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1 INTRODUCTION
The County of Humboldt (County) is leading the planning and design of a new segment of coastal
trail along the east shore of Arcata Bay1, California, adjacent to the Highway 101 corridor. The
Humboldt Bay Trail South (HBTS) project is a proposed Class I multi-use trail, which will be
located between Bracut and Eureka, and will connect to other existing trail segments. The
County, with the support of consultant GHD, is currently in the process of completing
environmental, design and permitting documents for the HBTS project.
The purpose of this report is to support the County in designing and planning a trail facility
intended to be resilient to the impacts of sea-level rise and to provide guidance to the County for
developing a strategy for implementing future adaptation measures. This report presents a sealevel rise vulnerability and adaptation assessment of the HBTS project, including development of
coastal engineering design criteria, an assessment of potential sea-level rise impacts, and
identification of possible adaptation measures and strategies to help manage sea-level rise related
risks to the project. Consistent with the California Coastal Commission’s (CCC) Sea-Level Rise
Policy Guidance, adopted in August 2015, this report presents an assessment of the potential
impacts to the project by flooding and erosion for existing conditions and future conditions with
projected sea-level rise. This document is intended to serve as a stand-alone coastal hazards
analysis to be part of the CCC Coastal Development Permit (CDP) application package. The
analysis and results presented in this report used the guidance outlined in CCC (2015) and the
recently updated Sea-Level Rise Guidance by the Ocean Protection Council (OPC) for the State
of California (OPC 2018).
The report is organized as follows:


Section 2 – Project Setting:
This section provides a summary of the proposed project and describes completion of the
northern segment of the Humboldt Bay Trail, which was implemented by the City of Arcata.
This section also briefly describes the existing conditions and the geomorphic setting of the
project. Key documents and relevant studies are identified and briefly summarized.



Section 3 – Sea-Level Rise Policy and Projections:
This section summarizes the relevant sea-level rise policy guidance and presents
recommendations for sea-level rise projections and associated time horizons to be considered
in the planning and design of the HBTS project.



Section 4 – Coastal Hazards Analysis:
This section presents the findings of the coastal hazards analysis over the planning life of the
project. Technical analyses were conducted to evaluate how wave runup and overtopping

1 Arcata Bay is the northern basin of Humboldt Bay
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1. Introduction

rates and tidal still water flooding change with sea-level rise. The results are assessed relative
to criteria that are intended to inform the County and allow GHD to complete the trail design
within the County’s risk threshold for the project.


Section 5 – Sea-Level Rise Adaptation Strategies:
This section presents potential sea-level rise adaptation strategies that can be considered by
the County to incorporate into the initial project design or implemented in the future as
adaptive management strategies.

The analyses presented in this report were conducted by Hannah Snow and Louis White, PE, with
review by Bob Battalio, PE. The information presented in this report includes publicly available
data from various government agencies, engineering calculations by ESA, and observations made
at the site by ESA and GHD, as well as information provided to ESA by others. The results
presented in this report are intended to inform the planning and design of the HBTS project. ESA
is not responsible for the use of the information included in this report for applications other than
the HBTS project.
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2 PROJECT SETTING
This section provides a summary of the proposed HBTS project and describes completion of the
northern segment of the Humboldt Bay Trail, which was implemented by the City of Arcata. This
section begins with a brief description of the existing conditions and the geomorphic setting of
the project. Key documents and relevant studies are identified and briefly summarized.

2.1 Existing Conditions and Geomorphic Setting
The proposed HBTS project is located on the east shore of Arcata Bay, immediately north of
Eureka, California. Arcata Bay is the northern, shallow basin of Humboldt Bay, and is connected
to the South Humboldt Bay (South Bay) and the Humboldt Bay entrance by a relatively narrow
channel about five miles long that fronts the City of Eureka. Arcata Bay is a tidal basin, with a
mean tide range of 4.8 feet, diurnal range of 6.7 feet, and a maximum range of about 11 feet
during spring tides. Although Arcata Bay is sheltered from large swell waves, strong wind events
can generate local, short-period wind waves across the approximately four-mile-long fetch.
Extensive tidal marshes, mudflats, and sloughs historically surrounded Arcata Bay. However, as
documented by Laird et al. (2013), much of the shore was diked in the 19th century to convert the
marsh areas to agricultural uses and to construct the Northwest Pacific Railroad. While only
small, isolated portions of marsh are still present along the shore, the mudflats have persisted over
time and support an abundance of eelgrass.
Manmade landforms along the HBTS project include the California Redwood Company (CRC)
levee and the North Coast Railroad Authority (NCRA) railroad prism, which were built on former
tidelands. The railroad prism was constructed over 100 years ago, and portions of it have
deteriorated due to erosion of the ballast and fill materials. Although the railroad is not currently
active, NCRA has considered opportunities for refurbishing the railroad in this location, and is
involved in the planning of the HBTS project. The HBTS project will be located on or adjacent to
the CRC levee and NCRA railroad prism.
Elevations of the project site range from about 9 feet NAVD to over 20 feet NAVD (Figure 1).
For this report, the term project site refers to the zone along the alignment of the proposed trail,
which typically extends from the edge of the highway, across the drainage channel and NCRA
railroad prism to the shoreline of the bay, plus the CRC levee. Most of the railroad prism is
relatively low-lying, with an average elevation of about 10 feet NAVD. Portions of the CRC
levee are higher, with a crest elevation greater than 20 feet NAVD in some locations. Most of the
project site is situated in the FEMA 100-year coastal flood plain, and subject to periodic flooding
by a combination of high tidal surge and wind waves. These flood conditions and elevations are
considered in greater detail in Section 4 of this report.
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Humboldt Bay is subject to downward vertical land motion, or subsidence, which compounds the
magnitude of sea-level rise effects. Patton et al. (2014) has reported varying rates of subsidence in
Humboldt Bay, with the highest rates of subsidence occurring in the South Bay (-3.56 mm/year at
Hookton Slough), and somewhat lower rates of subsidence in Arcata Bay (-1.11 mm/year at Mad
River Slough). For this study, the subsidence rate reported by Patton et al. (2014) and NHE
(2015) for the North Spit (-2.33 mm/year) was used to account for vertical land motion.
Accounting for this local subsidence yields the highest relative sea-level rise rates in California
(NHE 2015). Section 3 of this report reviews sea-level rise policy and guidance in greater detail.

2.2 Summary of Proposed Humboldt Bay Trail South
Project
The HBTS project is a proposed 4.2-mile Class I multi-use trail between Bracut and Eureka. The
majority of the trail is located within the NCRA and Caltrans Highway 101 corridor, with a
portion located on the CRC levee. When complete, the HBTS will connect two existing portions
of the larger Humboldt Bay Trail system: the City of Arcata’s Humboldt Bay Trail North and the
City of Eureka’s Waterfront Trail.
The primary purpose of the trail is to provide a transportation system separate from the highway
for non-motorized users between the communities of Arcata and Eureka. Expected use is
presumed to be largely bike and pedestrian users accessing the trail for recreation and commuting
purposes. The trail will create enhanced coastal access for recreation and nature study, and
increase connectivity between the communities of Arcata and Eureka. As part of the development
of the trail, portions of the existing NCRA railroad prism will be upgraded for trail purposes by
replacing ballast rock and repairing portions of the revetment on the bay side of the railroad prism
(GHD 2018). The repairs to the existing rock revetments would be limited to adding rip rap along
approximately 500 feet of shore without encroaching beyond the toe of existing rock armoring.
Supplemental ballast rock would be added to the railroad prism for approximately 5,000 feet of
shore.
Environmental review, permitting, and design of the HBTS project are being led by the County
and GHD. The trail design will be based on a 10-foot-wide asphalt surface with 2-foot-wide
gravel shoulders, and will follow regulations and guidelines specified by the Caltrans Highway
Design Manual and the Americans with Disabilities Act (ADA). The alignment of the trail has
not been finalized as of the drafting of this report, but will likely be located on top of or adjacent
to the inland side of the NCRA railroad prism along the majority of the trail. The trail will be
located on top of the CRC levee for the portion around the CRC Mill Site. Finished grade
elevations of the trail have not been finalized, but are likely to be equal to or above the elevation
of the adjacent Highway 101 edge-of-pavement. Design elevations will be selected by GHD and
the County to minimize impacts to shoreline areas, reduce risk of coastal flooding, and manage
construction costs. The planning life of the project is 50 years.2

2 Personal communication, Hank Seemann, Deputy Director – Environmental Services, Humboldt County Public

Works Department, March 30, 2018.
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2.3 SLR Considerations in CDP Application for
Humboldt Bay Trail North Project
The Humboldt Bay Trail North project, undertaken by the City of Arcata, extends from the City
of Arcata to Bracut and was opened to the public in November 2017. Potential impacts to the
project from sea-level rise were considered during the environmental review stage, in an Initial
Study and Mitigated Negative Declaration (IS/MND) (City of Arcata 2010). The sea-level rise
analysis in the IS/MND was based on information and guidance available at the time (interim
state guidance of 2010) and prior to the adoption of the regional sea-level rise projections
proposed by the National Research Council (NRC 2012) and further refined by Northern
Hydrology and Engineering (NHE 2015) for the Humboldt Bay Sea Level Rise Adaptation
Planning Project. As part of the CDP application package submitted to the CCC in 2016, the CCC
staff requested that the City of Arcata update the sea-level rise and coastal hazards information to
reflect the current science and policy guidance at the time, as well as address a series of related
questions. The CCC issued a staff report that summarized the information provided by the City of
Arcata related to the anticipated impacts of sea-level rise on the project (CCC 2016).
The staff report described future sea-level elevations at 2030 and 2050 using the Humboldt Bay
Sea-Level Rise Water Level Extract Program created by NHE. Based on these projected
elevations, the assessment concluded that approximately 800 feet of trail will be under water at
2030 under king tides (highest tides of the year). Much of the trail will be inundated under king
tides at 2050. The staff report notes that king tides are a relatively infrequent occurrence and the
inundation is not anticipated to cause damage to the trail. The assessment did not make estimates
for the impact of storm surge or wave runup, which are hazards that are likely to cause damage to
development (CCC 2015). The City also assumed that the fringing marsh located adjacent to the
trail could significantly attenuate storm wave heights. However, the reference cited in the staff
report (ESA PWA 2013) found that the attenuation was highly dependent on the inundation depth
over the marsh.
The City of Arcata assumed a trail design life of 20 years, and the CCC requested that this short
time horizon be justified because the project planning life would likely be much greater.
Therefore, the staff report considered the trail an ancillary development and amenity structure that
could have a short expected life of 25 years or less. The analysis considered sea-level rise out to
2050, and found that relatively short length of trail (about 800 feet) would be periodically
inundated in the future during king tides. However, the staff report recommended a special
condition (Special Condition 19), which required the City of Arcata to assume the risks of
flooding and geologic hazards to the property and waive any claim of liability on the part of the
CCC. The condition notifies the applicant that the CCC is not liable for damage as a result of
approving the permit for development, and requires the applicant to indemnify the CCC in the
event that third parties bring action against the CCC as a result of the potential failure of the
development to withstand the hazards of future sea level rise.
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2.4 Key Documents and Relevant Studies
Several key documents and studies have been completed that provide a foundation for the
assessment and recommendations provided by this report. This section presents an annotated list
of several relevant documents3:


Humboldt Bay Shoreline Inventory, Mapping and Sea Level Rise Vulnerability
Assessment (Laird et al. 2013):
As the first phase of the Humboldt Bay Sea Level Rise Adaptation Planning Project, this
report presents the findings of a Humboldt Bay-wide reconnaissance of the shoreline and its
conditions. The report inventories and maps the existing shoreline conditions, provides an
initial assessment of existing shoreline vulnerability to breaching or overtopping for existing
and future conditions with sea-level rise, and identifies land uses and infrastructure that could
be affected if the existing shoreline fails to retain the tides.



FEMA Coastal Flood Study for Humboldt Bay (FEMA 2014):
As part of FEMA’s periodic updates to the FEMA Flood Insurance Rate Maps (FIRMs),
FEMA performed detailed coastal engineering analysis and mapping of the Pacific coast of
California in accordance with FEMA’s 2005 Pacific coast guidelines (FEMA 2005). The
mapping of Humboldt Bay included technical analyses of the extreme tidal still water level
and wind waves. Results of the wave runup analysis were used to inform updates to the base
flood elevations (BFEs) along the shore of Humboldt Bay, including the project site. As part
of the HBTS project, the FEMA Intermediate Data Submittal #3 (IDS3) that documents
nearshore hydraulics was reviewed (FEMA 2014). The information summarized in IDS3
includes documentation and technical background of the wind and wave analyses, wave
runup heights, and total water level along the shore.



Caltrans District 1 Climate Change Vulnerability Assessment (Caltrans 2014):
This report utilizes the Federal Highway Administration (FHWA) methodology for assessing
potential climate impacts to the transportation infrastructure, including leveraging
downscaled climate data, available sea-level rise flooding and erosion mapping, and
evaluating the vulnerability of transportation assets. This study presented an inventory of
assets in Humboldt, Del Norte, Mendocino, and Lake Counties, and identified four pilot
locations that were used to explore potential adaptation approaches. One of the pilot locations
was the Highway 101 corridor between Eureka and Arcata, adjacent to the HBTS project site.
The report described potential adaptation measures for the highway, including protection,
accommodation, and retreat strategies.



Humboldt Bay Sea Level Rise Adaptation Planning Project, Phase 2 Report (Laird
2015):
This report represents the second phase of the Humboldt Bay Sea Level Rise Adaptation
Planning Project, and presents refinements to the Phase 1 report, including exploring the
“how, where, when, what, and do” questions of sea-level rise impacts in Humboldt Bay. The
report relies on technical information provided by others, and summarizes which regional
assets are most at risk, who is likely to address those at-risk assets, what types of adaptation
strategies are feasible, when should adaptation occur, and who will pay for the

3 Note that these studies represent a partial list of documents. This report cites several other studies and guidance

documents that were used to inform the analyses conducted and recommendations.
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implementation. Two pilots are presented on how agricultural lands and uses and the
Highway 101 corridor can adapt to sea-level rise.


Humboldt Bay Sea Level Rise, Hydrodynamic Modeling, and Inundation Mapping
(NHE 2015):
As part of the Humboldt Bay Sea Level Rise Adaptation Planning Project, this technical
report describes refinements to regional sea-level rise projections for Humboldt Bay and
extensive hydrodynamic modeling to evaluate spatial distribution of flood elevations
throughout Humboldt Bay. The sea-level rise projections refine the National Research
Council’s (NRC 2012) recommended projections to account for the local vertical land motion
observed and documented in Humboldt Bay. These sea-level rise projections are considered
in this report for the HBTS project, and discussed further in Section 3. The NHE (2015)
report also describes hydrodynamic modeling conducted to evaluate flood elevations
throughout Humboldt Bay for several sea-level rise amounts. The results are used to prepare
inundation mapping of the low-lying areas around Humboldt Bay.



Jacobs Avenue Levee Bathymetric, Hydrologic and Hydraulic Study (NHE 2016):
This technical memorandum was conducted to evaluate likely flood elevations for a levee
project on the north bank of Eureka Slough. The analysis leveraged the hydrodynamic model
of NHE (2015) results of flood elevations and considered how wind and wave generation
may influence water elevation along the Jacobs Avenue levee. Wind records from a buoy
offshore of Humboldt Bay and from the North Spit gage were analyzed and used as input to a
wave model based on parametric wind-wave equations for shallow water. The analysis does
not include computation of the wave runup heights along the shore. The analysis presents
results for an area in Eureka Slough that is more sheltered than the shore of the HBTS
project.



Humboldt County, Humboldt Bay Area Plan Sea Level Rise Vulnerability Assessment
(Laird 2018):
This report presents a sea-level rise vulnerability assessment for Humboldt County assets, and
builds upon prior work as part of the Humboldt Bay Sea Level Rise Adaptation Planning
Project. The report was completed to inform updates to the Humboldt County Local Coastal
Program (LCP) to incorporate sea-level rise. The report assesses the vulnerability of several
types of assets to assist the County to develop adaptation policies for the Humboldt Bay Area
Plan planning area.
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3 SEA-LEVEL RISE POLICY AND
PROJECTIONS
This section presents a summary of current and draft updates to sea-level rise policy guidance and
recommended magnitude of sea-level rise as well as associated timeframes to use in the project
assessment.

3.1 State Guidance on Sea-Level Rise
The California Ocean Protection Council (OPC) first released a statewide sea-level rise interim
guidance document in 2010 following executive order S-13-08. This interim guidance document
informed and assisted state agencies to develop approaches for incorporating sea-level rise into
planning decisions. The document was updated in 2013 (OPC 2013) after the National Research
Council (NRC) released its final report Sea-Level Rise for the Coasts of California, Oregon, and
Washington (NRC 2012), which provided three projections of future sea-level rise associated
with low, mid, and high greenhouse gas emissions scenarios, respectively.
The CCC adopted sea-level rise policy guidance in 2015 (CCC 2015). The document
recommends using a range of climate change scenarios (i.e., emissions scenarios) at multiple
planning horizons for vulnerability and adaptation planning. The guidance presents a planning
process for addressing sea-level rise and adaptation in Coastal Development Permits (CDPs)
(CCC 2015, p 20). This report, plus materials that have been prepared by others for the HBTS
project, address the steps of the CCC planning process:
1. Establish the projected sea-level rise range for the proposed project’s planning horizon using
the best available science. [Section 3, this report]
2. Determine how physical impacts from sea-level rise may constrain the project site, including
erosion, structural and geologic stability, flooding, and inundation. [Section 4, this report]
3. Determine how the project may impact coastal resources, considering the influence of future
sea level rise upon the landscape as well as potential impacts of sea level rise adaptation
strategies that may be used over the lifetime of the project. [Section 5, this report, plus other
studies listed in the Initial Study & Proposed Mitigated Negative Declaration (GHD 2018)]
4. Identify alternatives to avoid resource impacts and minimize risks throughout the expected
life of the development. [Section 5, this report]
5. Finalize project design and submit CDP application.
At the time of the CCC (2015) report, NRC (2012) was included in State policy by OPC (2013).
Since then, California commissioned an update (Griggs et al. 2017) and released an update to the
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3. Sea-Level Rise Policy and Projections

sea-level rise policy in March 2018. Consequently, a key question is how to select the “best
available science” and incorporate changes in the state policy update.4 Additional information is
provided in the following sections of this report.

3.1.1

Climate Change, Emissions Scenarios, and Sea-Level Rise

The accumulation of greenhouse gases in the Earth’s atmosphere is causing and will continue to
cause global warming and resultant climate change. For the coastal setting, the primary exposure
will be an increase in mean sea-level rise due to thermal expansion of the ocean’s waters and
melting of ice sheets.
State planning guidance for coastal flood vulnerability assessments call for considering a range of
scenarios (OPC 2013; CCC 2015). These scenarios bracket the likely ranges of future greenhouse
gas emissions and ice sheet loss, two key determinants of climate whose future values cannot be
precisely predicted. Scenario-based analysis promotes the understanding of impacts from a range
of scenarios and identifies the amounts of climate change that would cause impacts.
The state guidance recommends using scenarios that represent low, medium, and high rates of
climate change. Recent studies of current greenhouse gas emissions and projections of future loss
of ice sheet indicate that the low scenario probably underrepresents future sea-level rise
(Rahmstorf et al. 2012; Horton et al. 2014). Also, note that even if sea-level rise does not increase
as fast as projected for the high scenario, sea-level rise is projected to continue beyond 2100
under all emissions scenarios. The assumptions that form the basis for the NRC (2012) scenarios
are as follows:
Low Scenario – The low scenario assumes population growth that peaks mid-century, high
economic growth, and assumes a global economic shift to less energy-intensive industries,
significant reduction in fossil fuel use, and development of clean technologies.
Medium Scenario – The medium scenario assumes population growth that peaks mid-century,
high economic growth, and development of more efficient technologies, but also assumes that
energy would be derived from a balance of sources (e.g., fossil-fuel, renewable sources), thereby
reducing greenhouse gas emissions.
High Scenario – The high scenario assumes population growth that peaks mid-century, high
economic growth, and development of more efficient technologies. The associated energy
demands would be met primarily with fossil-fuel intensive sources.

4 Laird (2018) includes a letter authored by Jeff Anderson, Aldaron Laird, and Jay Patton in 2017, which was submitted

to the CCC and OPC as part of the comment and review period of the State’s draft sea-level rise policy update, that
comments on the need to explicitly address the unique vertical land motion of the Humboldt Bay Area relative to
the Cascadia zone north of Cape Mendocino. ESA notes that the OPC (2018) update includes tables of sea-level
rise projections based on several tide gages along the coast, including the North Spit of Humboldt Bay, and
therefore includes the local vertical land motion at the North Spit. Our interpretation of the guidance is that
application of the range of sea-level rise projections as a function of risk accounts for most variations and
uncertainty in vertical land motion in Humboldt Bay relative to the North Spit. The results from the OPC (2018)
table for the North Spit are included in this report and described in Section 3.2.
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Table 1 presents sea-level rise projections for Humboldt Bay published by NHE (2015), which
refined the prior state guidance from OPC (2013) that was based on NRC (2012). The values for
relative sea-level rise at 2030, 2050 and 2100 for Humboldt Bay are relative to 2000 and include
regional projections of both mean sea-level rise and local vertical land subsidence of 2.33
millimeters per year.5 The projections for areas north of Cape Mendocino presented in NRC
(2012) and OPC (2013) assume the tectonic plates that make up the earth’s crust are uplifting.
However, as shown by Patton et al. (2014), the tectonic plates beneath Humboldt Bay are
subsiding and therefore a site-specific modification to the projections was required.
TABLE 1
SEA-LEVEL RISE PROJECTIONS BY NHE (2015) FOR HUMBOLDT BAY NORTH SPIT IN FEET
Scenario

2030

2040*

2050

2070*

2100

High

0.9

1.4

1.9

3.0

5.3

Med

0.6

0.8

1.1

1.9

3.2

Low

0.4

0.5

0.7

1.1

2.0

SOURCE: NHE 2015; 2040 and 2070 values interpolated, see Figure 1

Table 1 includes projections at 2040 and 2070, which were derived from fitting a polynomial to
the 2030, 2050 and 2100 data (Figure 2). The dates for 2040 and 2070 were included in this
study to provide additional data points for analysis. The date 2070 also represents the
approximate time for the upper end of the project planning life of 50 years.

Humboldt Bay Trail South / D150852.00

Figure 2
Polynomial Fit to NHE (2015) Sea-Level Rise Values

5

Vertical land motion estimate for Humboldt Bay North Spit derived from Cascadia GeoSciences study to estimate
tectonic land-level changes in Humboldt Bay (Patton et al. 2014). The study found that the vertical land motion
varies spatially in Humboldt Bay, with greater amounts of subsidence in the south and lesser amounts of subsidence
in the north.
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3.1.2 2018 SLR Guidance Update
The California Natural Resource Agency and OPC released a 2018 guidance update (OPC 2018) to
the 2013 State of California guidance document (OPC 2013). The updated guidance provides a
synthesis of the best available science on sea-level rise in California, a step-by-step approach for
state agencies and local governments to evaluate sea-level rise projections, and preferred coastal
adaptation strategies. The key scientific basis for this update was developed by the working group
of the California OPC Science Advisory Team titled Rising Seas in California: An Update on SeaLevel Rise Science (Griggs et al. 2017). The above mentioned studies and guidance documents are
shown in Figure 3 to illustrate the relationship between these documents.

Humboldt Bay Trail South / D150852.00

Figure 3
Relationship between California sea-level rise guidance
documents and scientific basis

The 2018 guidance update includes the following key changes and additions to the OPC (2013)
guidance:


For years before 2050, sea-level rise projections are provided only for the high emissions
scenario (Representative Concentration Pathway (RCP) 8.5). The world is currently on
the RCP 8.5 trajectory, and differences in sea-level rise projections under different scenarios
are minor before 2050.



Includes new “extreme” sea-level rise projections associated with rapid melting of the
West Antarctic ice sheet.
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Shifts from scenario-based (deterministic) projections to probabilistic projections of
sea-level rise. The guidance update recommends a range of probabilistic projections for
decision makers to select given their acceptable level of risk aversion for a given project.



Provides estimated probabilities of when a particular sea-level rise amount will occur. In
addition to sea-level rise projections that are tied to risk acceptability, updated guidance
provides information on the likelihood that sea-level rise will meet or exceed a specific height
(1 foot increments from 1 to 10 feet) over various timescales.

The guidance update includes significant advances in the scientific understanding of sea-level
rise. Compared to the scenario-based sea-level rise projections in the 2013 version of state
guidance, the updated guidance incorporates probabilistic sea-level rise projections, which
associate a likelihood of occurrence (or probability) with various sea-level rise heights and rates
into the future and are directly tied to a range of emissions scenarios (described below). Using
probabilistic sea-level rise projections is currently the most appropriate scientific approach for
policy setting in California, providing decision makers with increased understanding of potential
sea-level rise impacts and consequences. The guidance update also includes an extreme sea-level
rise scenario that is based on rapid melting of the West Antarctic ice sheet.
The guidance update now provides a range of probabilistic projections of sea-level rise that are
based on two Intergovernmental Panel on Climate Change (IPCC) emissions scenarios called
representative concentration pathways (RCPs6), as well as a non-probabilistic projection associated
with rapid West Antarctic ice sheet mass loss. These three climate scenarios are explained below:


RCP 2.6 Scenario – This scenario corresponds closely to the aspirational goals of the 2015
Paris Agreement, which calls for limiting mean global warming to 2 degrees Celsius and
achieving net-zero greenhouse gas emissions in the second half of the century. This scenario is
considered very challenging to achieve, and is analogous to the low emissions scenario in NRC
(2012).



RCP 8.5 Scenario – This scenario is consistent with a future where there are no significant
global efforts to limit or reduce emissions. This emission scenario is consistent with that used
to develop the High SLR scenario in NRC (2012).



H++ Scenario – This extreme scenario was proposed by the OPC Science Advisory Team in
response to recent scientific studies that have projected higher rates of sea-level rise due to
the possibility of more rapid melting of ice sheets.

Table 2 presents the probabilistic projections of sea-level rise for the North Spit of Humboldt Bay
with additional probabilities for the RCPs and the non-probabilistic H++ scenario (depicted in
blue on the right-hand side). Probabilistic projections are with respect to a baseline of the year
2000, or more specifically the average relative sea-level over 1991 - 2009. High emissions
scenario represents RCP 8.5; low emissions scenario represents RCP 2.6. Because differences in
sea-level rise projections under the various emissions scenarios are minor before 2050, the update
only provides RCP 8.5 projections of sea-level rise up to 2050. State-recommended projections
for use in low, medium-high and extreme risk aversion decisions are outlined by dark blue
6

Named for the associated radiative forcing (heat trapping capacity of the atmosphere) level in 2100 relative to preindustrial levels.
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boxes in Table 2. The State suggests that decision makers take a precautionary, risk-averse
approach of using the medium-high risk aversion sea-level rise projections across the range of
emissions scenarios for longer lasting projects with low adaptive capacity7 and high
consequences8. For projects with higher levels of adaptive capacity and lower consequences, such
as a trail, the guidance recommends using the low risk aversion sea-level rise projections.
TABLE 2
OPC (2018) STATE GUIDANCE: PROJECTED SEA-LEVEL RISE FOR THE HUMBOLDT BAY NORTH SPIT IN FEET

Source: OPC (2018)

The State further recommends incorporating the H++ scenario in planning and adaptation
strategies for projects that could result in threats to public health and safety, natural resources and
critical infrastructure such as large power plants, wastewater treatment, and toxic storage sites.
7 Adaptive capacity is the ability of a system or community to evolve in response to, or cope with the impacts of sea-

level rise.

8 Consequences are a measure of the impact resulting from sea level rise, typically quantitative.
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The H++ projection is a single scenario and does not have an associated likelihood of occurrence
as do the probabilistic projections. The probabilities included in Table 2 do not represent the
actual probabilities of occurrence of sea-level rise, but provide probabilities that the ensemble of
climate models used to estimate the contributions of sea-level rise will predict a certain amount of
sea-level rise (OPC 2018).

3.2 Sea-Level Rise Projections for Humboldt Bay Trail
Project
The recently updated OPC (2018) guidance present three primary sea-level rise projections for a
range of risk aversion levels: low, medium-high, and extreme. Based on this guidance, planning
and design of a trail project would consider future sea-level resulting from the low risk aversion
curve. Figure 4 presents a comparison of the updated OPC (2018) sea-level rise guidance for the
North Spit to the NHE (2015) projections. The solid, colored lines represent the NHE (2015) sealevel rise scenarios for the North Spit, and the dashed, colored lines represent the projections of
the new OPC (2018) guidance. In general, the NHE (2015) curves project a lower amount of sealevel rise over time. However, the NHE (2015) high curve appears to lag the medium-high risk
aversion curve of OPC (2018) by 5 to 10 years, while the NHE (2015) mid or “projection” curve
lags the low risk aversion curve of OPC (2018) by about 5 years.

Humboldt Bay Trail South / D150852.00
Source: OPC (2018); NHE (2015)

Figure 4
Comparison of new OPC (2018) Sea-Level Rise Guidance for the
Humboldt Bay North Spit to NHE (2015) Projections
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Based on the new OPC (2018) guidance, sea-level rise amounts associated with the low risk
aversion curve should be used to evaluate the HBTS project. According to the low risk aversion
column of Table 2 and Figure 3, approximately two feet of sea-level rise is projected to occur
over the planning life of the project at 2070. Since the CCC (2015) recommends considering a
range in sea-level rise amounts and time horizons, this report will evaluate the impacts associated
with one, two, and three feet of sea-level rise. Table 3 summarizes the sea-level rise scenarios,
including the amount and associated time horizon, used for the technical analysis in the
vulnerability assessment of the HBTS project. Note that although the values presented in Table 3
are rounded and not the exact sea-level rise amounts of OPC (2018) tabulated in Table 2, they are
representative of the new guidance within a reasonable amount of uncertainty. These three sealevel rise amounts are used in the wave runup and overtopping analysis to account for projected
sea-level rise conditions over the assumed planning life of the project and toward the end of the
century, beyond the planning life.
TABLE 3
SEA-LEVEL RISE SCENARIOS USED FOR HUMBOLDT BAY TRAIL ASSESSMENT
Time Horizon

Sea-Level Rise Amount (feet)

Humboldt Bay Trail South Eureka to Bracut
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2 feet
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4 COASTAL HAZARDS ANALYSIS
This section of the report describes the coastal hazards analysis performed for the HBTS project,
and presents the results and recommendations. Due to the low-lying elevations of the project site
relative to Arcata Bay, the site is vulnerable to coastal flooding for existing and future conditions.
Historic events have flooded the Highway 101 corridor as recently as December 2005, which
indicates that the frequency of future flooding is likely to increase with rising sea-levels. This
section summarizes the assessment of the coastal hydrology and its potential impacts on the
project. The section is organized to present the following information:


Section 4.1 – Terminology & Definitions:
This section provides definitions of several terms used in this report.



Section 4.2 – Coastal Hydrology and Shore Parameters:
This section presents a summary of the relevant hydrology and shore parameters used in the
wave runup, overtopping, and tidal flooding analyses, including the tidal water levels and
datums, extreme water levels, wave climate, and the site topography.



Section 4.3 – Physical Site Hazards and Evaluation Criteria:
This section summarizes the specific physical hazards to the trail and trail users, and presents
evaluation criteria that are used to indicate the acceptable or tolerable level of risk.



Section 4.4 – Wave Runup, Overtopping, and Tidal Flooding Assessment:
This section presents technical analyses of wave runup, wave overtopping, and tidal flooding
for the segments defined along the shore of the HBTS project.



Section 4.5 – Assessment of Historic Extreme Event:
This section describes an extreme event that impacted the project site in December 2005.



Section 4.6 – Summary of Trail Vulnerability to Coastal Hazards and Sea-Level Rise:
This section summarizes the overall vulnerability of the trail to coastal hazards over time by
summarizing the key findings from the technical analyses related to the criteria for damage
and trail usability.

4.1 Terminology & Definitions
There are several technical terms used frequently throughout the analysis portion of document.
Definitions for these terms are provided below:


Still Water Level (SWL) – the elevation of the free surface in the absence of waves and
wave effects, where the primary components are the astronomical tide, El Niño, and surge
(FEMA 2005). This is the water level measured at the North Spit tide gage. Note that
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although the SWL at the North Spit gage includes surge, it does not include additional wind
setup occurring at the project site.


Still Water Flooding (SWF) – flooding or inundation resulting from conditions when the
SWL exceeds the crest elevation of coastal structures with low velocities. The timescale for
SWF is on the order of hours and is driven by tidal variations plus surge.



Wind Setup – the vertical rise in the SWL on the leeward side of a body of water caused by
wind stresses on the surface of the water (FEMA 2005).



Wave Setup – the additional elevation of the water level due to the effects of transferring
wave-related momentum to the surf zone (FEMA 2005). See Figure 5.

Humboldt Bay Trail South / D150852.00
Source: FEMA 2005

Figure 5
Schematic of Static Wave Setup



Reference Water Level – the elevation of SWL plus wind and wave setup. This does not
include wave runup, defined below.



Wave Runup – the height above the SWL reached by a wave on a beach or coastal structure
(FEMA 2005). The timescale for wave runup is on the order of seconds and is driven by wind
waves.



Total Water Level (TWL) – the elevation reached by wave runup, calculated as the sum of
the SWL, wind setup (if applicable), wave setup, and wave runup (FEMA 2005). See Figure
6.
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Humboldt Bay Trail South / D150852.00
Source: FEMA 2005

Figure 6
Schematic of Wave Runup and Total Water Level



Wave Overtopping – passing of water over the top of a structure as a result of wave runup
action. See Figure 7 for example of splash and bore overtopping.

Humboldt Bay Trail South / D150852.00
Source: FEMA 2005

Figure 7
Schematic of Wave Overtopping
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Freeboard – the vertical distance between water levels and the crest of a structure. A positive
freeboard value indicates the crest of the structure is above the SWL or reference water level.
A negative freeboard value indicates SWF landward of the structure.



Relative sea-level rise – the combined effects locally of vertical land motion and global sealevel rise. Use of the term sea-level rise in this report assumes that changes in vertical land
motion are included, and therefore is synonymous with the term relative sea-level rise.



Significant wave height – The average height of the one-third highest waves of a given wave
group (FEMA 2005).

4.2 Coastal Hydrology and Shore Parameters
This section presents a summary of the relevant hydrology and shore parameters used in the wave
runup, overtopping, and tidal flooding analyses conducted for the HBTS project. The following
subsections present the project tidal datums, extreme still water levels, the wave climate, and a
brief description of the existing topography of the site.

4.2.1 Tidal Water Levels and Datums
The tides in the Humboldt Bay exhibit mixed semi-diurnal characteristics, with two high tides
and two low tides of unequal height occurring approximately every 24 hours. The tide range
along the project site varies from approximately 4 feet during neap tides to over 11 feet during
spring tides. Table 4 presents the published tidal datums for the North Spit tide gage (NOAA
NOS Station 9148767), located inside the Humboldt Bay harbor entrance on the Samoa
Peninsula. The mean higher high water (MHHW) elevation is calculated by averaging the higher
high water height of each tidal day observed over the tidal epoch (a 19-year period of water level
averaging known as the National Tidal Datum Epoch).
TABLE 4
TIDAL DATUMS FOR HUMBOLDT BAY NORTH SPIT (NOAA NOS STATION 9148767)
Datum

Elevation (feet NAVD)

Description

Max

9.54

Highest Observed Water Level (12/31/2005)

HAT

8.52

Highest Astronomical Tide

MHHW

6.51

Mean Higher High Water

MHW

5.8

Mean High Water

MSL

3.36

Mean Sea Level

MLW

0.91

NAVD88

0

Mean Low Water
North American Vertical Datum of 1988

MLLW

-0.34

Mean Lower Low Water

LAT

-2.73

Lowest Astronomical Tide

Min

-3.24

Lowest Observed Water Level (1/20/1988)

SOURCE: NOAA 2017 (https://tidesandcurrents.noaa.gov/datums.html?id=9418767)
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4.2.2 Extreme Still Water Levels
Several previous studies have reported the elevations of the still water level (SWL) for a range of
events in Humboldt Bay, including studies by FEMA (2014), ESA (2014), and NHE (2015).
Typically, the SWL analysis is performed by fitting an extreme value distribution through the
annual maximum measured water level from a relatively long data record. The analysis described
in this document utilizes the values reported by NHE (2016), which were based on output from a
hydrodynamic model close to the project site, and are presented in Table 5.
TABLE 5
EXTREME STILL WATER LEVELS NEAR THE PROJECT SITE
Return Period (years)

% Annual Chance

Still Water Level (feet NAVD)

100

1%

10.63

50

2%

10.45

10

10%

9.97

5

20%

9.73

2

50%

9.34

SOURCE: NHE 2016

The SWL values presented in Table 5 are based on current sea-level elevations and do not
account for additional sea-level rise.
Note that ESA (2014) and FEMA (2014) computed the extreme water levels based on
observations at the North Spit gage, while NHE (2015) based the estimate using 100 years of
model hindcast data. ESA (2014), FEMA (2014), and NHE (2015) estimated a 100-year SWL of
10.34 feet NAVD, 10.16 feet NAVD, and 10.19 feet, respectively, at the North Spit. These values
are very close and within an expected amount of method uncertainty. NHE (2016) reported the
extreme values (Table 5) near Eureka Slough as part of the Jacobs Avenue Levee project, which
are slightly higher than those reported for the North Spit. The flood mapping completed by
FEMA (2014) assumed a constant 100-year flood elevation throughout Humboldt Bay, and added
the effects of wave runup on flood elevations along the shore. Along the HBTS project site,
FEMA (2014) estimated the base flood elevations ranging from 11 feet NAVD to 18 feet NAVD.
The standard practice in FEMA flood mapping is to round values up to the nearest foot.

4.2.3 Wave Climate and Design Wave Height
This study utilized a significant wave height of 2.4 feet and a peak period of 3.0 seconds as a
representative 50-year wind wave event estimated for the project site by FEMA (2014). FEMA
(2014) estimated the wind wave resulting from 50-year return period wind event and a 100-year
SWL. The FEMA 50-year wind wave was selected for this flooding analysis because it represents
a significant storm with a return period comparable to the planning life. ESA checked the FEMA
(2014) estimates using standard methods from the Shore Protection Manual (USACE 1984). This
process confirmed that a significant wave height of 2.4 feet is a reasonable estimate for the 50year wind speed of 43.4 miles per hour (3-hour duration wind speed).
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NHE (2016) reported estimated wind wave heights of less than 2 feet in Eureka Slough, which is
a more sheltered location than the HBTS project site. The study used a model based on shallow
water empirical equations, but was not reviewed in detail as part of this study.
Many coastal engineering analyses use the significant wave height, which is the average height of
the highest one-third of waves in a group, and is designated as H33% or HS. However, the design
wave height for structural design and rock sizing is based on the H10% wave height (i.e. the
average of the highest 10% of waves), which is larger than the significant wave height. The H10%
wave height for the 50-year wind wave at the project site is 3.1 feet, as calculated by Equation 7-1
of the Shore Protection Manual (USACE 1984). The use of the wave heights calculated for the
project site are further discussed in subsequent sections of this report.

4.2.4 Site Topography
ESA established 20 representative topographic sections along the project site. One to three sections
were included for each trail segment of the shoreline, based on GHD (2017) classification. The
baseline for the sections follows the existing railroad crest, with the exception of the CRC site
where the alignment follows the CRC levee. Figure 8 shows the locations of the 20 analyzed
sections and the baseline. Sections were cut from a topographic surface provided by Gutierrez Land
Surveying (2017), a regional digital elevation model (DEM) prepared by Pacific Watershed
Associates (PWA 2014), and four FEMA transects (FEMA 2014). Sections are shown in Appendix
A. Note that only existing grade is shown on the sections; the final design trail alignment and
elevation are not shown.
For each of the 20 sections, ESA identified the crest elevation, the toe elevation, and the slope of
the existing levee. Under the future trail design scenario, the crest elevations were considered to
be the highest of either the existing railroad crest elevation or the preliminary trail design
elevations provided by GHD. The elevations of the existing grade are shown in the sections
included in Appendix A, and the shore geometry was used to calculate the wave runup for each
section.
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4.3 Physical Site Hazards and Evaluation Criteria
This section summarizes the specific physical hazards to the trail and trail users, and presents
evaluation criteria that are used to indicate the acceptable or tolerable level of risk.

4.3.1 Potential Hazards and Impacts to the Site and Users
The siting of the proposed trail is in a low-lying coastal area that is subject to periodic flooding
from Arcata Bay. For existing conditions, flood events typically occur during storms, and the
combination of a surge with a high tide could result in Bay water elevations that exceed the
elevations of the shore. Typically, short-period wind waves also occur during the storms,
increasing the flood elevations and landward movement of water. The waves breaking on the
shore also cause erosion of the existing railroad berm, built over 100 years ago. Figure 9 shows
an example where the ballast of the railroad berm has been eroded from beneath the railroad ties.
Areas currently protected by existing rock revetments are likely to help reduce erosion landward
of the structures. ESA has not assessed the conditions of existing structures along the shore. In
areas where the trail will be located near areas with higher potential for erosion, the trail design
strategy should consider repair and armoring of these areas to help protect the trail.

Humboldt Bay Trail South / D150852.00
Source: ESA

Figure 9
Example of Eroded Railroad Berm
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Construction of the trail landward of the railroad berm (as opposed to the bay side) would reduce,
but not eliminate, the exposure to flooding and erosion hazards, and these hazards are expected to
increase with sea-level rise. As discussed in Section 3, state guidance recommends considering
two feet of sea-level rise by 2070 in the planning and design of the project. Therefore, design of
the trail should consider finished grade elevations that reduce the potential for wave overtopping,
as well as measures to protect against the erosive nature of flowing water, such as a layer of
armor, geotextiles, or other appropriate erosion protection measures. In many locations where the
railroad prism and shore have eroded (portions of Segments 4, 7, 8, and 9), the railroad prism
should be repaired by replacing ballast rock and repairing portions of the existing revetment on
the bay side of the railroad prism (GHD 2018). The reconstructed railroad prism should include a
limited amount of rock slope protection placed on the surface of the placed ballast without
encroaching onto the wetlands and shore habitats. In the event that fill from the trail prism is
damaged from a storm or flooding, repairs would likely be required to maintain a safe trail.
Flooding and storm events may result in a loss of serviceable use of the trail during the event, and
may cause erosion and deposit debris and materials onto the trail that remain after the event has
passed and the water has subsided. Although flooding of the trail during an event could be an
inconvenience or a nuisance to trail users, or render it temporarily unusable, it is unlikely that
there would be many potential trail users during the types of extreme weather conditions that
would cause significant flood events. However, if the trail is accessed during a storm with
particularly strong winds, wave overtopping could pose a safety hazard to users and limit the
usability of the trail. Post-event maintenance to clean up or repair the trail after overtopping and
flooding could also inconvenience trail users. These conditions would likely occur more
frequently in the future with sea-level rise and with the projected increase in frequency of
extreme storm events driven by climate change.

4.3.2 Evaluation Criteria
Trail design criteria related to coastal hazards and inundation does not currently exist nor are
there accepted standards commonly used in practice and widely supported. Given the lack of
accepted design standards to assess potential hazards and impacts to the trail and its users, the
following criteria was used to evaluate the coastal hazards impacts, and to help inform the design:




Trail Damage from Wave Overtopping: Damages to the trail are evaluated using the
thresholds of wave overtopping rates published by EuroTop 2007 (Pullen et al. 2007) for two
types of damage (see Section 4.4.2 for discussion on tolerable discharges of wave
overtopping):
–

Damage to lightly-protected surfaces resulting when wave overtopping rates exceed 0.54
cubic feet per second per linear foot of shore (cfs/lf)

–

Damage to trail pavement when wave overtopping rates exceed 2.2 cfs/lf

Trail Usability (Wave Overtopping): Wave overtopping could inhibit trail usability by
creating potentially unsafe conditions. Trail usability as a result of wave overtopping is
evaluated using the threshold of wave overtopping rate of 0.22 cfs/lf as published by EuroTop
2016 (van der Meer et al. 2016).
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Trail Usability (Still Water Flooding): Nuisance flooding inhibits trail usability when tidal
flooding results in at least 0.5 feet of inundation over the potential trail finished grade
elevation.

Although these criteria are intended to inform the design so that risks of damage and usability of
the trail are reduced, they do not guarantee that the impacts to the trail and users resulting from
exposure to coastal hazards will be avoided. The following sections describe the basis for water
levels used to assess damage and usability.

4.4 Wave Runup, Overtopping, and Tidal Flooding
Assessment
The following sections present technical analyses of wave runup, wave overtopping, and tidal
flooding for the segments defined along the shore of the HBTS project. The results of these
analysis are presented relative to the criteria described in Section 4.3.2 to inform planning and
design decisions by the County and GHD.

4.4.1 Total Water Level Analysis
An analysis of the TWL was conducted for each segment of the shore for existing and future
conditions with sea-level rise. The analysis steps included:


Refining the incident wave height to account for presence of marsh or other structures that
would dissipate wave energy and reduce the wave height at the shore



Computing the reference water level by adding the wind and wave setup to the SWL



Computing the wave runup as a function of water depth, wave height and period, shore slope,
and shore conditions



Computing the TWL by adding the wave runup to the reference water level

The following sections describe these steps in more detail and discuss some of the implications of
the site conditions on the analysis. The results of the TWL analysis are presented and used in
subsequent sections.

Incident Wave Height
For this analysis, ESA used the wave height and period of 2.4 feet and 3 seconds, respectively,
resulting from the 50-year wind as calculated by FEMA (2014). For each transect, the incident
wave height was refined to account for the presence of marsh or other structures that would
dissipate wave energy and reduce the wave height at the shore. For sections where the water
depth was less than the wave height, the depth-limited wave was calculated and used as the
incident wave height for runup calculations. Although the marsh and mudflat reduces the wave
heights when the water depth is less than the incident wave height, typically less than three feet,
the depth-limited wave reductions did not have a significant impact on wave height when the
water depth is greater than the wave heights, as occurred for more extreme events. Natural shore
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morphology features, such as beaches, marshes, and mudflats, have a high level of resilience to
sea-level rise if they can migrate landward and upward (e.g., transgress) as sea-level rises. For
this study, it was assumed that the fringing marsh does not transgress with sea-level rise due to
constraints of existing infrastructure, and therefore existing fringe marsh and mudflats are
“drowned” for future conditions. However, future construction of “living shorelines” or other
horizontal levee features could help offset the reduction in energy dissipation with sea-level rise.

Wind and Wave Setup
Wind setup generated by constant wind across a body of water can influence water depths along
the shore. Although the SWL as measured at the North Spit tide gage includes non-tidal surge, it
does not include the wind setup that occurs from wind blowing across the shallow mudflats
offshore of the project site. Wind setup is inversely proportional to water depth. Using standard
methods from the Shore Protection Manual (USACE 1984), ESA calculated approximately 0.5 to
1 foot of wind setup occurring for extreme and typical (tidal) water levels, respectively, for the
50-year wind event (45-mph).
Static wave setup was estimated for a range of conditions using the dynamic integration method
(DIM) described in FEMA (2005). This typically resulted in about 0.5 foot of setup.
For all following analyses, a combined wind and wave setup of 1 foot was considered. This value
was added to the still water level for scenarios in-which waves were considered to yield the
reference water level (See TWL Cases).

Wave Runup Methods
For a variety of water level conditions and sea-level rise scenarios, the wave runup was computed
at each transect along the shore using the TAW method (van der Meer 2002; FEMA 2005). This
method is derived from laboratory experimental data, and is based on the Iribarren number, also
known as the surf similarity parameter and breaker parameter. The Iribarren number is a
dimensionless parameter that is used to describe the type of breaking wave – spilling, plunging,
collapsing or surging – resulting from a combination of wave steepness and shore conditions. The
Iribarren number is computed as a function of the shore slope, m, the wave height, H, and the
wavelength, L, using the following equation:

The general form of the TAW runup equation is:

where:
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For this project, ESA assumed a reduction factor of 0.6 to account for the influence of surface
roughness on the shore, which is a standard value for rock and other rough surfaces, similar to
what ESA observed along the shore. Other reduction factors were assumed to be unity. This
factor is consistent with prior FEMA work (FEMA 2014).
The shore slope was approximated as the levee slope, which ranged between 1:8 and 1:2 (vertical
to horizontal) depending on the section. The runup calculated by TAW was on the order of a few
feet. The runup values were added to the SWL to estimate the TWL. This process was repeated,
adding sea-level rise values of 1 foot, 2 feet, and 3 feet to the SWL, prior to calculating future
TWLs.
The timescale of wave runup is on the order of seconds to minutes, as compared with still water
flooding that lasts for hours. Discrete hazards associated with the wave runup could have short
term impacts such as splash overtopping, which is described further in Section 4.4.2. Although
likely to be infrequent, wave overtopping resulting from wave runup exceeding the shore could
pose risks to pedestrians and to infrastructure.
More guidance on the background and applications of the TAW equation are presented in van der
Meer (2002), EuroTop 2007 and 2016, and FEMA (2005). The TAW method was used to
estimate wave runup as part of the FEMA (2014) flood study in Arcata Bay.

TWL Cases and Event Selection
The TWL was computed by adding the wave runup height to the reference water level at each
shore transect. This computation was conducted for several cases where the SWL was defined by
a range of recurrence intervals and for multiple sea-level rise scenarios.
ESA calculated TWL using a range of SWL combined with the 50-year wind wave event,
including associated wind setup and wave runup, to represent a range of conditions. The wind
wave and SWL values were selected using a method known as event selection. This method is
described in the FEMA’s Guidelines for Coastal Flood Hazard Analysis and Mapping for the
Pacific Coast (FEMA 2005).
Coastal flooding typically results from both high water levels and large waves, and therefore the
joint occurrence of these two forcing parameters is important. Although somewhat related, jointoccurrence statistics (e.g., how often a particular wave height is exceeded for a given water level)
are not well defined, and the probability of a corresponding flood elevation is not directly defined
by the probability of the forcing parameters (Garrity et al, 2007). An alternative to calculating the
joint-distribution is to use the event selection method. Event selection is the selection of forcing
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parameter combinations that are believed, in the judgment of the responsible party (e.g., Engineer
in Charge), to represent the selected recurrence probability (e.g., 50-year event or 0.02 average
annual chance of exceedance). The selection is accomplished without quantitative analysis of the
response parameter probability (e.g., wave runup), but with consideration of the recurrence
probability of the forcing parameters (e.g., water levels and wave heights) assuming their joint
occurrence. Event Selection is similar to the “design storm” concept frequently employed in
hydraulic analysis.
Four cases were developed using the event selection method for the TWL analysis. Cases 1 and 2
are the least extreme conditions, followed by Case 3 and then Case 4 being the most extreme.
Table 6 presents the combination of SWL, wind setup, and wave runup for the four Cases. The
approximate TWL return periods for the four cases ranges from approximately annual to 50-year
recurrence, selected using the methodology described above and detailed in FEMA (2005). For
example, the 2-year recurrence for Case 1 was selected based on the combination of the 50-year
wind wave event and the almost daily recurrence of the MHHW tidal datum.
TABLE 6
TWL CASES
Case 1

Case 2

Case 3

Case 4

SWL

6.5 feet NAVD

8.5 feet NAVD

9.34 feet NAVD

9.97 feet NAVD

SWL Basis

MHHW (NOAA
2017)

Highest Astronomical
Tide (HAT) (NOAA
2017)

2-year SWL (NHE
2016)

10-year SWL (NHE
2016)

Wind+Wave
Setup

1 foot

No setup

1 foot

1 foot

Reference Water
Level

7.5 feet NAVD

8.5 feet NAVD

10.34 feet NAVD

10.97 feet NAVD

Wind Waves

50-year wind wave
(FEMA 2014)

No wind waves

50-year wind wave
(FEMA 2014)

50-year wind wave
(FEMA 2014)

Range of TWL
Along Trail

7.5-12 feet NAVD

8.5 feet NAVD

12-15 feet NAVD

14-15.5 feet NAVD

2-year

1- to 2-year

5- to 10-year

40- to 50-year

(50%)

(50% to 99.9%)

(10% to 20%)

(2% to 2.5%)

Approximate TWL
Return Period
(and % Annual
Exceedance)

For this report, the term “reference water level” is defined as SWL plus wind and wave setup.
Reference water levels for Case 1, 3, and 4 include 1 foot of wind and wave setup added to each
Case’s respective SWL, while Case 2 does not include any additional setup because no wind or
waves were considered for that Case.
To evaluate the criteria presented above in Section 4.3.2, Case 1 was selected as the conditions to
evaluate usability associated with wave overtopping, and Case 3 as the conditions to evaluate
potential damage to the trail from wave overtopping. Because of widespread flooding impacts to
the area, including flooding of Highway 101 during extreme events such as Cases 3 or 4, trail use

Humboldt Bay Trail South Eureka to Bracut
Sea-Level Rise Vulnerability and Adaptation Report

32

ESA / D150852.00
June 2018

4. Coastal Hazards Analysis

will be unlikely for these Cases. Case 1 was selected to evaluate trail usability because of its
relatively more frequent recurrence and because it is representative of storm conditions where
trail use may more likely occur. Case 3 was selected to evaluate damages to the trail because it
includes higher water levels that are likely to cause flooding of the surrounding areas in addition
to the trail, and it is an extreme event that is likely to occur over the planning life of 50 years.

TWL Results
Figure 8 (above) shows the plan and profile view of the proposed trail alignment and the 20
sections for which TWL was analyzed. The plan view shows the approximate alignment of the
trail. The profile view shows the elevation of the railroad crest between the proposed trail location
and the shore for existing conditions. On this profile, ESA added the reference water level for the
four cases, shown as colored lines. The colored dots represent the calculated TWL for section
location along the shore. The TWL values computed by FEMA (2014) flood study are also shown
for comparison.
Figure 10 and Appendix A present each shore transect that was used for the TWL analysis. The
colored triangles show where the reference water level (no wave runup) intersects existing
grade. The colored circles show the landward extent of wave runup. At some sections, the
reference water level exceeds the crest elevation and intersects the grade landward of the trail
because the grade is very low-lying relative to the Bay. Note that section figures were only
generated for existing site conditions and for zero sea-level rise.

Humboldt Bay Trail South / D150852.00

Figure 10
Wave Runup on Shore Section (facing north), Example Provided
for Segment 3

Table 7 presents the results of the TWL analyses conducted for Cases 1 and 3 organized by shore
segment for a range of sea-level rise scenarios. These values represent typical TWL values
calculated from a representative profile in each shore segment9, which generally yielded a value
higher than the average but not as high as selecting the maximum value for each segment. Trail
segments are described in greater detail in GHD (2018). The variability of the results across
segments is dependent on the presence of marsh or other features that dissipate the incident wave
height at the shore and the shore slope (where a flatter slope results in less runup than a steep
slope). The segments with the greatest amount of wave runup typically have the steepest shore
profiles, such as Segment 5, which is the steep and armored CRC levee. Note that the FEMA
(2014) BFE along Segment 5 is 18 feet NAVD, based on a TWL of 17.58 feet NAVD. For the
9 Segments 1 and 2 were not analyzed: these segments are the existing Eureka Slough bridge and a short approach.
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same location, ESA estimated a TWL of about 16 feet NAVD for Case 4, the most extreme case
considered in this report. The typical TWL values in Table 7 were used as input into the
overtopping estimates described in Section 4.4.2.
TABLE 7
TYPICAL VALUES OF TOTAL WATER LEVEL ORGANIZED BY SHORE SEGMENT FOR A RANGE OF SEA-LEVEL
RISE SCENARIOS FOR CASES 1 AND 3 (ELEVATIONS RELATIVE TO FEET NAVD)
TWL (feet NAVD) for Case 1: MHHW (6.4’ NAVD) +1’ Setup + Wave Runup
Sea-Level Rise
(feet)

Segment 3

Segment 4

Segment 5

Segment 6

Segment 7

Segment 8

Segment 9

0

7.5

7.5

12.1

11.0

11.2

10.7

11.1

1

10.5

10.2

13.1

12.2

12.2

12.2

12.2

2

12.9

13.1

14.1

13.2

13.2

13.2

13.2

3

14.2

15.1

15.1

14.2

14.2

14.2

14.2

TWL (feet NAVD) for Case 3: 2-year SWL (9.4’ NAVD) +1’ Setup + Wave Runup
Sea-Level Rise
(feet)

Segment 3

Segment 4

Segment 5

Segment 6

Segment 7

Segment 8

Segment 9

0

14.1

15.0

15.0

14.1

14.1

14.1

14.1

1

15.1

16.0

16.0

15.1

15.1

15.1

15.1

2

16.1

17.0

17.0

16.1

16.1

16.1

16.1

3

17.1

18.0

18.0

17.1

17.1

17.1

17.1

Elevations of Existing Shoreline Crest and Range of Potential Trail Finished Grade for Segments (feet NAVD)
Segment 3

Segment 4

Segment 5

Segment 6

Segment 7

Segment 8

Segment 9

Existing
Shoreline Crest

9.8 to 13.1

9.3 to 11.2

9.3 to 21.9

N/A2

9.2 to 10.3

9.7 to 10.9

10.0 to
18.5

Potential Trail
Grade Elevation1

9.5 to 14.0

10.0 to
12.0

10.0 to
18.5

N/A2

9.0 to 10.5

9.0 to 10.5

10.5 to
20.0

1 Potential trail grade elevations were provided by GHD.
2 Segment 6 is a bridge crossing. Note that the TWL was calculated based on shore parameters located adjacent to proposed bridge.

Based on the results of TWL elevations and the approximate landward extents presented in
Appendix A, Segments 3, 4, 7, and 8 appear to be the most vulnerable under existing conditions.
These segments are generally low-lying and also include several discrete locations where the
railroad berm is eroded (GHD 2017), which increases their risk for flooding. Construction of the
trail to elevations that are higher than the existing railroad crest in Segment 4 will help reduce the
potential for flooding. Because of their exposure to wind and wave action, and their relatively low
shoreline crest elevation, Segments 7 and 8 are especially vulnerable to wave overtopping and
still water flooding under both existing and proposed conditions.
For all segments, sea-level rise significantly increases wave overtopping and still water flooding.
Under existing conditions, many sections that are not currently overtopped typically have crest
elevations that are about 1 to 3 feet above the estimated TWL. However, these locations will be
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susceptible to wave overtopping and still water flooding when considering 1 to 2 feet of sea-level
rise.

4.4.2 Wave Overtopping
This section summarizes the wave overtopping analysis that was conducted for existing and
future conditions. Wave overtopping was computed to evaluate criteria of usability and damages
based on Cases 1 and 3, respectively. Wave overtopping occurs when the TWL exceeds the crest
elevation of the shore, resulting in landward propagation of the wave as a splash or bore
overtopping (see Section 4.1).
ESA estimated the average overtopping rate using the EurOtop 2016 equation (van der Meer et al.
2016). Figure 11 shows an example of the EurOtop 2016 equation graphically as a function of
freeboard for a given wave height and shore slope condition. The overtopping rate is calculated
based on the freeboard between the reference water level and the crest of the structure, the wave
height, and the slope of the structure. The overtopping flow rate is presented in units of cubic feet
per second per linear foot of shore (cfs/lf). The figure indicates the importance of including
freeboard into a project design, which is an effective approach to manage overtopping rates.
Note that along most of the project corridor, the proposed trail is offset inland of the railroad
prism crest. This study has presented overtopping flow rates at the crest of the railroad prism. As
overtopping water flows further inland beyond the prism crest, it is slowed by friction (ground
and air) and some is infiltrated into the ground. Therefore, the overtopping rates presented are
anticipated to be conservatively higher than those that would likely be observed at the trail.

Humboldt Bay Trail South / D150852.00

Figure 11
Wave Overtopping Rates as function of Freeboard

Humboldt Bay Trail South Eureka to Bracut
Sea-Level Rise Vulnerability and Adaptation Report

35

ESA / D150852.00
June 2018

4. Coastal Hazards Analysis

Tolerable Discharge
As noted in the discussion on criteria in Section 4.3.2, wave overtopping thresholds have been set
for trail usability and damage based on experimental data. EurOtop 2016 and EurOtop 2007
(Pullen et al. 2007) establish criteria for tolerable wave overtopping flows. EurOtop reports that a
potential unsafe condition (trail usability compromised) and damage could occur above the
following values:


Trail Usability Compromised:

0.1 – 0.22 cfs/lf



Damage to Lightly Protected Surfaces:

0.54 cfs/lf



Damage to Promenade/Trail Pavement:

2.2 cfs/lf

Critical values of average wave overtopping discharge are evaluated on a case by case basis,
although guidance suggests that up to approximately 0.22 cfs/lf is tolerable for pedestrian access
(EurOtop 2016) and that overtopping rates of 0.54 cfs/lf are considered damaging to lightly
protected surface (EurOtop 2007). Overtopping rates above 2.2 cfs/lf may damage trail
pavements (EurOtop 2007). Hazards caused by overtopping depend on local topography, the
structures, and direct overtopping characteristics; thus an unambiguous or precise limit to
tolerable overtopping for all conditions is not possible (EurOtop 2007). The overtopping
thresholds presented as tolerable discharge are developed in laboratory and full-scale experiments
where varying volumes of water are discharged along a slope, and observations of impacts to
different materials and objects are recorded. Therefore, judgment is required in applying these
recommended thresholds.

Overtopping Results
Figure 12 presents profiles of Case 1 overtopping rates for each typical shore segment as a
function of the potential trail finished grade for existing and future conditions with sea-level rise.
Tables of these results are presented in Appendix B. The Case 1 results are intended to inform
how the shoreline crest elevation would perform relative to the usability criteria. The dotted
vertical line indicates the trail usability threshold of 0.22 cfs/lf. A trail finished grade or shoreline
crest elevation of approximately 9 feet NAVD would accommodate up to 1 foot of sea-level rise
(through 2050) with no expected instances of wave overtopping that would limit the usability of
the trail (top-left and top-right panels of Figure 12). Finished grade or shoreline crest elevations
of approximately 11 feet NAVD would accommodate the 2 feet of sea-level rise projected for the
50 year planning life with no expected instances of wave overtopping that would limit the
usability of the trail by 2070 (bottom-left panel of Figure 12). This result indicates that although
impacts may occur to trail elevations between 9 and 10.5 feet NAVD in the 2050 to 2060
timeframe, the risks could be managed by implementing adaptation measures in the future.
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Figure 12
Wave Overtopping Rates for Case 1 as a Function of Potential
Trail Finished Grade by Shore Segment with Sea-Level Rise

Figure 13 presents profiles of Case 3 overtopping rates for each typical shore segment as a
function of the potential trail finished grade for existing and future conditions with sea-level rise.
Tables of these results are presented in Appendix B. The Case 3 results are intended to inform
how the shoreline crest elevation would perform relative to the damage criteria. The dashed
vertical line indicates the damage to threshold of 0.54 cfs/lf, indicating damage to lightly
protected surfaces. For existing conditions (top-left panel of Figure 13), finished grade elevations
of approximately 11 to 11.5 feet NAVD would manage the immediate risk of damage to all
segments. However, the overtopping rates increase with sea-level rise and expose more of the
trail to potentially damaging overtopping rates. The risk could be managed by elevating the trail
to reduce the amount of wave overtopping, or by installing a protective surface in areas subject to
wave overtopping, such as a layer of light class rock armor, geotextile, or other appropriate
protection measures on the shoulders and transitions of the trail.
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Figure 13
Wave Overtopping Rates for Case 3 as a Function of Potential
Trail Finished Grade by Shore Segment with Sea-Level Rise

The vulnerability of specific segments could be reduced if it is feasible to raise trail elevations.
The graph shown in Figure 11 above illustrates the impact of raising freeboard on overtopping
flows for typical parameters of the shore along the HBTS project. At freeboard values less than
2.5 feet, the overtopping rate increases dramatically with decreasing freeboard. For the typical
wave and section conditions, overtopping flow rates do not reach the pavement damage criteria,
but pedestrian access is impeded when there is less than 1 foot of freeboard and lightly protected
surfaces may be damaged when there is less than 0.75 feet of freeboard.
Note that pedestrian access may also be restricted on days with still water flooding (SWF) in the
absence of waves, although usability and damage criteria for SWF are not well-defined. Trail
usability may be compromised when the trail is inundated. Damage to the trail or nearby surfaces
is less likely under SWF than under wave overtopping due to the lower velocities in the absence
of waves. However, like wave overtopping, SWF can also move and deposit sediment or debris
onto the trail, requiring clean-up and maintenance. The anticipated frequency of SWF is
described in the following section.
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Note that overtopping of the railroad prism has already been observed at the site in areas where
the crest is low. The photo in Figure 14 was taken by GHD along Segment 7 under a 9.0 feet
NAVD SWL. Assuming that this SWL elevation does not include any local wind setup, this
photo likely represent conditions more extreme than Case 1 or Case 2, but less extreme than Case
3.

Humboldt Bay Trail South / D150852.00
SOURCE: GHD

Figure 14
Photo of observed flooding of railroad prism, taken 12/15/16

4.4.3 Tidal Flooding with Sea-Level Rise
ESA conducted a still water analysis to evaluate impacts of tidal flooding with sea-level rise. This
hazard was evaluated relative to the usability criteria described in Section 4.3.2, in which
nuisance flooding inhibits trail usability when tidal flooding results in at least 0.5 feet of
inundation over the potential trail finished grade elevation.
The still water level record (tide record) from the North Spit Tide Gage (#9148767) was obtained
from 1978 to 2017. This 40-year record is assumed to be representative of the tidal patterns at the
site and is used as a proxy for future tidal records. Note that this still water level record does not
include an added wind or wave setup component. Figure 15 presents the tides observed at the North
Spit for existing conditions (top panel) and potential future conditions with sea-level rise (bottom
three panels). These water levels represent tidal still water levels as measured at the North Spit,
which may vary from the actual water level that occurs at the project site. The concurrent water
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level at the project site may also be affected by wind and waves, as well as tidal characteristics of
Arcata Bay.

Humboldt Bay Trail South / D150852.00
SOURCE: NOAA

Figure 15
Tidal Still Water Level Time Series with Sea-Level Rise

Tidal flooding of the area landward of the railroad berm would occur when the water levels
exceed the elevation of the railroad berm. Although the minimum crest elevation of the existing
railroad berm is 8.7 feet NAVD, for much of the project site the crest elevation of the railroad
berm is higher than landward grades, and would offer some protection of the trail against SWF
and wave overtopping. Tidal flooding could also be limited by constructing the trail higher.
Figure 16 presents the cumulative time water elevations exceed trail elevations by at least 0.5 foot
with sea-level rise scenarios. This Figure does not account for potential for the railroad prism to
provide the trail some protection from flooding where it is higher than the trail. A higher railroad
prism will tend to reduce the duration and frequency of trail inundation at lower water surface
elevation scenarios. However, the railroad prism is not owned by the County and the future
maintenance and management of the railroad prism is unknown. Long-term degradation of the
railroad prism would increase trail exposure to inundation. Therefore, this trail elevation water
surface exceedance analysis does not consider nor rely on the potential mitigating effects of the
railroad prism. The results presented in Figure 16 are therefore considered a conservative summary
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of the potential implications of the relationship between trail elevation and water surface elevation
under several sea level rise scenarios.
The vertical axis of Figure 16 represents the potential finished grade of the trail. For each elevation,
the cumulative amount of time that the elevation is exceeded by the tides presented in Figure 15 was
summed. As shown by the figure, constructing the trail to elevation 10 feet NAVD would
accommodate 2 feet of sea-level rise projected over the planning life, and limit the total time of the
water level exceeding the trail elevation by 0.5 foot or greater to about 3 hours per year. Similarly,
construction to 9 feet NAVD would only limit the total time the water level exceeded the trail
elevation by 0.5 foot or greater to about 75 hours per year (for 2 feet of sea-level rise). The chart is
to be used as an indication of the tradeoffs of finished grade elevation to the amount of time that the
water surface elevation would exceed trail elevation by 0.5 feet or more for SWF only. However,
the chart in Figure 16 does not convey information related to the events that cause the flooding, nor
potential protection in areas where the railroad prism elevation is greater than the finished trail
elevation.

Humboldt Bay Trail South / D150852.00
SOURCE: NOAA

Figure 16
Cumulative amount of time that trail is inundated by 0.5 foot

Figure 17 presents histograms of the inundation event durations, where the water surface
elevation of the bay is greater than the trail finished grade, for several potential trail finished
grade elevations and sea-level rise. The three rows of charts represent a trail finished grade of 11
feet NAVD (top), 10 feet NAVD (middle), and 9 feet NAVD (bottom). Each column of charts
represents a range in sea-level rise from 0 to 3 feet for SWF. Note that 2 feet of sea-level rise is
projected over the 50 year planning life of the project. Figure 17 shows how the number of
inundation events, where finished grade of the trail is exceeded by at least 0.5 feet, is distributed
over the duration of the events. Even for the most significant impacts associated with the finished
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grade of 9 feet NAVD and sea-level rise of 3 feet, the inundation duration is less than 8 hours,
with the bulk of events in the range of 1.5 to 3.5 hours. However, for 2 feet of sea-level rise, a
trail elevation of at least 10 feet NAVD would significantly reduce the number of potential
inundation events that occur over the planning life of the project, and these events would likely be
less than 3.5 hours in duration. Of course, this analysis does not consider the effects of waves, but
it does represent a condition that is more likely to occur and provides insight into how the design
can balance construction costs while minimizing risk of flooding.

Humboldt Bay Trail South / D150852.00
SOURCE: NOAA

Figure 17
Histograms of Inundation Event Durations for a Range of Trail
Finished Grade Elevations (shown at left) and Sea-Level Rise

4.5 Assessment of Historic Extreme Event
An extreme flooding event on December 31, 2005 was documented in USDOT, FHWA, &
Caltrans (2016). The documentation included a photo of the site near Sta 200+00 (Segment 8)
looking southbound. In the photo, water from the bay is flooding the median between the north
and southbound lanes (Figure 18).
The photo of Figure 18 was taken of the southbound lanes of Highway 101 just north of Indianola
Cutoff. The storm on this day was reported to have reached a peak wind gust of 64 miles per
hour, and classified as a violent storm (U.S. DOT, FHWA & Caltrans 2016). ESA confirmed that
the tide level at North Spit Tide Gage was approximately 9.6 feet NAVD during the high tide on
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December 31, 2005. Concurrent sustained wind speeds from the Arcata Eurkea Airport were from
the west to southwest at 45 mph. ESA estimated that wind setup present at the project site was
approximately 1 foot using standard methods (SPM 1984). Some wind waves may also have been
traveling across the flooded water, resulting in a Still Water Level between 10.5 and 11 feet
NAVD. This scenario is similar to the Case 3 or Case 4 conditions.

Humboldt Bay Trail South / D150852.00
SOURCE: U.S. DOT, FHWA & Caltrans (2016)

Figure 18
Photos of Extreme Flooding Event on December 31, 2005

Figure 19 shows a photo that was taken during the same storm as Figure 18, but shows a wave
splashing up vertically on the shore. The wave runup height in the photo was estimated to be on
the order of 5 feet, which is similar to our estimates of wave runup for Cases 3 and 4. The photo
also shows that even though SWF extends landward from the shore, the wave runup is still a
potential impact that should be managed.

Wave runup

Humboldt Bay Trail South / D150852.00
SOURCE: County of Humboldt

Figure 19
Photo of Extreme Coastal Flood Event on December 31, 2005
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Figure 20 shows a detail Section 200+00 and indicates the likely extent of flooding based on the
predicted water level of 10.5 to 11 feet NAVD. The predicted extents are between 65 and 80 feet
from the baseline. An aerial photo from Google Earth indicates that the center of the Southbound
lane is approximately 65 feet from the baseline. The range of 65 to 85 feet is consistent with the
flood extents observed in the photo (inundation varies from center of the southbound lane to the
edge of median).

Humboldt Bay Trail South / D150852.00
SOURCE: Google; U.S. DOT, FHWA & Caltrans (2016)

Figure 20
Likely Tidal Flooding of STA 200+00 on December 31, 2005

4.6 Summary of Trail Vulnerability to Coastal Hazards
and Sea-Level Rise
Under existing conditions, the railroad and proposed design trail is vulnerable under storm
conditions. Wave overtopping associated with an approximate 5- to 10-year storm event (Case 3)
potentially impedes pedestrian access and damages lightly protected surfaces. Some still water
flooding occurs under Case 3, also restricting pedestrian access. Under a severe 40- to 50-year
storm event, such as Case 4, the trail and its vicinity, including the highway, experiences flooding
by still water levels over the majority of the alignment.
As sea-level rises, the frequency and severity of storm impacts is anticipated to increase. Based
on a 50-year planning life of the trail, approximately 2 feet of sea-level rise is projected. With
sea-level rise, flooding and potential damages increase. The trail or shoreline crest elevations
could be established to reduce the frequency and severity of flooding and overtopping, especially
for Segment 4, the low-lying shore segment between Eureka Slough and the CRC site. However,
the proposed trail is still especially vulnerable in Segments 7 and 8 (between CRC and Bracut)
due to relatively low shoreline crest elevations and high wind/wave exposure.
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Table 8 presents shoreline crest or trail elevations that would minimize the impacts to the trail
over time using the usability and damage criteria defined in Section 4.3.2. These elevations
summarize the results of the overtopping and tidal flooding analyses presented above. The
elevations could be used to inform the initial design of the trail and future implementation of
adaptation measures, which are described in Section 5.
TABLE 8
SHORELINE CREST OR TRAIL ELEVATIONS THAT MINIMIZE IMPACTS TO TRAIL OVER TIME
2018-2030

2050

20704

2100

0 feet Sea-Level Rise

1 foot Sea-Level Rise

2 feet Sea-Level Rise

3 feet Sea-Level Rise

Usability1
(Tidal Flooding)

9 feet NAVD

9 to 10 feet NAVD

10 to 11 feet NAVD

11+ feet NAVD

Usability2
(Wave Overtopping)

9 feet NAVD

9 feet NAVD

10.8 feet NAVD

11.8 to 12.3 feet NAVD

Damages3
(Wave Overtopping)

11.1 to 11.5 feet NAVD

12.1 to 12.5 feet NAVD

13.1 to 13.5 feet NAVD

14.1 to 14.5 feet NAVD

Evaluation Criteria

1 Elevations presented for usability associated with tidal flooding represent elevations that minimize average number of events and durations.
2 Usability associated with wave overtopping based on elevations where computed wave overtopping rate is less than 0.22 cfs/lf.
3 Damage threshold presented for lightly protected surfaces. Damages can be mitigated by including design measures to enhance stability.
4 2070 represents the end of the 50 year planning life for the project.

Note that the 2 feet of sea-level rise projected to occur over the 50 year planning life of the
project (by 2070) is consistent with a “low risk aversion,” or a high level of risk tolerance. The
trail is assumed to have a low risk aversion since the consequences associated with potential
impacts to a trail would be low and it has a reasonable amount of adaptive capacity. ESA
therefore concludes that a number of adaptation strategies should be considered during the initial
design and over the long-term management to help create a reliable and resilient trail over its
planned life. The range of potential measures are discussed in Section 5 based on the general
adaption categories of protection, accommodation, and retreat.
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5 SEA-LEVEL RISE ADAPTATION
STRATEGIES
This section of the report describes potential sea-level rise adaptation strategies for the HBTS
project. Recognizing that adaptation to sea-level rise is a topic of interest in the Humboldt Bay
region, and that other efforts are underway to develop large-scale strategies for the communities
and critical assets, this section is focused on adaptation strategies and measures specific to the
proposed trail.
The proposed HBTS project represents an important opportunity for providing the communities
of Humboldt Bay with better coastal recreation and access. One of the highest priorities of
California’s Coastal Act is the mandate to maximize public access and recreational opportunities
to and along the coast. Although the proposed trail project may be considered coastal
development, it provides the community with a non-vehicular transportation option between
Arcata and Eureka, as well as direct access to several miles of the Arcata Bay shore that are
currently not safely accessible to people on foot and bicycle.
The project will be designed to balance several objectives related to the trail dimensions, hazards
avoidance, habitat impacts, and cost. This report provides the project team with information
related to the coastal hazards for existing and future conditions with sea-level rise over the 50
year planning life of the project. Although design decisions will be made to minimize the risks of
the project to these hazards, additional adaptation strategies may need to be implemented within
or beyond the planning life due to the uncertainty of sea-level rise.
This section is organized to present the following information:


Section 5.1 – Project Constraints:
This section presents constraints that may limit the project design from avoiding all future
impacts of sea-level rise over the planning life, and which may limit the feasibility of certain
future adaptation options.



Section 5.2 –Adaptation Strategies and Scale:
This section presents a summary of the different categories of adaptation strategies, and a
brief discussion about asset-specific adaptation versus regional approaches, as well as timing
of implementation of adaptation strategies.



Section 5.3 – Trail-Specific Adaptation Strategies:
This section describes several adaptation strategies that could be considered for
implementation to increase the resilience of the HBTS project to sea-level rise and coastal
hazards. Trail-specific adaptation measures are presented to provide a description of the
approach and where and when those measures would be considered.
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Section 5.4 – Regional Shore Adaptation Strategies:
This section presents an overview of adaptation strategies that could be appropriate for the
area at a regional level. These strategies are presented for context, but are not anticipated to
be feasible to implement as part of the HBTS project.



Section 5.5 – Repairs and Maintenance:
This section addresses the role of repairing damages and chronic issues that may trigger the
implementation of the adaptation measures described in Section 5.3.

5.1 Project Constraints
As shown by the analyses presented in Section 4, segments of the proposed trail may be
vulnerable to sea-level rise impacts in the future. Therefore, design decisions will be made based
on the findings of this report that minimize project risk to a level that is acceptable to the County
and the designers. However, several constraints exist that limit the feasibility of designing and
implementing a trail project that would avoid all future impacts of sea-level rise over the 50 year
planning life. These constraints include:


Limited space for incorporating protective features:
The proposed location of the trail is generally in or between the existing NCRA railroad
right-of-way on the west and the Highway 101 right-of-way, or located on the CRC perimeter
levee. In addition, there are multiple physical constraints that limit available space for
protective features, including steep embankments, drainage ditches, wetlands/sensitive
habitat, and the existing railroad and highway. However, a final alignment has not yet been
selected, and other political factors may result in the trail being located on top of the railroad
berm. The design objectives of the trail included minimum width of 10 feet with 2-foot-wide
shoulders on both sides, which in many locations does not leave sufficient space to construct
protective features.



Cost of elevating trail above existing grades:
Although construction of the project will include importing fill to achieve finished grade
along portions of the alignment, constructing all low areas to grades that would avoid future
flooding and wave overtopping during extreme events over the 50 year planning life of the
project may be cost prohibitive. The design will select finished grades that provide an
acceptable level of risk of wave overtopping and flooding, while minimizing construction,
mitigation, operation and maintenance costs.



Wetland impacts:
Because portions of the trail are proposed to be constructed in low-lying areas adjacent to an
existing drainage channel that includes delineated wetlands, changes to the alignment or the
footprint of the trail could impact additional wetlands. Similar to the cost constraint, the
design will select finished grades that minimize the amount of wetland impacts but also
provide an acceptable level of risk of wave overtopping and flooding.



Impairing capacity of the highway drainage channel (Segment 7):
Construction of the trail will typically be located between the NCRA railroad berm on the
west and an existing highway drainage channel to the east. The construction of the trail prism
will require filling a portion of the drainage channel, which would reduce the capacity of the
channel. Therefore, the design of the trail should minimize the amount of fill placed in the
drainage channel so as not to adversely affect highway drainage.
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Impacts to visual resources:
The Highway 101 corridor provides a direct line of sight to Humboldt Bay. Future adaptation,
such as raising the trail, will need to consider how the higher grades may obstruct views and
negatively affect visual resources.

5.2 Adaptation Strategies and Scales
Sea-level rise in Humboldt Bay will impact many facilities and infrastructure beyond the trail
asset being considered in this report. As one of the most shoreward pieces of infrastructure
proposed for the Arcata Bay, it is natural to consider the trail as part of the regional sea-level rise
adaptation efforts. The Humboldt Bay Sea Level Rise Adaptation Planning Project has completed
large-scale vulnerability assessments and inundation modeling of low-lying areas surrounding
Humboldt Bay, and the County has submitted a grant application to develop a sea-level rise
adaptation plan for Humboldt Bay transportation infrastructure. This is described further in
Section 5.4.
The approach to describing adaptation as it relates to the proposed HBTS project is to present
adaptation measures using the general categories defined by the CCC (2015) relative to the scale
and timing of the measure.

5.2.1 General Adaptation Categories
The adaptation strategies presented below in Sections 5.3 and 5.4 follow the CCC (2015)
guidance, which defines the following general adaptation categories that could be used to
consider different options:


Protect:
Strategies that employ some sort of engineered structure or other measure to defend
development in its current location without changes to the development itself. Protection
strategies include “hard” and “soft” defensive measures or armoring.



Accommodate:
Accommodation strategies employ methods that modify existing developments or design new
developments to decrease hazard risks and thus increase the resilience of development to
risks of sea-level rise. Accommodation strategies can be asset-specific community-based.



Retreat:
Retreat strategies involve relocation or removal of existing development out of hazard areas
and limit the construction of new development in vulnerable areas.



Hybrid:
Hybrid strategies combine measures from the three strategies described above, such as
accommodating over the short-term and relocating long-term.

5.2.2 Scale of Adaptation
Strategies to adapt to sea-level rise can be asset-specific, such as those described for the HBTS
project in Section 5.3, or they can be regional strategies that consider several groups or classes of
assets, which is described in Section 5.4. Regional-scale adaptations are likely to have the largest
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benefit, provide the highest level of resilience for the regional shoreline, and reduce overall cost
of protecting individual assets. However, significant collaboration with other agencies and
organizations and significant funding would be needed to develop and implement adaptation
plans for the region as a whole. Regional adaptation strategies are beyond the scope of the HBTS
project.
The timing of implementation of adaptation strategies is also important to consider. Whether a
strategy that is implemented is actually useful during the design life of the adaptation depends in
large part on the amount of sea-level rise that occurs and the likelihood of large wind-driven
storm events occurring during high tide events. While incorporating some level of resilience to
potential future conditions into the design of a project is typical, implementation of additional
adaptation at some point in the future based on previously established triggers allows for
flexibility and phasing of the project. The decision of when adaptation is implemented is a matter
of management of risks and consequences given available opportunities, resources, and
constraints.
It is important to note that at this time, the proposed trail is not intended to provide sea-level rise
protection for assets inland of the trail, such as Highway 101. Although the trail will not cause an
increase in flooding, it has not been designed with the intention of providing flood protection
inland of the trail.

5.3 Trail-Specific Adaptation Strategies
This section describes several adaptation strategies specific to the HBTS project. Descriptions of
different adaptation measures are presented that could be implemented during or beyond the
planning life of the project, including where the different measures would be located along the
trail alignment.
The general adaptation categories listed in Section 5.2.1 are used in the following sections to
organize measures to illustrate that a range of strategies have been considered. Each adaptation
measure presented below considers:


The constraints listed in Section 5.1



How effective the measure may be in increasing the resilience of the trail to sea-level rise and
coastal hazards



The potential consequences of the measure to coastal resources



The flexibility associated with timing of implementation



Location along the alignment of the HBTS project

The following description of adaptation measures are presented as potential options that can be
considered by the County and project designers in finalizing the adaptation plan for the project.
The measures described below require additional planning and design to fully evaluate the
feasibility of implementation, which is beyond the scope of this study.
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5.3.1 Protect Trail with Rock Armor, Vertical Wall, or Living
Shoreline
Protection of the HBTS project using structural or living shoreline approaches could be used to
manage the coastal hazards. This strategy would be focused on defending the trail from wave
impacts, erosion, and inundation. This section presents several potential protection measures that
are discussed relative to the criteria listed above. The protection measures presented include
structural measures (e.g., rock revetment, sheet-pile wall, and curb wall) and living shoreline
approaches (e.g., marsh sill, horizontal levee, and coarse sediment).

A. Rock Revetment
Construction of rock revetment or similar slope protection, such as articulated block-mat, is a
structural protection alternative composed of large, angular rock placed in layers over a slope.
Design guidelines for construction of shore protection devices such as rock revetments can be
found in the Shore Protection Manual (USACE 1984) and the Coastal Engineering Manual
(USACE 2002).

Feasibility within Constraints
Construction of a rock revetment or slope protection would be on the bay side of the existing
railroad berm, and therefore outside of the immediate trail vicinity. Although portions of the
shore are currently protected by a rock revetment, many of the structures were observed to be
aging.

Effectiveness
New or refurbished rock revetment or slope protection would protect the trail from future erosion,
but may not provide adequate protection from flooding and wave overtopping. Because wave
runup is proportional to the steepness of the slope, protection may actually increase the TWL
along the shore where the slope is steepened or hardened. With sea-level rise, the increase in
TWL may be a factor of two to three times the amount of sea-level rise due to the increased water
depth at the toe of the structure that allows a larger incident depth-limited wave and the shift from
dissipative natural shore to a hardened structure (Battalio et al. 2016).
In areas that currently are protected with slope protection, additional rock may be added to the
crest of the structure to maintain existing levels of protection and address maintenance issues.

Potential Consequences
Construction of new rock revetments or slope protection alternatives could impact existing
wetland, salt marsh or mud flat areas and potentially impede the ability of natural beach and
shoreline habitat to migrate inland. However, in areas with existing rock revetments, the
consequences of impacting coastal resources would be low.

Flexibility
Implementation of rock revetments should be prioritized by first upgrading existing sections of
rock revetment that are in need of maintenance, followed by implementation along portions of
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shore that meet other criteria. These other criteria could include a trigger-based approach where
implementation will be initiated when erosion reaches within a set distance from the edge of the
railroad berm or trail edge.

Applicable Trail Segments
The rock revetment or slope protection structures would be applicable to the following trail
segments:


Segment 4: Eureka Slough to CRC
This section of shore is low-lying relative to bay water levels, but includes fringe marsh that
is effective at dissipating waves during typical water levels. However, during moderate to
extreme events, the marsh is inundated and waves could impact the railroad prism and trail. A
rock revetment could provide additional stability and protection from erosion.



Segments 5 & 6: CRC Levee and South Eucalyptus Area
Existing shore protection structures exist along the shore of the CRC levee. This rock
revetment may need improvements over time.



Segment 7: North Eucalyptus Area
This section of shore is significantly degraded, and includes aging rock slope protection. This
segment will likely need improvement in the near-term to the rock revetments.



Segment 8: South of Bracut
This section includes existing rock revetments that appear to be aging and in need of
maintenance.

B. Sheet-Pile Wall
Construction of a sheet-pile wall is a structural protection alternative composed a vertical wall
embedded primarily in the existing earth, and could extend vertically above grade. Sheet-pile wall
materials include vinyl or steel, although steel sheeting is expensive and may be vulnerable to
corrosion in the saltwater environment.

Feasibility within Constraints
A sheet-pile wall has a small horizontal space requirement and could likely be located within the
existing railroad right-of-way.

Effectiveness
A vertical sheet-pile wall could be an effective strategy to protect against erosion of the shore far
into the future. Its ability in protecting against flooding would depend on the height that the wall
extends above the finished grades. In the event the wave is directly impacted by waves,
significant wave runup and overtopping would result, as vertical walls typically result in the
greatest amount of wave runup as compared to sloping structures and dissipative shores.
However, locating the wall in a landward location adjacent to the trail would likely result in
minimal exposure to waves. The wall may be an effective method at managing tidal flooding
during periods of elevated coastal waters. Drainage of the area on the trail side of the wall needs
to be considered, because the wall may create a barrier for flow toward the bay in some locations.
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Potential Consequences
Consequences to habitat would be low, as impacts to wetland or shoreline habitat could be
avoided. These features would be allowed to naturally migrate landward, and would intercept the
railroad berm before reaching the sheet-pile wall. Depending on the height of the wall above
grade, it could impact visual resources from the surrounding areas toward the bay.

Flexibility
Implementation of a vertical sheet-pile wall would likely be a significant effort for existing
conditions, but could be implemented in the future using a trigger-based approach that monitors
whether sea-level rise will exceed two feet that is projected over the 50 year planning life of the
project. This way, flexibility is given to the uncertain amount of sea-level rise and other regional
approaches that may move forward.

Applicable Trail Segments
A vertical sheet-pile wall would be most effective in the existing low segments of shore:


Segment 4: Eureka Slough to CRC
This segment of shore includes existing marsh habitat and is low lying relative to the tides. A
vertical sheet-pile wall could be situated to not impact the existing habitat and could be
implemented in the future to protect the trail from flooding.



Segment 7: North Eucalyptus Area
Based on need established through monitoring, a vertical sheet-pile wall could be
implemented along this low-lying and degraded section of shore.



Segment 8: South of Bracut
Based on need established through monitoring, a vertical sheet-pile wall could be
implemented along this low-lying section of shore.

C. Curb wall
A curb wall is a structural adaptation measure that would have a low level of intervention. This
would consist of a relatively short and narrow concrete curb or low wall constructed on the bay
side of the trail, near the top of the railroad prism.

Feasibility within Constraints
Construction of a curb wall has a small horizontal space requirement and could be located within
the right-of-way of the trail project.

Effectiveness
A curb wall could be an effective strategy to protect against intermittent tidal flooding and wave
impacts on the trail. As with the vertical sheet-pile wall, significant wave runup and overtopping
could result due to the vertical face of the barrier. However, locating the wall in a landward
location adjacent to the trail would likely result in minimal exposure to waves. The wall may be
an effective method at managing tidal flooding during periods of elevated coastal waters.
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Drainage of the area on the trail side of the wall needs to be considered, because the wall may
create a barrier for flow toward the bay in some locations.

Potential Consequences
Consequences to habitat would be low, as impacts to existing wetland or shoreline habitat could
be avoided. These features would be allowed to naturally migrate landward, and would intercept
the railroad berm before reaching the curb wall. Depending on the height of the wall above grade,
it could impact visual resources from the surrounding areas toward the bay.

Flexibility
Implementation of a curb wall would be less expensive than the vertical sheet-pile wall, but could
still be implemented in the future using a trigger-based approach that monitors whether sea-level
rise will exceed two feet that is projected over the 50 year planning life of the project. This way,
flexibility is given to the uncertain amount of sea-level rise and other regional approaches that
may move forward.

Applicable Trail Segments
A curb wall would be most effective in the existing low segments of shore:


Segment 4: Eureka Slough to CRC
This segment of shore includes existing salt marsh habitat and is low lying relative to the
tides. A curb wall would not impact the existing habitat and could be implemented in the
future to protect the trail from flooding.



Segment 7: North Eucalyptus Area
Based on need established through monitoring, a curb wall could be implemented along this
low-lying and degraded section of shore.



Segment 8: South of Bracut
Based on need established through monitoring, a curb wall could be implemented along this
low-lying section of shore.

D. Marsh Sill
At the site, several fringing marsh patches exist in front of the railroad prism. These marshes
reduce the depth-limited wave incident on the shore. Smaller waves result in lower TWLs and
less flooding risk.
To protect and expand these existing marshes, a marsh sill could be constructed on the bay side of
the trail. Quarry stone rock or other armor placed at a shallow slope dissipates waves, thereby
leaving a space with reduced wave exposure for emergent wetland vegetation to exist. The sill
would consist of a flat, vegetated slope combined with a low cobble or rock fragment structure
constructed at the toe of the slope. Existing marshes could also be extended or further protected
by the addition of a marsh sill along the edge of the existing marsh.
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Feasibility within Constraints
Construction of a marsh sill would be located on the bay side of the existing railroad berm, and
therefore outside of the immediate vicinity of the trail. This option may also conflict with other
existing shoreline habitat.

Effectiveness
The marsh sill concept could be an effective strategy for protecting the trail and maintaining or
enhancing wetland habitat. This measure would likely protect the trail during typical conditions,
but would likely not provide adequate protection during storms or periods where the natural shore
features are significantly inundated.

Potential Consequences
Consequences to habitat would be low, since this measure seeks to stabilize and enhance existing
marsh areas, however there would be a conversion of habitat types from mudflat to salt marsh
necessitating consideration to ecological tradeoffs.

Flexibility
Implementation of the marsh sill could be conducted over time based on monitoring and triggerbased evaluation of shore conditions related to sea-level rise impacts to the marsh.

Applicable Trail Segments
A marsh sill would be most effective in the existing low segments of shore:


Segment 4: Eureka Slough to CRC
This segment of shore includes existing marsh habitat and is low lying relative to the tides. A
marsh sill could be constructed to stabilize and enhance the existing marsh areas along this
segment.



Segment 7: North Eucalyptus Area
Little marsh exists along this segment of shore, but a marsh sill could be considered to create
marsh on the bay side of the railroad berm.



Segment 8: South of Bracut
Little marsh exists along this segment of shore, but a marsh sill could be considered to create
marsh on the bay side of the railroad berm.

E. Horizontal levee
A horizontal levee would create an extended flat slope that includes multiple habitat zones such
as coastal grassland, high marsh, low marsh, and mudflat, and which protects the trail from
coastal hazards. Geotextiles are not typically used in horizontal levees; erosion protection is
instead offered by the native marsh vegetation covering the surface.
The flat, roughened surface of the levee would reduce wave runup heights and limit erosion.
Horizontal levees also adaptively adjust to sea-level rise by trapping and accumulating sediment
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from wave wash and decaying marsh vegetation (ESA PWA 2013). Most notably, horizontal
levees offer excellent transitional and saltwater marsh habitat.

Feasibility within Constraints
Horizontal levees also require significant horizontal footprint and would require setting the
shoreline back towards the highway or building the shore out onto the existing mudflats.
Although habitat would be created with this option, a significant amount of existing shore and
wetlands would be impacted by placing fill.

Effectiveness
The horizontal marsh would be effective approach to manage coastal hazards by dissipating wave
energy and reducing the wave runup heights.

Potential Consequences
Potentially significant impacts to existing habitat would result from this measure, even though it
would create new habitat area.

Flexibility
Implementation of a horizontal levee would require a significant planning effort, including design
and evaluation of the impacts and benefits of the option. It would likely not be an effective
measure to implement using trigger-based monitoring approach due to its scale and anticipated
high cost.

Applicable Trail Segments
A marsh sill would be most effective in the existing low segments of shore:


Segment 4: Eureka Slough to CRC
Although this segment of shore includes existing marsh habitat and is low lying relative to the
tides, a horizontal levee could be constructed to transition the existing tidal marsh habitat to
uplands, creating a zone of transgression.



Segment 7: North Eucalyptus Area
Little marsh exists along this segment of shore, but a horizontal levee could be constructed
out into the bay.



Segment 8: South of Bracut
Little marsh exists along this segment of shore, but a horizontal levee could be constructed
out into the bay.

F. Coarse Sediment
Creating natural coarse beaches fronting the railroad prism could protect the trail by reducing
wave runup and erosion of fine sediments at the toe of the revetment. Coarse sediment such as
coarse sand, shell hash, gravel, and cobble could be placed in front of the prism toe to build up a
beach.
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The wave runup reduction offered by these beaches is less than those offered by a horizontal
levee or marsh sill, but the construction of such beaches is easy to implement. Recently
developed natural coarse beaches have already been observed along some portions of the
proposed trail alignment, likely fed by the gravel material eroded from under the railroad ties.
Confinement structures (such as rock spurs) may be needed to limit wave-driven alongshore
sediment transport away from the placement location. Alternatively, the sediment could be placed
in the small shore indentations between hard points, with the hard points providing confinement
while they persist.

Feasibility within Constraints
Coarse sediment would be placed on the bay side of the railroad berm, and therefore outside of
the vicinity of the trail project. However, this location is easily accessible during and after
construction of the trail project and could be an alternative to installing additional structural
protection.

Effectiveness
Placing coarse sediment could help dissipate the wave energy that occurs for typical windy
conditions and may provide some level of protection during extreme events that coincide with
high water levels. The flat and naturally dissipative slope would result in lower wave runup
heights than sections of shore with steeper structural protection, and it would also serve as a
natural habitat. During the most extreme events, coarse sediment is not likely to provide
protection to the trail.

Potential Consequences
Consequences of placing coarse sediment on the shore are low, as much of the shore already
includes small pockets of coarse, gravel beaches. However, the compatibility of the imported
materials should be considered and the potential covering of existing wetland and mudflat
habitats.

Flexibility
The implementation of coarse sediment beaches is very flexible, and most effective when
designed as a preferred site for opportunistic placement of available dredge materials. This
measure could be assessed for its suitability as well as potential impacts, and used as a site in
combination with the Humboldt Bay Regional Sediment Management Program.

Applicable Trail Segments
Coarse sediment would be most effective in the existing low segments of shore where pocket
beaches have established naturally:


Segment 4: Eureka Slough to CRC
This segment should be monitored for a potential location to place coarse sediment at the
landward transition of the existing marshes. The coarse sediment could build a natural back
barrier berm that dissipates wave during conditions when the marsh is inundated.
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Segment 7: North Eucalyptus Area
Several small pocket beaches have formed along this reach, and would be a prime candidate
for placing additional coarse sediment to create wider and higher pocket beaches.



Segment 8: South of Bracut
Several small pocket beaches have formed along this reach, and would be a prime candidate
for placing additional coarse sediment to create wider and higher pocket beaches.

5.3.2 Accommodate Trail by Raising Trail, Developing
Management Protocols, Providing Egress
Accommodation of the HBTS project by raising the trail over time or developing operational
protocols could be used to manage the coastal hazards to an acceptable level. This strategy would
be focused on modifying the trail to be more resilient to wave impacts, erosion, and inundation,
or by changing how the operations are managed under changed future conditions. This section
presents two accommodation measures that are discussed relative to the criteria listed above.

A. Raise Trail
Increasing the trail grades over time could help accommodate higher levels of sea-level rise that
may exceed those included in the original design. As shown in the technical analyses in Section 4,
a minimum trail or shoreline crest elevation in the 10 to 11 feet NAVD range would limit
potential tidal flooding impacts, and usability and damage impacts by waves if combined with
other minor surface protection. Accommodation of higher sea-level rise amounts beyond the two
feet projected to occur over the 50 year planning life could be achieved by periodically raising the
trail by an additional foot or two.

Feasibility within Constraints
Although raising the trail in the future could largely be accomplished within its constructed
footprint, elevating the prism of earth would result in an incrementally larger footprint due to the
side-slopes extending further laterally. In this case the fill that would be potentially added could
adversely affect the drainage channel or impact wetlands. Other approaches could be considered
to contain the fill, such as a small curb on the edge of the path. Alternatively, the trail could be
narrowed to accommodate the higher grades. Raising the trail would likely be an expensive
option that requires placing fill and reconstructing the trail surface.
There is a cost trade-off associated with raising the trail due to increased earthwork, trail footprint
and required mitigation. Although raising the trail reduces closures and flooding maintenance
costs, the costs of raising the trail may be significant. In some areas, it may not be feasible to
elevate given property and topographic constraints. A higher trail may increase the area filled,
and potentially affect existing wetlands or sensitive habitat. Strategically raising the trail in the
lowest areas could reduce localized flooding and minimize costs.
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Effectiveness
Elevating the trail over time would be an effective method of managing the coastal hazards that
impact the trail. This would be focused only on modifying the trail and therefore unlikely to alter
the coastal hydraulics associated with flooding and wave runup.

Potential Consequences
The consequences of raising the trail could be significant if widening the earth prism results in
impacts to wetlands. Visual resources could be impacted if the trail was raised to heights that
block views of the bay.

Flexibility
This approach has limited flexibility due to the planning required and funds needed to implement
a capital construction project in a constrained corridor near sensitive areas. The implementation
of raising the trail could use a trigger-based approach that monitors the flooding and amount of
sea-level rise that occurs. Also based on monitoring, any areas that show vulnerability to flooding
or appear relatively exposed could be prioritized for raising.

Applicable Trail Segments
Raising the trail would be most effective in the existing low segments of shore:


Segment 4: Eureka Slough to CRC
Based on monitoring, this segment would be one of three priority segments to be raised in the
future when flood frequency increases, or if sea-level rise occurs more rapidly than projected.



Segment 7: North Eucalyptus Area
Based on monitoring, this segment would be one of three priority segments to be raised in the
future when flood frequency increases, or if sea-level rise occurs more rapidly than projected.



Segment 8: South of Bracut
Based on monitoring, this segment would be one of three priority segments to be raised in the
future when flood frequency increases, or if sea-level rise occurs more rapidly than projected.

B. Framework for Operational Management Protocols
Under storm and extreme tide events, portions of the trail may be inundated, and therefore
development of operational management protocols could be an effective way to accommodate
tidal flooding and sea-level rise impacts to the trail. This method of adaptively managing the trail
for sea-level rise would define protocols and triggers to determine when the trail use should be
avoided and identify when maintenance efforts may need to be scheduled.
Triggers for trail management would need to be easily identified by County staff making
decisions and by trail users when deciding if the trail is safe to use. Triggers for the County when
determining trail closure may fall into three categories: high tide triggers, storm triggers, and site
observations triggers. Decision-makers could rely on easily-accessible, real-time data to monitor
nearby water levels and meteorological conditions and could perform simple site checks to
determine if triggers have been met. Possible triggers are discussed below.
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High Tide Triggers
When high tides are forecast, County staff should monitor measured water levels at North Spit
(NOAA #9418767) via the NOAA Tides and Currents website. This website allows the user to
quickly identify high and low tides for the entire year. Depending on the final trail or shoreline
crest elevations, the trail could be vulnerable to flooding when:


The measured still water level at North Spit is greater than 8.5 feet NAVD.

Storm Triggers
When high winds are forecast, County staff would monitor measured water levels at North Spit
(NOAA #9418767) and check the freeboard along the trail by observation. To monitor freeboard,
a simple rod with marked 0.5-foot increments could be installed in the nearshore along the lowest
portions of the trail (could be drilled into a large revetment stone or cast in a small concrete
cylinder and placed into the revetment). The use of the trail should be avoided when:




Freeboard is less than 1.5 feet on very windy days (wind speed over 30 to 40 mph)
Freeboard is less than 0.5 feet on moderately windy days (wind speed less than 30 mph)
Overtopping is observed

Site Observation Triggers
County staff could visually inspect the trail to determine if triggers are met during storm or high
tide events. This requires on-site observation by staff or reports from trail users. The use of the
trail should be avoided when:



Waves are depositing debris onto the trail (rocks, logs, sticks, etc.)
Water accumulates on the trail in excess of 0.5 feet

Trail users could be signaled that trail use should be avoided through the use of signs installed at
both ends of the trail and by an online posting of trail status. A posted sign with a removable
closure warning could be updated by County staff when closure triggers are reached. Although
most trail users are not likely to attempt to use the trail during severe weather, high tide events
that cause flooding may occur independent of weather conditions. King tide events on a sunny
day may mislead users into thinking that the trail is safe to access, even though portions of the
trail may be inundated.
It is important to note that wave overtopping and flooding can be highly localized and will vary
along the trail alignment for a given event, depending on local topography. Tidal flooding along
one low-lying portion of the trail may not restrict use of the entire trail.

C. Trail Egress
Higher sea-level rise and coastal hazard impacts could be accommodated on the trail by installing
trail egress points that could be used to safely exit the trail in the event that it is inundated and not
passable. An existing egress location is proposed for the design to be located at the Indianola
Cutoff in Segment 8. Egress locations could be combined with maintenance access locations that
would provide access to the trail by maintenance vehicles. This accommodation measure is
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considered to have low consequences and would be helpful to several aspects of the design for
existing and future conditions.

5.3.3 Retreat by Relocating Portions of the Trail
Portions of the trail could be relocated landward from the shoreline to reduce the risk of flooding.
Similar to raising the trail, relocating the trail would reduce the frequency that the trail is
inundated and damaged. Wave overtopping flow rates also would decrease as the trail location is
moved inland from the railroad crest; thus, setting back the trail would reduce the risk of TWL
flooding.

Feasibility within Constraints
The trail alignment is constrained between the shoreline and Highway 101. In some locations
(e.g., Segments 4, 5, and 8, see below), the trail could be relocated approximately 5 to 10 feet
inland. However, based on typical sections of the trail design (see Appendix C) the location of the
Highway 101 right-of-way does not leave much room for landward retreat. Also, the drainage
channel would also likely be impacted or would need to be reconfigured to convey minimum
required flows. Trail setback may not be feasible along much of the trail and may reduce the
trail’s recreation value. There also may be safety concerns associated with locating the trail
immediately adjacent to the highway. Along the CRC levee, it is possible that the trail could be
realigned to an area landward of the existing CRC levee, although this would likely conflict with
CRC operations. However, retreat along the Segment 5 of CRC levee would be lower priority.

Effectiveness
Retreating by relocating portions of the trail would be an effective way to manage storm impacts
of wave runup and overtopping. However, this is not likely to significantly reduce tidal flooding
associated with extreme events when the bay water is very high.

Potential Consequences
Consequences associated with the retreat strategy would potentially be high due to impacts to
existing wetlands. Relocating portions of the trail would likely also require alterations to the
existing drainage channel.

Flexibility
Based on monitoring and observations, relocating portions of the trail could be implemented on
an as-needed basis, but since this is likely to be a significant effort requiring significant planning
and funding, this is not highly flexible. The limited amount of space landward of the proposed
alignment also does not provide much benefit to the amount of effort needed to relocate the trail.

Applicable Trail Segments
Retreat by relocating portions of the trail would be considered for the following trail segments:


Segment 4: Eureka Slough to CRC
A limited amount of space is available to retreat up to the Highway 101 right-of way.
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Furthermore, this would require modifications to the existing drainage channel and likely
impact areas classified as wetlands.


Segment 5: CRC Levee and South Eucalyptus Area
At this location, the trail is proposed to be located on top of the CRC levee, which means that
the feasible retreat options would relocate the trail onto an area in the CRC property behind
the levee. This is likely to conflict with CRC operations, and would not be feasible. However,
this is a low priority area for retreat given the relatively higher grades of the CRC levee.



Segment 7: North Eucalyptus Area
This segment is also highly constrained due to the proximity to the highway clear recovery
zone, the drainage channel and existing eucalyptus trees. Retreat is not likely an option at this
location.



Segment 8: South of Bracut
A limited amount of space (less than 10 feet) is typically available to retreat up to the
Highway 101 right-of way. Furthermore, this would require modifications to the existing
highway drainage ditch and likely impact areas classified as wetlands.

5.4 Regional Shore Adaptation Strategies
Coordinated regional sea-level adaptation measures could provide enhanced flooding protection
and save overall adaptation costs. Larger-scale projects have the opportunity to be multibeneficial and could not only improve the protection of important assets, but also enhance
recreation and restore or create valuable habitat.
Regional efforts plan for, manage, and adapt to sea-level rise are being considered by the
Humboldt Bay Sea Level Rise Adaptation Planning Project and other local jurisdictions. These
ongoing efforts will help the larger Humboldt Bay area prepare for the future. The County
submitted a grant application to develop an adaptation plan for the Highway 101 corridor and
shore, which includes several of the measures described below. If that study is funded, it may
provide the community with a more complete understanding and opportunity to develop a
collective approach to suit their needs.
This section describes several possible regional adaptation strategies for the Arcata Bay area.

5.4.1 Protect Highway 101 Corridor
Highway 101, located just east of the HBTS project is at high risk of flooding with sea-level rise.
Past events have inundated portions of the roadway, and the frequency of flood impacts is
expected to increase in the future with sea-level rise. Elevations of Highway 101 are similar to the
grades of the HBTS project: approximately 9 to 10 feet NAVD. The southbound lane is especially
vulnerable and has already experienced coastal flooding under extreme storm events (See Section
4.5). The risk of similar or more severe floods is anticipated to increase with sea-level rise.
A climate change pilot study by Caltrans in 2014 considered potential adaptation approaches to
the Highway 101 corridor between Eureka and Arcata (Caltrans 2014). The study explored the
vulnerability of the highway system, and several different adaptation alternatives for the Highway
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101 corridor. The highest ranking adaptation option was to provide protection at existing
elevations and locations by strengthening and raising the existing protection of the railroad berm
and other dikes.
Another option to protect the railway, the HBTS, and Highway 101 is to raise the railroad prism,
the trail and Highway 101 prism to elevations greater than future coastal flood hazard elevations.
This would provide enhanced protection to several businesses and private property owners
landward of Highway 101.The Caltrans (2014) study found that this option was ranked second
behind protection at existing grade, and would cost half as much as improving perimeter
protection by 2050 and comparable in cost for 2100.10
Raising the larger rail, trail and highway prism is a major endeavor that would require extensive
earthwork and long-term planning with major constraints and substantial tradeoffs.

5.4.2 Structural Modification of Highway 101 Corridor
The assets of the Highway 101 corridor could also be protected by turning the portion of
Highway 101 into an elevated causeway. The HBTS and the rail line could be incorporated into
the elevated causeway along with the highway. The causeway would allow for bay water to flow
to the landward side of Highway 101 either via culverts designed for tidal exchange or by
elevating portions of the causeway with bridge pilings.
This adaptation measure is similar to elevating the entire corridor but does not provide protection
to inland property, which would be flooded under existing conditions. The property could be
purchased and restored into saltwater marsh, which faces significant political and legal
constraints.
This option was ranked third in the Caltrans (2014) study, with costs greater than the two
protection alternatives described above. The cost to construct a causeway to accommodate
projected water levels at 2100 was considered significant and comparable to the cost of relocating
the entire roadway.

5.4.3 Relocate Railroad, Highway 101 and Trail
Large-scale retreat of the Highway 101 corridor was considered by Caltrans (2014). This option
ranked fourth below the options described above. This had the most significant cost for
implementing by 2050, but was comparable to raising the roadway onto a causeway by 2100.
Relocation of the highway alignment along Old Arcata Road could also include portions with an
elevated causeway. This measure would likely be the most expensive adaptation but may provide
the longest-term protection from sea-level rise. However, this would result in major social
disruption, high environmental impacts, and legal issues. Although this option may provide the
most resilience to coastal hazards, it may not be what the community and users want for the area.
10 Although the Caltrans (2014) study is based on the interim sea-level rise guidance of 2013, it leveraged sea-level rise

mapping by NHE as part of the Humboldt Bay Sea Level Rise Adaptation Planning project. Results should be
reviewed to consider needed updates to conform with the new OPC (2018) guidance, which includes higher
projections of sea-level rise, and includes a risk-based approach for evaluating sea-level rise impacts.
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5.4.4 Living Shoreline / Natural Infrastructure Options
A living shoreline approach may be desirable at a regional level. Some of the measures for a
living shoreline approach could include a horizontal levee, marsh sills, and coarse sediment
beaches. These strategies could be useful for protecting areas elsewhere in Humboldt Bay in
addition to along the Highway 101 corridor. Although living shoreline strategies offer less
definitive protection against sea-level rise and extreme events, these options are flexible and are
multi-benefit. As part of the County’s recently submitted grant application for developing an
adaptation plan for the Highway 101 corridor, living shorelines are proposed as an adaptation
measures that will be researched and analyzed for this location in more detail.

5.5 Repairs and Maintenance
In the event that a portion of trail is damaged in a storm, the County will need to evaluate and
assess the impacts, and may rebuild in-kind, or, based on the performance of the trail, consider
implementing adaptation measures described in Section 5.3. Substantial repairs or overly-frequent
repairs could be considered a trigger for adaptation implementation.
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Appendix A
Plan, Profile, and Sections –
Wave Runup & Overtopping
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FIGURE 1

Overview & Shoreline Profile

SEGMENT 1
HUMBOLDT TRAIL SOUTH

SEGMENT 3
HUMBOLDT TRAIL SOUTH

SOURCE:Elevation data provided by GLS, 2017, PWA, 2014
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FIGURE 2

Segments 1 & 3
Profile Views

SEGMENT 4
HUMBOLDT TRAIL SOUTH

SOURCE:Elevation data provided by GLS, 2017, PWA, 2014
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FIGURE 3

Segment 4
Profile Views

SEGMENT 5a
HUMBOLDT TRAIL SOUTH

SOURCE:Elevation data provided by GLS, 2017, PWA, 2014
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FIGURE 4

Segment 5
Profile Views

SEGMENT 6
HUMBOLDT TRAIL SOUTH

SOURCE:Elevation data provided by GLS, 2017, PWA, 2014
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FIGURE 5

Segment 6
Profile Views

SEGMENT 7
HUMBOLDT TRAIL SOUTH

SOURCE:Elevation data provided by GLS, 2017, PWA, 2014
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Segment 7
Profile Views

SEGMENT 8
HUMBOLDT TRAIL SOUTH

SOURCE:Elevation data provided by GLS, 2017, PWA 2014
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Segment 8
Profile Views

SEGMENT 9
HUMBOLDT TRAIL SOUTH

SOURCE:Elevation data provided by GLS, 2017, PWA 2014
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Segment 9
Profile Views

Appendix B
Wave Overtopping Tables for
Cases 1 and 3

Key

for color coding:
Overtopping Hazard Type

No Impact
Pedestrian access unsafe
Damage to lightly-protected surfaces
Damage to promenade/trail pavement

Flow Rate
(cfs/lf)
0 - 0.22
>.22
>0.54
>2.2

0.22
0.22
0.54
2.15

Case 1: MHHW (6.5') + 1' Setup + Wave Runup

Case 3: 2-yr SWL (9.4') + 1' Setup + Wave Runup

0 Feet Sea Level Rise

0 Feet Sea Level Rise

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.00
15.5
0.00
15
0.00
14.5
0.00
14
0.00
13.5
0.00
13
0.00
12.5
0.00
12
0.00
11.5
0.00
11
0.00
10.5
0.00
10
0.00
9.5
0.00
9
0.00

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.00
15.5
0.00
15
0.00
14.5
0.00
14
0.00
13.5
0.00
13
0.01
12.5
0.03
12
0.09
11.5
0.24
11
0.58
10.5
1.11
10
1.21
9.5
1.21
9
1.21

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.26
0.55
0.96
1.42
1.50
1.50
1.50

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.16
0.16
0.16
0.16
0.16
0.16
0.16

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23

1 Foot Sea Level Rise

1 Foot Sea Level Rise

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.00
15.5
0.00
15
0.00
14.5
0.00
14
0.00
13.5
0.00
13
0.00
12.5
0.00
12
0.00
11.5
0.00
11
0.00
10.5
0.00
10
0.00
9.5
0.00
9
0.00

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.18
0.18

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.10
0.10
0.10

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.18
0.18

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.00
15.5
0.00
15
0.00
14.5
0.00
14
0.01
13.5
0.03
13
0.09
12.5
0.25
12
0.58
11.5
1.11
11
1.23
10.5
1.23
10
1.23
9.5
1.23
9
1.23

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.26
0.55
0.96
1.42
1.50
1.50
1.50
1.50
1.50

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.26
0.55
0.72
0.72
0.72
0.72
0.72
0.72
0.72

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23

Key
Overtopping Hazard Type
No Impact
Pedestrian access unsafe
Damage to lightly-protected surfaces
Damage to promenade/trail pavement

Flow Rate
(cfs/lf)
0 - 0.22
>.22
>0.54
>2.2

Case 1: MHHW (6.5') + 1' Setup + Wave Runup

Case 3: 2-yr SWL (9.4') + 1' Setup + Wave Runup

2 Feet Sea Level Rise

2 Feet Sea Level Rise

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.00
15.5
0.00
15
0.00
14.5
0.00
14
0.00
13.5
0.00
13
0.00
12.5
0.00
12
0.01
11.5
0.02
11
0.08
10.5
0.22
10
0.27
9.5
0.27
9
0.27

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.10
0.27
0.68
1.13
1.13

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.04
0.04
0.04
0.04
0.04
0.04
0.04

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.31
0.71
0.93
0.93

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.31
0.61
0.75
0.75

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.31
0.71
0.93
0.93

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.00
15.5
0.00
15
0.01
14.5
0.03
14
0.09
13.5
0.24
13
0.58
12.5
1.11
12
1.23
11.5
1.23
11
1.23
10.5
1.23
10
1.23
9.5
1.23
9
1.23

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.26
0.55
0.96
1.42
1.50
1.50
1.50
1.50
1.50
1.50
1.50

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.26
0.55
0.96
1.42
1.50
1.50
1.50
1.50
1.50
1.50
1.50

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23
1.23
1.23

3 Feet Sea Level Rise

3 Feet Sea Level Rise

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Table: Overtopping Rates as function of trail Finished Grade for Typical Shore Segments (cfs/lft)
Typical Shore Segment

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.00
15.5
0.00
15
0.00
14.5
0.00
14
0.00
13.5
0.00
13
0.01
12.5
0.04
12
0.12
11.5
0.31
11
0.71
10.5
1.23
10
1.23
9.5
1.23
9
1.23

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.06
0.14
0.32
0.67
1.09
1.50
1.50
1.50
1.50

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.06
0.14
0.20
0.20
0.20
0.20
0.20
0.20
0.20

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.31
0.71
1.23
1.23
1.23
1.23

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.31
0.71
1.23
1.23
1.23
1.23

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.12
0.31
0.71
1.23
1.23
1.23
1.23

Trail Finished Grade Elevation (feet NAVD) Segment 3
20
0.00
19.5
0.00
19
0.00
18.5
0.00
18
0.00
17.5
0.00
17
0.00
16.5
0.00
16
0.01
15.5
0.03
15
0.09
14.5
0.24
14
0.58
13.5
1.11
13
1.23
12.5
1.23
12
1.23
11.5
1.23
11
1.23
10.5
1.23
10
1.23
9.5
1.23
9
1.23

Segment 4
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.26
0.55
0.96
1.42
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50

Segment 5
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.05
0.11
0.26
0.55
0.96
1.42
1.50
1.54
1.54
1.54
1.54
1.54
1.54
1.54
1.54

Segment 6
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23
1.23
1.23

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23
1.23
1.23

Segment 7
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23

Segment 8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.09
0.24
0.58
1.11
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23

Appendix C
Preliminary Typical Sections of
HBTS Trail

R/W
10' MULTI-USE PATH
2' SHOULDERS
EP
2'

(E)
CL
RR

EP
2'

10'

1'

(E)
10' MULTI-USE PATH
2' SHOULDERS

1'

(N) POTENTIAL
42" SAFETY RAILING
TYP

EP
2'

10'

10'

ETW

ETW

10'

12'

11'

EP
4'

HUMBOLDT
BAY
OG

(E) RR

BAY TRAIL NORTH: SAFETY ENHANCEMENT

SEGMENT 5 / 6: CRC & SOUTH EUCALYPTUS

R/W

R/W
10' MULTI-USE PATH
2' SHOULDERS

(F)
CL
RR

±3'

10'

EP

(N) CABLE
BARRIER

CALIFORNIA
REDWOOD
COMPANY
OG
(LEVEE)

(E)
CL
RR

VARIES
8-12'

1.25:1 SLOPE
TYP

HUMBOLDT
BAY

EXISTING HWY 101 SOUTHBOUND

12'-14'

EP
2'

10' MULTI-USE PATH
2' SHOULDERS
EP
2'

10'

10'

EXISTING HWY 101 SOUTHBOUND

12'-14'

EP
2'

10'
3:1
SLOPE

VARIES
8-12'

EP

ETW

ETW
10'

12'

11'

EP

EP
10'

4'

(N) CABLE
BARRIER

EXISTING HWY 101 SOUTHBOUND

12'-14'

CL
RR
2'

10'

EP
2'

VARIES
8-12'

10'

EP

ETW

ETW

10'

12'

11'

EP
4'

(N) CABLE
BARRIER

BRACUT

HUMBOLDT
BAY

OG
(F) RR

(E) RR

(E) RR

OG

SEGMENT 9: BRACUT

SEGMENT 4: EUREKA SLOUGH TO CRC

R/W

30' CLEAR RECOVERY ZONE

10' MULTI-USE PATH
2' SHOULDERS
10' MULTI-USE PATH
2' SHOULDERS
EP
2'

10'

CL
RR

EP
2'

EP
10'

2.5'-3.0'

2'

(F)
HWY 101 SOUTHBOUND
ON / OFF RAMPS

EP
2'

10'

EP
10'

HUMBOLDT
BAY

2:1
SLOPE

HUMBOLDT
BAY

EUREKA SLOUGH
(SALT MARSH)

ETW
8'

ETW
12'

EP
4'

(N) CABLE
BARRIER

(E) RR

(E) RR

OG
OG

SEGMENT 8: BETWEEN EUCALYPTUS AND BRACUT
SEGMENT 3: TRANSITION FROM RAILROAD
BRIDGE TO RAILROAD / HIGHWAY CORRIDOR

10' MULTI-USE PATH
2' SHOULDERS
RETAINING WALL
W/ RAILING

R/W

30' CLEAR RECOVERY ZONE
EXISTING HWY 101 SOUTHBOUND

CL
RR

EP
2'

10'

10'

EP
2'

EP

ETW
10'

12'-14'

ETW
12'

11'

EP
4'

±17'
HUMBOLDT
BAY

±16'-8"

(E) RR

(E) RR
& BRIDGE

RETAINING WALL
OR
STEEPEND SLOPE (1:1)

OG
(E) OR (N) OUTBOARD
ROCK REVETMENT

SEGMENT 2: CROSSING EUREKA SLOUGH

SEGMENT 7: NORTH EUCALYPTUS
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