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OVERVIEW

This Coastal Hydraulics Study (Study) was conducted for the Strategy to Advance Flood protection, 
Ecosystems and Recreation (SAFER) along San Francisco Bay project (Project) for the earthen levee from 
the westbound Menlo Park approach of Dumbarton Bridge to Bedwell Bayfront Park. The Study was 
designed to provide design recommendations to ensure the Project design can withstand 100-year flood 
events and accommodate an assumed 3.5 feet of sea level rise (SLR) (HDR 2024). This Study used the 
results from existing published studies to determine the maximum water surface elevation under the 
assumed SLR during 100-year events, including 100-year wind waves. The design elevation for the levee 
crest was developed by adding the 100-year stillwater surface elevation (e.g., tides, storm surge), 100-
year wind-wave height, and the assumed 3.5 ft of SLR. The 100-year stillwater elevation and wave height 
were taken from previously published studies of San Francisco Bay. The resulting levee crest elevation 
was then compared to FEMA requirements for the crest elevation of levees.

FEMA provides guidance on minimum levee crest elevation for coastal levees but does not include 
future SLR in the guidance (FEMA 2023). As shown below, given the currently available information, the 
FEMA controlling condition for the levee crest elevation is 1 ft above the base flood wave crest 
elevation. The design elevation is above the current FEMA requirements for the levee crest.

SUMMARY OF COASTAL FLOODING

The Federal Emergency Management Agency (FEMA) describes coastal flooding as when water from an 
ocean, bay, or large lake inundates the normally dry land (FEMA 2021). Coastal flooding is generally a 
result of elevated stillwater elevation and waves. Stillwater elevation can increase from a range of 
factors, including storm surge, tides, and wave setup. Storm surge is the increase in WSE as a result of 
storm winds forcing water towards the coastline and creating WSE “setup” at the coastline and into 
embayments. High tides also lead to an increase in stillwater level relative to low tides, especially during 
periods of king tides. A storm tide is when storm surge and high tide occur at the same time. Wave 
setup is the process of breaking waves leading to an increase in WSE at the shoreline. Waves also result 
in a flood risk because when the waves break along the shoreline they “runup” the face of the shoreline, 
thus possibly reaching a higher elevation than expected simply based on the wave height.

FEMA (2023) provides guidance on levee heights to provide base flood hazard reduction in coastal areas. 
Following this guidance, the top of the levee must be equal to or greater than the higher of:

1. Two feet above the base stillwater storm surge elevation, including wave setup
2. One foot above the base flood wave crest elevation
3. One foot above the maximum base flood wave runup elevation
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The base flood elevations are based on the 100-year recurrence interval event, equal to a 1% chance of 
occurrence or 1% annual exceedance probability (AEP). Wave setup was not included in this Study 
because waves in San Francisco Bay are relatively small and will propagate across a shallow marsh area 
where waves will attenuate instead of undergo breaking. Thus, wave breaking before the levee is not 
expected to cause setup, as determined in BakerAECOM (2014a, 2014b). The wave crest elevation is the 
stillwater elevation plus 70% of the controlling wave height (NAS 1977), where the controlling wave 
height is 1.6 times the significant wave height (FEMA 1988). Wave runup is the height that breaking 
waves travel up the levee face. 

Based on FEMA’s National Flood Hazard Layer viewer, the flood hazard zone of the Project is AE. Flood 
hazard zone AE corresponds to a high-risk special hazard area with wave heights less than 3 ft. The 
FEMA expected base flood elevation of the Project area ranges from 11 ft to 12 ft NAVD88 (Figure 1). 
FEMA guidance does not address sea level rise. As such, the below comparison of the levee crest 
elevation to the FEMA requirements for coastal levees uses current conditions (no SLR) and then a range 
of SLR projections to understand when flood risk may increase in the future.

FIGURE 1: FEMA FIRMETTE OF THE PROJECT AREA
Source: https://www.arcgis.com/apps/webappviewer/index.html?id=8b0adb51996444d4879338b5529aa9cd
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100-YEAR STILLWATER SURFACE ELEVATION

The 100-year WSE under existing conditions, without SLR, was determined based on information from a 
study conducted by AECOM (2016). The AECOM report provides tidal datums and/or extreme WSEs for 
more than 900 locations around the margin of San Francsico Bay. The 100-year stillwater surface 
elevation is included in these extreme WSEs. The extreme WSEs were calculated such that they 
represent approximately 2011 conditions. For this Project, the relevant locations from the AECOM 
report are stations 740 to 755. The 100-year extreme WSEs for these points ranged from 10.68 ft 
NAVD88 to 10.90 ft NAVD88 (see Appendix B in AECOM (2016)). For the purposes of this Coastal 
Hydraulics Study, a 100-year extreme stillwater elevation of 10.90 ft NAVD88 was used. This is slightly 
lower than the 11 to 12 ft base flood elevation shown on the FEMA National Flood Hazard Layer viewer 
(Figure 1).

100-YEAR WIND-WAVE EVENT

Wave heights for a 100-year event were based on a wave study of South San Francisco Bay conducted 
by DHI (2011, 2013) and retrieved through the San Francisco Estuary Institute and San Francisco Bay 
Area Planning and Urban Research Association Adaptation Atlas (Beagle et al. 2019). From the 
Adaptation Atlas, 100-year significant wave heights of 2.3 ft to 2.6 ft (0.7 m to 0.8 m) in the vicinity of 
the Project were obtained (Figure 2). For the purposes of this Study, a 100-year wave height of 2.6 ft 
was used for the 100-year wave height. This is likely a conservative estimate of the 100-year wave 
height at the toe of the levee because it is taken at the bayward margin of the project area and wave 
heights may be lower on the landward side of any shallow-water areas along the outside of the levee 
and after the waves have propagated across any shallow-water or vegetated areas between the open 
Bay and the Project levee. 

FIGURE 2: 100-YEAR WIND WAVES
Source: Beagle et al. (2019)
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SEA LEVEL RISE

Two sources of projected SLR in San Franscico Bay are the California Ocean Protection Council (OPC, 
2024) guidance report and the USACE-based SLR projections in the South San Francisco Bay Shoreline 
Study. In the OPC guidance, the “intermediate-low” to “intermediate” SLR scenarios are considered the 
most likely scenarios, whereas the “intermediate-high” SLR scenario represents a plausible high-end SLR 
projection (Table 1). The intermediate scenario represents a “reasonable upper bound of the most likely 
range of sea level rise by 2100. (OPC 2024)” Based on the OPC SLR scenarios, the assumed 3.5 ft of SLR 
would be surpassed:

· After 2150 under the low and intermediate-low scenarios
· Between 2100 and 2110 under the Intermediate scenario
· Around 2090 under the intermediate-high scenario
· Between 2070 and 2080 under the high scenario

Additional SLR projections were inferred from the OPC intermediate-high SLR scenario for comparison to 
other SLR estimates. The OPC intermediate SLR scenario projects SLR of 1.1 ft between 2020 and 2067 
and 2.9 ft between 2020 and 2100.  The OPC intermediate-high SLR scenario projects SLR of 1.7 ft 
between 2020 and 2067 and 4.5 ft between 2020 and 2100.

For comparison, the South San Francsico Bay Shoreline Study used USACE SLR curves (Anchor QEA 2017; 
USACE 2015a). From 2017 to 2067, after adjusting for SLR between the midpoint of the NOAA National 
Tidal Datum Epoch and 2017, the USACE SLR curves projected 0.33 ft for the “low” curve, 0.84 ft for the 
“intermediate” Curve, and 2.42 ft for the “high” curve. Further, the USACE high SLR scenario projected 
4.88 ft of SLR between 2017 and 2100. The USACE high SLR scenario projected greater rates of SLR than 
the OPC intermediate scenario and similar but somewhat greater rates of SLR than the OPC 
intermediate-high scenario.

No SLR was assumed for the Project construction year (Year 0, 2031) WSE. No SLR was assumed because 
the extreme WSEs in the AECOM (2016) study were based on approximately 2011 conditions, with only 
a few tenths of a foot of SLR projected to the Year 0 of 2031, using the OPC guidance. Assuming no SLR 
in Year 0 is also acceptable in this case because the analysis combined the extreme 100-year stillwater 
level with the extreme 100-year wind-wave event, even though these extreme events do not necessarily 
occur at the same time in San Francisco Bay (BakerAECOM 2014a, 2014b).
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TABLE 1: SEA LEVEL RISE BY DECADE FOR THE OPC (2024) GUIDANCE REPORT

Source: OPC (2024)

TOTAL WATER SURFACE ELEVATIONS

Total WSEs for guiding the design levee crest elevation were assumed to be the summation of the 100-
year stillwater surface elevation, 100-year wind-wave heights at the bayward margin of the project area, 
the assumed 3.5 ft of SLR, and 2 ft of freeboard. This summation of the 100-year stillwater surface 
elevation and 100-year wind waves is likely a conservative estimate of the 100-year total water level 
conditions. A prior report by BakerAECOM (2014a) notes that “Investigations of the coincidence of water 
level and wave events for San Francisco Bay within the regional hydrodynamic and wave study data 
confirmed that elevated water levels are often decoupled from the local wave and wind events. 
Therefore, pairing the 1-percent water level with the 1-percent wave height is not appropriate and may 
result in the overestimation of the 1-percent flood hazard from overland wave propagation.”

The resulting WSEs guiding development of the levee crest elevation are summarized below.

· 100-year stillwater surface elevation: 10.9 ft NAVD88
· 100-year wave height: 2.6 ft
· Assumed SLR: 3.5 ft
· Total 100-year future WSE: 17.0 ft NAVD88. 
· Total levee crest elevation with 1 ft of freeboard and 1 ft of long-term subsidence/construction 

tolerance: 19.0 ft NAVD88

Allowing for 1 foot of long-term subsidence and construction tolerance will result in a long-term 
minimum levee crest elevation of 18.0 ft for this Project. This result is consistent with the assumptions in 
the Draft EIR for the SAFER Bay Project (ESA 2025) which assumes a solid barrier with elevations 
between 16.5 and 17.9 feet NAVD88.  However, the design elevations documented in the DRAFT EIR 
(ESA 2025) are higher than 19 ft NAVD88 in some reaches because the assumed amount of long-term 
settling in the larger SAFER Bay project (up to 2.5 ft or more) is greater than the maximum amount of 
settling assumed in the levee design for this Project.
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Based on the FEMA (2023) requirements for levees, the minimum crest elevation for the levee would be 
the higher of:

1. 12.9 ft NAVD88: Two feet above the base flood total stillwater storm surge elevation including 
wave setup

a. 10.9 ft stillwater elevation + 2 ft freeboard

2. 14.8 ft NAVD88: One foot above the base flood wave crest elevation
a. 10.9 ft stillwater elevation + 2.9 ft wave height1 + 1 ft freeboard

3. The elevation corresponding to one foot above the maximum base flood wave runup elevation 
could not be determined without additional site-specific wave runup modeling which is outside 
the scope of this Study.

The second criteria elevation of 14.8 ft NAVD88 is likely a conservative estimate because it pairs the 1% 
stillwater level with the 1% wave heights, even though these may not occur at the same time 
(BakerAECOM 2014a, 2014b) and used wave heights at the bayward margin of the project area and not 
wave heights attenuated across any shallow areas or marshes. The 18.0 ft NAVD88 design elevation for 
the levee crest for this Project is above the current first and second FEMA requirements for levees.

The third FEMA requirement, based on wave runup, could not be determined because it would require 
additional site-specific modeling of wave transformation from the open Bay to the toe of the levee and 
then calculations of wave runup, which is outside the scope of this Study. These calculations for the 
SAFER Bay Project were noted in HDR (2024) as to be conducted. However, as a result of a berm 
surrounding the project area, projected future infilling of the surrounding pond to saltwater marsh 
elevations, and then a future low-gradient vegetated ecotone to the highest astronomical tide elevation, 
the project levee will be relatively sheltered from wind waves. As such, any wave runup on the levee 
face is expected to be relatively small. This is a similar expectation to that made in the South San 
Francisco Bay Shoreline Study (USACE 2015), which notes “the occurrence of large waves is associated 
with a very low probability (as can be inferred from Table 11 (Comparison of 1% ACE Water Level with 
Prior Studies)) and did not affect the design crest elevation of the with-project levee.”

Levee overtopping risk will increase in the future as a result of SLR. To understand when overtopping 
risk may increase, SLR projections were added to the 14.8 ft controlling case for the levee crest 
elevation. The resulting controlling case plus SLR was then used to estimate the time horizons during 
which the 18 ft NAVD88 design elevation will provide FEMA-level protection. That is, based on currently 
available information, to estimate when the current 14.8 ft NAVD88 minimum crest elevation plus SLR 
could result in loss of FEMA accreditation or begin to overtop the 18 ft NAVD88 design elevation. These 
estimates are provided in Table 2. Using the OPC low and intermediate-low SLR scenarios, the design 
elevation provides FEMA-level protection to at least 2150. Assuming the intermediate SLR scenario 
results in FEMA-level protection until 2101. This intermediate SLR scenario is considered the 
“reasonable upper bound of the most likely range of sea level rise by 2100” by the OPC (2024). Using the 
intermediate-high and high SLR scenarios reduces the FEMA-level protection to 2083 and 2073, 
respectively. This analysis suggests FEMA-level protection through at least 2101 using the reasonable 
upper bound SLR projection.

1 Wave height for crest elevation was calculated as 70% of the controlling have height (0.7*1.6*Hsig (significant 
wave height), with Hsig equaling 2.6 ft)
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TABLE 2: YEAR WHEN FEMA-LEVEL PROTECTION COULD BE LOST AND WHEN LEVEE COULD BEGIN TO OVERTOP
OPC SLR Scenario Lose FEMA-Level Protection Levee Overtopping
Low >2150 >2150
Intermediate-Low >2150 >2150
Intermediate 2101 2117
Intermediate-High 2083 2094
High 2073 2081

Note: FEMA-level protection assumes 1 ft of freeboard while levee overtopping does not assume any freeboard. Table is based 
on current conditions 14.8 ft NAVD88 base flood wave crest elevation plus projected SLR.
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