units; SLR, Sea-level rise.
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change in M2 and K1 amplitude for each SLR and shoreline protection scenario as compared to the existing 
shoreline scenario with 0 cm of SLR (Figure 12). The tidal amplitude attenuation due to SLR is generally 
greater than the amplification resulting from shoreline protection, especially at higher SLR. This leads to a 
net decrease in tidal amplitude when compared to the existing shoreline scenario under present-day condi-
tions (Figures 12c, 12d, 12g, and 12h). However, at 50 and 100 cm of SLR, tidal amplification resulting from 
shoreline modifications is greater than changes due to SLR in some scenarios, particularly when OLU 7W 
is protected, leading to a small net increase in tidal amplitude (Figures 12a, 12b, 12e, and 12f). Thus, while 
SLR will play a stronger role in affecting tidal amplification in San Francisco Bay in the long term, the influ-
ence of local shoreline protection actions could outweigh that of SLR in the near term.

5. Comparison with One-Dimensional Analytical Model
To examine the broader applicability of our observed results, we simulate tidal wave propagation and the 
effect of off-channel storage in an enclosed estuary using the one-dimensional continuity and momentum 
equations presented by Toffolon and Savenije (2011)

0h h u uh dbu h
t x x b dx

   
   

  
 

0u uu g
t x x h

 


  
   

  
 

where b is the width, η is the free surface elevation, τ/ρ is the bed shear stress, and σ is the storage ratio, which 
describes the fraction of width that provides storage beyond the main flow channel. We use values typical 
of the geometry of San Francisco Bay to set up the model (Figures 13a and 13b), which is forced by an M2 
tide at the down-estuary boundary. We apply a radiation condition at the up-estuary boundary to simulate 
the progressive tidal conditions in San Pablo Bay and Suisun Bay. We then examine the impact of reducing 
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Figure 12. Change in amplitude compared to the existing shoreline scenario with no SLR for (a,e) 50 cm, (b,f) 100 cm, 
(c,g) 150 cm, and (d,h) 200 cm of SLR for the M2 (left column) and K1 (right column) tidal constituents, calculated 
along the central thalweg of San Francisco Bay. SLR, Sea-level rise.
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off-channel storage capacity on the one-dimensional tidal wave propagation by adjusting σ along successive 
5 km segments of the estuary to simulate shoreline protection at various locations along its length (50 km). In 
the protected segment, σ = 1, indicating no off-channel storage, while in the remainder of the estuary σ = 1.5 
to represent the accommodation space provided by OLUs in San Pablo Bay and Suisun Bay.

As anticipated, a reduction in off-channel storage produces an increase in tidal amplitude, in this case 
approximately 4% higher than the no-protection scenario (Figures 13c and 13d). The change in phase differ-
ence between the protection and no-protection scenarios is positive (toward a standing condition) down-es-
tuary of the protective action and negative (toward a progressive condition) up-estuary (Figures 13e and 
13f). This is similar to the results seen for OLUs 7W and 10W in the two-dimensional depth-averaged model, 
in which phase difference increases down-estuary and decreases up-estuary when these OLUs are protected.
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Figure 13. (a) Plan view and (b) profile view of one-dimensional analytical model setup for analysis of a progressive 
wave system with shoreline protection scenarios implemented along 5 km stretches of the estuary length. The (c) 
amplitude, (d) change in amplitude, (e) phase difference, and (f) change in phase difference are plotted for each 
scenario.
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6. Discussion and Conclusions
In this study, we have applied a numerical modeling approach to examine the interactions between estua-
rine hydrodynamics and shoreline infrastructure in San Francisco Bay under a range of sea levels. We find 
that protection implemented along individual shoreline segments can influence local and baywide tidal 
dynamics and peak water levels. The overall response of tidal amplitudes to shoreline protection actions 
is determined by the competition between amplifying and dissipating processes in the bay, including tidal 
reflection, frictional damping, and basin resonance. Our results show that implementing levees or seawalls 
along shorelines reduces frictional damping in shallow perimeter areas and likely produces additional re-
flection at the boundary, generally leading to an increase in tidal amplitude. The effects of protection are 
especially notable for higher SLR, at which certain OLU scenarios can cause amplification of the M2 tide by 
more than 10 cm (40%) compared to the existing shoreline configuration. Changes in basin resonance are 
likely not a substantial contributor to the amplification effects noted here, as shoreline protection generally 
leads to positive changes in water depth and, if implemented at the landward end of the bay, reduces the 
basin length compared to the no-protection scenario. These effects both lead to a reduction in the resonant 
period of the basin, moving the system further from the dominant periods of the M2 and K1 tides. In fact, 
assuming an idealized open harbor geometry, the length of South Bay would have to almost double for the 
basin resonant period to match that of the tidal forcing. Therefore, we conclude that the increase in tidal 
amplitude evident when shorelines are protected is driven primarily by the shift from a dissipative to a 
reflective boundary.

Our results further demonstrate the role of geomorphic type in determining the tidal response to OLU-level 
shoreline adaptation. Implementing shoreline protection in most OLUs generally leads to small, localized 
effects. This is especially true in systems classified as Headlands and Small Valleys, where existing steep to-
pography already acts as a barrier to inundation, thus limiting the amplifying effect of shoreline protection. 
Alluvial Fans and Alluvial Plains, which have more moderate slopes and bayland widths, produce larger 
local effects, which may extend throughout their respective subembayments. Some of these OLUs even pro-
duce cross-regional effects, such as OLUs in the South Bay that cause elevated water levels in San Pablo Bay. 
Protecting OLUs characterized as Wide Alluvial Valleys generally has the largest impact on water levels and 
tidal amplitudes in San Francisco Bay, leading to the greatest amplification within their subembayments 
and also producing effects that extend regionally. Implementing accommodation or retreat strategies that 
instead allow floodwaters to inundate these large, low-lying areas can provide benefits both locally and 
regionally by avoiding tidal amplification associated with shoreline protection.

Our focus in this analysis in on model-to-model comparisons in which we change a single shoreline seg-
ment and then quantify the impacts on hydrodynamics in San Francisco Bay. The relevance of our findings 
for decision-making will depend on whether the magnitude of the modeled change is larger than the pre-
dicted uncertainty, which is influenced by the ability of the model to capture the physics of tidal propaga-
tion and the accuracy of the DEM. Validation of the model has demonstrated its ability to capture the phys-
ics of the system with high accuracy for current conditions (see Appendix A). Thus, the largest remaining 
uncertainty is how the model elevations may change in the future due to vertical land motion and erosion or 
accretion of shorelines, particularly in marsh-fronted areas. Ballard et al. (2016) provided initial estimates 
of the uncertainty in CoSMoS flood modeling due to these processes for the 100 cm SLR scenario, account-
ing for spatial variations across San Francisco Bay. Future studies could dynamically couple hydrodynamic 
and morphodynamic modeling to investigate the combined influence of uncertainties in elevation change 
and SLR on tidal dynamics under a range of shoreline adaptation scenarios. Ultimately, the significance of 
projected water level changes due to shoreline interventions will be a question for policymakers and prac-
titioners, who must weigh a wide range of factors in the evaluation of shoreline management strategies.

Basing future adaptation planning solely on projections of SLR coupled with existing shoreline infrastruc-
ture, without considering the interactions with planned shoreline modifications, could underestimate water 
level and tidal responses, especially for the 50 and 100 cm SLR scenarios that are likely to occur by the end 
of the century. Adopting an approach, such as the one presented here, that accounts for the dynamic inter-
actions between nearshore processes and shoreline infrastructure will enable more robust decision-making 
through recognition of the factors that most strongly impact water levels. This will also help to identify po-
tential opportunities to provide strategic flood attenuation at targeted locations along the bayshore, which 
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can have regional benefits in terms of water level reductions. However, the choice of which strategies to 
implement is also heavily dependent on the human system within the coastal zone, including the popu-
lations, development, and critical infrastructure that may be at risk due to flooding. Understanding how 
hydrodynamic changes due to shoreline adaptation interact with the built environment is a crucial step in 
developing appropriate strategies for coordinated action. Several studies have assessed these interactions 
with a focus on the transportation network in San Francisco Bay (Hummel et al., 2020; Papakonstantinou 
et al., 2019), but additional work is needed to inform more holistic adaptation of developed coastal regions. 
Future analyses could also consider possible combinations of shoreline adaptation strategies across the bay, 
rather than focusing on protecting one OLU at a time as we have done here.

While our study focuses on San Francisco Bay, landscape units of similar geomorphic type and topography 
to the ones considered here may produce similar impacts on water levels and tides in other estuarine sys-
tems. However, the magnitude and extent of interactions will depend on the physical characteristics of each 
system, including embayment size, resonance condition, and tidal regime. The systematic shoreline mode-
ling approach presented here can be applied to other embayments to examine the potential scale of interac-
tions that emerge from local shoreline actions and to identify shoreline segments that are most appropriate 
for protection or accommodation approaches. Comparative analyses across systems would provide insight 
into how these interactions vary across estuary types (e.g., coastal plain, tectonic, bar-built, fjord) and tidal 
regimes (e.g., microtidal, mesotidal, macrotidal).

Appendix A: Model Validation
The hydrodynamic model used in this study was validated by comparing the simulated January 2010 water 
levels for the no SLR, existing shoreline scenario with NOAA tidal predictions at the 10 tide gauge stations 
within the model domain (Figure A1). Table A1 summarizes the Pearson correlation coefficient and ratio of 
modeled to observed root mean square (RMS) for each station. The modeled time series show good agree-
ment with observations at all stations, confirming the ability of the model to represent the physics of tides 
in San Francisco Bay. The largest discrepancies occur at Coyote Creek due to challenges in representing 
detailed bathymetry within tidal creeks.

Comparisons between observed (NOAA) and modeled amplitude and phase (calculated using T_TIDE) for 
the four harmonic constituents with the largest amplitudes (M2, K1, O1, and S2) are shown in Figure A2. The 
modeled amplitudes generally fall within 5 cm of the observed amplitudes, with Root Mean Square Errors 
(RMSE) of 3.47 cm for M2, 2.83 cm for K1, 2.29 cm for O1, and 1.87 cm for S2. The modeled phases are also 
representative, generally falling within 20 degrees of the observed phases. When phases are normalized 
by the phase at the offshore boundary, the comparison is improved substantially, indicating that the small 
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NOAA station Correlation coefficient RMS ratio

San Francisco 0.995 0.961

Point Reyes 0.995 0.978

Alameda 0.995 0.977

Redwood City 0.987 0.966

Coyote Creek 0.990 0.843

Richmond 0.995 0.922

Point Arena 0.999 1.011

Monterey 0.998 1.010

Port Chicago 0.982 0.956

Martinez 0.988 1.009

RMS, root mean square.

Table A1 
Summary of Model Validation Results for Water Levels
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Figure A1. Comparison of observed and modeled water levels at NOAA tide gauges for the simulation period.
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differences in the observed and modeled phases are driven primarily by discrepancies in the tidal forcing 
specified at the boundary rather than errors in the modeled physics.

Data Availability Statement
The data used in this analysis are available through the Zenodo data repository at the following link: 
10.5281/zenodo.4275063.
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Figure A2. Modeled versus observed tidal (a) amplitude and (b) phase for the four harmonic constituents with the 
largest amplitudes. Dashed lines indicate (a) 2.5  and 5 cm difference bands for amplitude and (b) 10 and 20 degree 
difference bands for phase.
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