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1.0 INTRODUCTION

With almost 70 miles of shoreline along Buzzards Bay and Vineyard Sound and a large
percentage of its land area at low elevations, the Town of Falmouth is particularly vulnerable to
sea-level rise. In addition, there are a number of large salt-marsh dominated estuaries along
Buzzards Bay, as well as a series of estuarine coastal ponds stretching north-south from
Vineyard Sound, which are subject to tidal action and the effects of storm surge and flooding.
The areas of Falmouth that are vulnerable to flooding contain public infrastructure and
facilities, commercial development and residential communities that can be adversely impacted
by flooding.

An analysis of insurance claims between 1978 and 2013, as presented in the Massachusetts
State Hazard Mitigation Plan, indicates that there were 639 flood insurance claims in the Town
of Falmouth for a total value of $9.1 million. Thirty-three of these were repetitive loss claims —
the highest number in Barnstable County. Due to the low-lying nature of many densely
developed areas of Falmouth, rising sea levels and increased storm frequencies and intensities
associated with climate change will only increase the potential for flooding and storm damages
in the Town.

Not surprisingly given the Town’s geography, the recent MVP Planning Workshop held in March
2018 identified coastal flooding and sea-level rise as the top natural hazards for the Town of
Falmouth. To better understand the actual risk to municipal assets from flooding today and in
the future given climate change and sea-level rise impacts, the Town of Falmouth
commissioned this detailed climate change flood vulnerability assessment.

This project has four primary goals:

1) Identify areas of Falmouth that are vulnerable to the combined effects of sea-level rise
and storm surge during extreme storm events;

2) Assess the vulnerability of municipally-owned infrastructure and natural resources;

3) Identify adaptation strategies that will help to mitigate the long-term effects of sea-level
rise and storm surge; and

4) Educate the public and town officials about the potential impacts.

1.1 PROJECT TEAM

The Town of Falmouth contracted Woods Hole Group to conduct the climate change flood
vulnerability assessment and adaptation planning project. The consultant team’s primary
members included:

e Elise Leduc, Project Manager and Natural Resources Modeling Lead
e Kirk Bosma, Inundation Modeling Lead

e Joe Famely, Technical Support

e Brittany Hoffnagle, GIS Support

Climate Change Vulnerability Assessment 1 January 2020
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To ensure that local knowledge and asset specific details were incorporated into the study,
Woods Hole Group staff worked closely with a Town Steering Committee throughout the
analysis. Members of the Steering Committee are listed in Table 1-1.

Table 1-1. Steering Committee Members
Name Title
Andrew Aston Coastal Resiliency Action Committee Member
Thomas Bott Town Planner
Planning Board Member/Coastal Resiliency Action Committee
Paul Dreyer Member
Gregg Fraser Director of Marine and Environmental Services
Melissa Freitag Coastal Resiliency Action Committee Vice Chair
Peter Johnson-Staub | Assistant Town Manager
Amy Lowell Wastewater Superintendent
Brendan Lynch Conservation Agent
Conservation Commission Member/Coastal Resiliency Action
Jamie Mathews Committee Member
Charles McCaffrey Coastal Resiliency Action Committee Chair
Peter McConarty Deputy Director of Public Works
Jennifer McKay Conservation Administrator
Jim McLoughlin Town Engineer
Bruce Mogardo Beach Superintendent
Pat Murphy Falmouth Public Schools Director of Finance and Operations
Shardell Newtown Facilities Manager
Joe Olenick Recreation Director
Rod Palmer Building Commissioner and Zoning Enforcement Officer
Stephen Rafferty Water Superintendent
Brian Reid Police Captain
Edward Schmitt Coastal Resiliency Action Committee Alternate
Bob Shea GIS Coordinator
Kim Strohm Assistant Emergency Management Director
Julian Suso Town Manager

Jennifer Woodward Assistant Library Director
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1.2 PUBLIC OUTREACH

As noted above, one of the primary goals of the project was to raise public awareness of both
the escalating flood risks posed by sea-level rise and storm surge, as well as the strategies
available to the Town to adapt to these changes over time. Public outreach events were
scheduled at each project milestone to keep the public and the Town officials abreast of the
latest findings, gather input at crucial junctures, and facilitate active engagement over the
lifetime of the project. At these events, Woods Hole Group presented information on climate
change, flood modeling, the vulnerability and risk of Falmouth’s municipal infrastructure and
natural resources, and adaptation options and costs. The following is a list of the public
outreach events organized as part of the project:

Steering Committee Meetings:

e November 1, 2018 (Phase I: Study Parameters)

e February 7, 2019 (Phase II: Vulnerability Assessment)
e June 4, 2019 (Phase II: Vulnerability Assessment)

e August 14, 2019 (Phase Ill: Adaptation)

e September 23, 2019 (Phase Ill: Adaptation)

Board of Selectmen Presentations:

e December 3, 2018 (Phase |: Study Parameters)
e July 8,2019 (Phase II: Vulnerability Assessment)
e November 25, 2019 (Phase lll: Adaptation)

Coastal Resiliency Action Committee Presentations:

e November 6, 2018 (Phase I: Study Parameters)

Other Public Meetings:

e October 29, 2019 (Public presentation and workshop)

1.3 ACKNOWLEDGEMENTS

The Town would like to thank the contribution of the Massachusetts Department of
Transportation under the direction of Steven Miller, Project Manager, and the Federal Highway
Administration related to the modeling associated with the Boston Harbor Flood Risk Model
(BH-FRM). The methodology from the BH-FRM was utilized as the basis for the development of
the Massachusetts Coastal Flood Risk Model (MC-FRM), which was used for this Study.
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1.4 PROJECT NEED

The impetus for this assessment was the widespread consensus that climate change, caused by
both natural and anthropogenic changes, has accelerated over the past century. Natural
climate changes can result from any alteration in the balance between the solar radiation
entering the Earth’s atmosphere and the re-radiated heat leaving the atmosphere, as shown in
the United States Department of the Interior illustration below (Figure 1-1, NPS, 2019).

Figure 1-1.  Natural versus anthropogenic climate changes (from NPS, 2019).

Historically, changes in the Earth’s climate have been due to natural causes, including changes
in solar energy, volcanic eruptions, and natural changes in greenhouse gas (GHG)
concentrations. GHGs, which include water vapor (H20), carbon dioxide (CO2), and methane
(CH4), slow or prevent the loss of heat through the Earth’s atmosphere. Therefore, GHGs
essentially act like a blanket, making Earth warmer than it would otherwise be in a process
commonly referred to as the “greenhouse effect.”

Throughout Earth’s history, the climate has experienced a number of natural shifts over time.
Currently, however, there is growing scientific consensus that the recent documented increase
in atmospheric GHG concentration is due to human activity. Anthropogenic climate change is
caused by carbon dioxide, methane, nitrous oxide, and other greenhouse gases that are
produced by automobiles, buildings, airplanes, factories, power plants, and other sources. The
majority of the energy fueling these machines comes from non-renewable energy sources such
as oil, natural gas, and coal, known as “fossil fuels.” Due to their extremely high energy content,
fossil fuels have served as one of the main driving forces behind industrialization, population
growth, and economic development. Using these fossil fuels, however, results in increased GHG
concentrations in our atmosphere. In fact, an exponential “spike” in GHG emissions occurred
during the 1800-1900’s (industrial revolution), as illustrated in Figure 1-2 (NOAA, 2019). The
1,000-year record of carbon dioxide concentrations used to produce this graph came from the
analysis of carbon dioxide concentrations measured from ancient air bubbles trapped in ice
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extracted from ice cores. Throughout this 1,000-year record, the concentration of carbon
dioxide never exceeded 290 parts per million (ppm); in fact, although not graphed, the
concentrations have not exceeded 300pm in the last 800,000 years. By 2008, the atmospheric
carbon dioxide had reached an unprecedented concentration: almost 400ppm, approximately a
33% increase from the long-term maximum concentration. Monthly concentrations have been
monitored from the Mauna Loa Observatory in Hawaii since 1958. The October 2019
concentration of carbon dioxide was 408.5ppm (NOAA, 2019).

CO2 concentration > 400ppm
(9/23/19 from Mauna Loa Station)

E P
s
5 290ppmco, T
1000 1200 1400 1600 1800 2000

Figure 1-2.  Carbon dioxide concentrations over time.

Data such as this have resulted in a general consensus within the scientific community that
anthropogenic GHG emissions are causing major changes to the Earth’s climate. In response,
the Intergovernmental Panel on Climate Change (IPCC) has compiled their latest findings in the
fifth assessment report (AR5) (IPCC, 2014). This report utilizes a new approach to climate
change forecasting based on different Representative Concentration Pathways (RCPs). RCPs are
based on different assumptions of about how concentrations of GHGs resulting from human
activities will change in the future. RCPs also include assumption about human population
growth, alternative sources of energy, and changes in land use. The four RCP scenarios are:
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1) RCP 8.5 — Highest Emissions — This assumes a no policy changes in the future to reduce
emissions, resulting in a continued increase of GHG emissions and high GHG
concentrations in the atmosphere over time; this is essentially the worst-case scenario.
The RCP 8.5 scenario includes:

A tripling of today’s CO, emissions by 2100,

CO, concentrations continue to accelerate, reaching 950ppm by 2100 and
continuing to increase into the following century,

Global population of 12 billion by 2100,

Use of both croplands and grasslands increases, and

Continued heavy reliance on fossil fuels.

2) RCP 6 — Intermediate High Emissions - Stabilization of radiative forcing shortly after year
2100, via the application of a range of energy efficiency technologies and strategies that
reduce greenhouse gas emissions. The RCP 6 scenario includes:

CO, emissions almost double from today’s levels, peaking in 2060, then dramatically
fall, but stay above today’s levels,

CO, concentrations continue to increase, albeit at a slower rate, reaching 620ppm by
2100,

Strong reliance on fossil fuels remains, and

Cropland use continues on trend, while use of grasslands is reduced.

3) RCP 4.5 — Intermediate Low Emissions - Stabilization of radiative forcing shortly after
year 2100, consistent with a future with relatively ambitious emissions reductions. The
RCP 4.5 scenario includes:

CO, emissions increase slightly from 2008 levels before declining in mid-century,
CO, concentrations continue to increase at current rates to approximately 520ppm
in 2070, then continue to increase but more slowly,

Moderate population and economic growth,

Stringent climate policies and strong reforestation programs,

Nuclear power and renewable energy play a greater role, and

Decreasing use of croplands and grasslands.

4) RCP 2.6 — Lowest Emissions - Ambitious GHG emissions reductions would require a
major turnaround in global climate policies; this is essentially a best-case scenario. The
RCP 2.6 scenario includes:

CO, emissions peak by 2020, then decline through 2100,

CO, concentrations at 440ppm in the atmosphere peak by mid-century (circa 2050),
then slowly decline through 2100,

Oil use declines,

Global population peaks midcentury at just over 9 billion, and

Croplands are more regularly used for bio-energy production.
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In light of these global climate projections, in 2016 the governor of Massachusetts issued an
Executive Order (No. 569) establishing an integrated climate change strategy for the
Commonwealth. This Executive Order recognizes that climate change presents a serious threat
to the environment and the Commonwealth’s residents, communities, and economy; and that
extreme weather events associated with climate change present a serious threat to public
safety, and the lives and property of our residents. The order also launched the Municipal
Vulnerability Preparedness (MVP) Programl, the State Hazard Mitigation and Climate
Adaptation Plan, and resilient MA, a climate change clearing house of data for the state.

! The Town of Falmouth completed their MVP Planning workshop on March 24, 2018, and is now an MVP Certified
Community.
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2.0 ASSESSMENT INPUTS AND METHODS

A series of analyses was conducted to determine the vulnerabilities of natural resources, high-
risk developed areas, and municipal assets (Town-owned infrastructure and facilities). Different
analyses were required to understand vulnerabilities of varying types of resources, from large
salt marsh areas to site-specific properties and structures. First, coastal inundation modeling
was conducted to determine which areas of the Town would likely be exposed to coastal
flooding in the near- and longer-term future. A slightly different ecological assessment and
modeling effort was undertaken to determine vulnerabilities and potential future changes of
natural resources. Finally, a risk assessment methodology was utilized to generate risk scores
for each asset and assist the Town with prioritization of capital fund projects. These targeted
analyses are described within the following sections.

2.1 COASTAL INUNDATION MODELING

One of the most important inputs when considering the flood risk of a particular area or a
specific facility is detailed and accurate inundation modeling. In essence, one must determine
what the likelihood of flooding is at any particular location and at what depth will that flooding
occur given a specific storm intensity. This section provides background on the inundation
model used for this analysis, the sea-level rise projections it incorporated and what planning
horizons were selected.

2.1.1 Massachusetts Coast Flood Risk Model (MC-FRM)

The hydrodynamic modeling utilized for this study simulates a full suite of processes that affect
coastal water levels, including tides, waves, winds, storm surge, sea level rise, and wave set-up
at a fine enough resolution to identify site-specific locations that may require adaptation
alternatives. Water surface elevations were modeled using the ADvanced CIRCulation (ADCIRC)
software to predict storm surge flooding coupled with the Simulated WAves Nearshore (SWAN)
software, a wave generation and transformation model. This modeling was performed as part
of the Massachusetts Coast Flood Risk Model (MC-FRM), which was developed for the
Massachusetts Department of Transportation (MassDOT) to assess potential flooding
vulnerabilities to highways and other transportation infrastructure throughout the state of
Massachusetts. Since the MC-FRM domain includes the entire Massachusetts coastal area,
including the Town of Falmouth, this model is ideally suited to assess the vulnerability and risk
of coastal flooding to Falmouth’s infrastructure and natural resources. Using this existing model
is beneficial to the Town of Falmouth since much of the upfront work and cost in developing
the model was already conducted as part of the MassDOT project.

The spatial resolution of the model is 10 meters or less between nodal points, and sometimes
as low as 2-3 meters to capture important changes in topography and physical processes
related to storm dynamics. This high-resolution model offers more accuracy than other storm
surge models, such as the Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model
developed by the U.S. Army Corps of Engineers (USACE) and the National Oceanic and
Atmospheric Administration (NOAA). The MC-FRM is also superior to a more rudimentary
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“bathtub” approach, since the latter does not account for critical physical processes that occur
during a storm event, including waves and winds, nor can it determine the limited volume of
water that may be able to enter certain areas, particularly those with narrow entry points.

The model quantitatively incorporates climate change influences on sea level rise, tides, waves,
storm track, and storm intensity for 2030, 2050, 2070, and 2100 time horizons, providing
discrete risk estimates at various time horizons to assist with both near- and long-term
planning. To do so, it evaluates a statistically-robust sample of storms, including hurricanes,
tropical storms and nor’easters, based on the region’s existing and evolving climatology. Using
this storm set, the model then calculates resulting water surface elevations to estimate the
probability that various flood depths will be exceeded at each nodal point within the model
boundary. The resulting flood risk maps and probability curves can then be interpreted using
geographic information systems (GIS) to identify the estimated annual probability, or likelihood,
that any node within the model will experience flooding, and if so, up to what elevation.

The probability-based approach of MC-FRM is beneficial to the Town when assessing the
vulnerability of and risk to infrastructure and when developing adaptation strategies to mitigate
future flooding damage. It will also produce information that can be used to inform engineering
design criteria since it provides the probability of an event occurring in this changing regime,
such as the “new” 1% event flood levels (equivalent to a 100-year recurrence water level). In
particular, the accurate and precise assessment of the exceedance probability of combined SLR
and storm surge helps Town managers and decision makers identify areas of existing and near-
term vulnerability requiring immediate action in Falmouth, as well as areas that will benefit
from long-range planning for future preparedness and risk reduction.

2.1.2 Sea-level rise scenarios

It should be noted that the science of translating climate risks into design criteria is a new and
evolving practice, involving uncertainty and variability in future greenhouse gas emissions
pathways, as well as in the downscaling of global climate projections for local applications. The
Commonwealth of Massachusetts has developed projections (temperature, precipitation, sea
level rise) based on a range of medium to high greenhouse gas emissions scenarios (RCP4.5 to
RCP8.5), which are inherently variable (Figure 2-1), and has made them available on the
Massachusetts Climate Change Clearinghouse (resilient MA) for use by communities in the MVP
program.

The projections utilized in this study are aligned with the state standards, which have adopted a
probabilistic approach to local sea level rise and storm surge projections. The Commonwealth
has developed probabilistic local SLR projections downscaled from global models and adjusted
for local landform subsidence. While there is variability in these projections, there is a high
degree of confidence in the protectiveness of each projection given the associated emissions
scenarios and embedded assumptions therein. The science of climate change is an evolving
field that is constantly being updated and is inherently variable in nature. As such, projections
made within this report provide guidelines for investment decisions based on the current state
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of the practice and knowledge to date. The flood level predictions made in this report are based
on some of the most recent developments in the science of climate change but are not
guaranteed predictions of future events. It is recommended that these results be updated over
time as science, data and modeling techniques advance. Additionally, a full review of facility
drawings, materials testing, or analyses of a structure’s ability to withstand the projected
hydrostatic forces due to flooding was not completed for this study. Therefore, the findings
include certain assumptions based on reasonable engineering judgment as to the ability of
buildings and facilities to resist the projected hydrostatic forces due to flooding. These
assumptions will require additional verification and customization during the design phase of
individual projects.

Figure 2-1.  Global emissions scenarios used in resilientMA projections (from Fuss et al,
2014).

The relative sea-level rise (RSLR) projections used in the MC-FRM represent the most up-to-
date RSLR projections for the Massachusetts coastline (Douglas et al., 2016), drawing on long-
term water level datasets from a series of tide gages around the state. For Falmouth, RSLR was
estimated using the local NOAA tidal gage at Woods Hole (station ID 8447930), which has
recorded an increase in relative mean sea level of 2.86 mm (+/- 0.17 mm) annually based on
monthly mean sea level data from 1932 to 2017 (Figure 2-2). This equates to approximately 9.5
inches of mean sea-level rise over the last 85 years. Over that same time period, the global rate
of sea level rise was about 1.7 mm annually (approximately 5.7 inches over the last 85 years).
This significant difference between the RSLR experienced locally and the global SLR trend
highlights the importance of accounting for local conditions.
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Figure 2-2. Mean sea-level rise trend at the Woods Hole tide gage (#8447930).

In order to compare future mean sea level to “present day” conditions, a starting elevation for
mean sea level must be calculated. A tidal-epoch, a 19-year time period, is traditionally used to
calculate tidal datums. For this study, the 19-year tidal-epoch with a mid-point year of 2000
(i.e., 1991-2009) was used to calculate a starting elevation for mean sea level. Based on this
methodology, the mean sea level in Falmouth in the year 2000 was at an elevation of -0.30 feet
(NAVDS88). This 2000 starting elevation of -0.30 feet (NAVD88) can then be used to compare to
projected relative mean sea-level elevations at 2030, 2050, 2070 and 2100 under various
scenarios (Table 1). Note that the values in Table 1 are elevations of the projected mean sea
level at various times relative to a vertical datum of NAVD88, not the magnitude of change in
elevation. For comparison, the baseline (i.e., year 2000) mean sea level elevation, is -0.30 feet
(NAVDS88). Based on the projected sea level elevations presented in Table 2-1, this means there
is a projected change in mean sea level rise of 1.4, 2.7. 4.5 and 8.0 feet between the year 2000
and 2030, 2050, 2070 and 2100, respectively, based on the “High” SLR scenario.

The data in Table 2-1 are recommended by Massachusetts CZM for assessing sea-level rise, and
are being used by the Massachusetts Department of Transportation and other state agencies
and communities for vulnerability assessments. As such, these sea-level rise projections were
incorporated into the MC-FRM. The “High” SLR scenario was chosen for the MC-FRM because
MassDOT and the state were interested in inundation risk probabilities that were unlikely to be
exceeded (there is a 99.5% confidence level that the “High” scenario chosen will not be
exceeded). In addition, selecting the “High” scenario also allows for the evaluation of
inundation risk probabilities under other scenarios due to the bracketed nature of the results.
For example, the “High” results in 2030 are equivalent to “Intermediate” results in 2050, and
the “High” results in 2050 are the equivalent to the “Intermediate” results in 2070. In this way,
the selected scenarios provide an upper bound of potential risk.
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Table 2-1. Relative mean sea level (feet NAVD88) for Woods Hole, MA.

Scenario Cross-walked probabilistic projections 2030 | 2050 | 2070 | 2100
Extremely unlikely to exceed (99.5%) under 11 24 | 42 | 7.7
RCP8.5
High e Unlikely to exceed (83%) under RCP8.5 when accounting for possible ice sheet
instabilities
e Extremely unlikely to exceed (95%) under RCP4.5 when accounting for possible
ice sheet instabilities

2.1.3 Storm Events and Wave Run-up

The storm climatology parameters in MC-FRM include
wind directions and speeds, radius of maximum winds,
pressure fields, and forward track. MC-FRM requires
storm input data to run storm surge simulations and
generate flooding results. Without input data, MC-
FRM cannot determine which areas of Falmouth will
likely be exposed to coastal flooding in the medium-
and longer-term future, as much of the community’s
flood risk profile is dependent on storms.

As part of the development of MC-FRM, a large
statistically robust sample of storms, including tropical
(hurricanes) and extra-tropical (nor’easters) storms,
was developed specifically for the coast of
Massachusetts under existing and future climatologies.

Figure 2-3.  Storms Used in MC- This storm data set includes historic storm events, as
FRM for Present and well as future storm conditions, and was used to
2030 Simulations assess coastal flooding risks in the present, 2030, and

2070. Figure 2-3 shows a representation of the storm
tracks representing some of the tropical storms used in MC-FRM.

To assess coastal flooding risks in 2070, a different sample of storms reflecting a late 21st
century climatology was used. This storm sample includes some very powerful hurricanes, for
example, reflecting projections that tropical storms will be more intense on average in the
second half of the century assuming that air and ocean temperatures are significantly higher
than in the past. This set of storm input data was created by MIT professor Dr. Kerry Emmanuel
based on climate projections.

Fully optimized Monte Carlo simulations were run in MC-FRM using the respective storm sets
and SLR projections for present and future conditions. Importantly, these simulations included
the tide cycle as a dynamic element of the model. The same storm surge can result in very
different flooding outcomes depending on whether it coincides with high, mid, or low tide.
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Results of the Monte Carlo simulations were used to generate cumulative probability
distribution functions of the storm surge water levels at a high degree of spatial precision. In
particular, they provide an accurate and precise assessment of the probability of water levels
from combined SLR and storm surge exceeding the elevation of the ground at each node in the
model.

2.1.4 Planning Horizons

The Town of Falmouth Climate Change Vulnerability Assessment and Adaptation Planning
project focused on two of the modeled out-years for climate change, sea-level rise and storm
surge flood effects: 2030 and 2070. These out-years were selected by a Steering Committee,
comprised of multi-departmental working group of municipal staff and committee members, to
provide the most useful data for planning (see Appendix A for a list of Steering Committee
members). Flood risk probabilities for 2030 represent a near-term risk, which will be useful in
driving actionable items now, while flood risk probabilities for 2070 will provide a long-range
planning tool that will be particularly useful when planning large capital projects, designing and
siting new infrastructure and/or buildings, and guiding municipal bylaws and zoning regulations.

2.2 COASTAL WETLANDS MODELING

Unlike built infrastructure, most natural coastal ecosystems are fairly resilient to occasional
flood events. Asking whether there is a high likelihood of a salt marsh flooding during a
particular storm is therefore less useful than considering what impacts new elevation tidal
regimes will have on coastal wetlands. This section describes the model, sea-level rise
projections and planning horizons utilized to address the likely impacts to coastal habitats given
long-term changes in sea level.

2.2.1 Sea Level Affecting Marsh Model (SLAMM)

The methods utilized to evaluate the impacts on coastal wetlands differ from the coastal
inundation model for developed areas. Wetland resources are unlikely to convert/change due
to an episodic storm event; rather, increasing water levels over time caused by sea level rise
will be the dominant influence on the future location and condition of wetland resources. The
results of this ecological assessment and modeling effort are used to answer a number of
important questions specific to coastal wetland systems and sea level rise (independent of
storm surge). For example, results are used to assess if specific marsh systems have adequate
space to migrate landward in response to the changing climate or if their migration may be
hampered by topographic features or infrastructure and developed areas. The results are also
used to determine the timeframe that a marsh’s accretion rate can no longer be expected to
keep up with the rate of sea-level rise, or over what timeframe specific resource areas within a
marsh are expected to transition (e.g., high marsh to low marsh, or low marsh to tidal flats,
etc.) due to sea-level rise. By identifying a likely timeframe for these changes, coastal managers
can plan their monitoring and conservation efforts most effectively.

The assessment of natural resource impacts from sea-level rise in Falmouth relies on statewide
modeling conducted by Woods Hole Group on behalf of the Massachusetts Office of Coastal
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Zone Management (Woods Hole Group, 2016), using the Sea Level Rise Affecting Marshes
Model (SLAMM). Full discussion of marsh migration modeling methodology is provided in the
report “Modeling the Effects of Sea-Level Rise on Coastal Wetlands” (Woods Hole Group, 2016).

High resolution elevation data are the most important SLAMM model input requirement, since
the elevation data determine where one habitat type converts to another based on the
frequency of inundation based on the tidal range data and sea-level rise projections. For the
statewide SLAMM modeling, the majority of the state was covered with the 2011 USGS LiDAR
for the Northeast dataset, including the Falmouth area. In order to reduce processing time
within the SLAMM model, the state was subsetted into regional panels, and areas of higher
elevation within each regional panel that are unlikely to be affected by coastal processes and
sea-level rise were excluded prior to processing; all areas above an elevation of 60 feet
(NAVD88) were clipped from the input files prior to initiating model runs.

In addition to detailed elevation input data, an accurate mapping of current wetland types is
also required for the SLAMM model. For the statewide SLAMM modeling, the 2011 wetland
layer developed by the National Wetlands Inventory (NWI) is used as the baseline source for
the wetlands input file. The NWI data had two key benefits over the 1990s MassDEP wetland
layer. First, the NWI data not only provided a more recent dataset, but also temporally matched
the year of the LiDAR dataset. Second, utilizing the NWI data streamlined the conversion
between source wetland categories and the required SLAMM model wetland codes.
Documentation provided with the SLAMM software contains a key to convert each NWI
classification directly to the wetland classification system used by SLAMM.

SLAMM was intentionally run without imposing impervious surface (roads, parking lots, etc.)
limitations to marsh migration. Projected changes in wetland type were driven by existing
topography and projected water levels. As such, these results should be viewed with the caveat
that if future wetland areas are predicted in what are developed areas today; changes would
have to be made in the interim to allow that conversion to happen. For example, by 2070, the
SLAMM model projects that the areas around Millfield Street in Woods Hole (Figure 2-4) will
begin to shift to a transitional marsh and/or irregularly flooded marsh — an obviously unlikely
scenario if the existing road surface remains paved and the houses remain in place.

Figure 2-4.  Example of impervious surface barriers to wetland migration.
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2.2.2 Sea-level rise scenarios

The sea-level rise scenarios used in the SLAMM modeling are slightly different than those used
in the MC-FRM, but are similar enough to produce comparable results. The 2016 statewide
assessment (Woods Hole Group, 2016) relied on predictions presented by Parris et al. (2012).
The highest sea-level rise scenario from Parris et al. (2012) combines thermal expansion
estimates from the sea-level rise projections in the IPCC Fifth Assessment Report (AR5) with
the maximum possible glacier and ice sheet loss by the end of the century. At the time, this
was considered a conservative prediction to be used “in situations where there is little
tolerance for risk.” The global sea-level rise projection of 2.0 meters by 2100 (Parris et al. 2012)
were then adjusted to relative sea-level rise conditions using a more recent study by Kopp et al.
(2014); a sea-level rise projection of 2.166 meters (7.1 feet) was ultimately used for the
Falmouth area of the statewide SLAMM assessment. This is just under the 7.7 feet utilized for
MC-FRM.

2.2.3 Planning Horizons

To be consistent with the inundation modeling results, the results from the SLAMM modeling
also focused on two of the modeled out-years: 2030 and 2070. Projections for habitat and
wetland change by 2030 represent a near-term change, which will be useful in driving
actionable items now, while 2070 projections are useful as a long-range planning tool.

2.3 MUNICIPAL ASSET DATA

The risk-based vulnerability assessment was focused on municipally-owned assets only. The
landward extent of the MC-FRM grid is set at an elevation of 8 meters (26.2 feet) NAVD88.
Because much of the northeastern part of Town is higher than this elevation, this area is
excluded from the model (Figure 2-2), and any Town-owned asset within it was screened out
from further analysis, since it would have no risk from coastal flooding through 2100. An
elevation of 8 meters was chosen as an inland extent because this elevation is well above the
projected extent of inundation even during a large storm in 2100.

Woods Hole Group worked cooperatively with the Steering Committee to compile existing GIS-
based data and information about locations of Town assets. Based on discussions with the
Steering Committee, the following Town-owned assets within the model extent (Figure 2-5) will
be included in the vulnerability assessment:

e Buildings and structures (85)

e Parking lots (58)

e Recreational facilities (e.g., baseballs fields, tennis courts, etc.) (35)
e Boat ramps (8) and docks/piers (26)

e Coastal infrastructure (e.g., seawalls, jetties, groins, etc.) (91)

e Shining Sea Bike Path (10 sections)

e Trunk river sewer main section

e Roads/bridges (all within model grid)
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Figure 2-5. Extent of model grid in Falmouth.
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3.0 VULNERABILITY ASSESSMENT

3.1 INTRODUCTION

A climate change flood vulnerability assessment was performed for municipally-owned
infrastructure subject to flooding. Municipally-owned infrastructure includes buildings and
structures, sewer pump stations, roads and bridges, docks, piers and boat ramps, seawalls,
revetments and other coastal infrastructure, the Shining Sea Bike Path and a targeted
vulnerable portion of the sewer main. With the exception of roadways, infrastructure that is
not municipally owned (e.g. federal, state or privately owned) was not evaluated during this
vulnerability assessment; several state-owned roadways, which are critical transportation in
Falmouth, are included in the vulnerability assessment. A risk-based vulnerability assessment
was performed for each of the municipally-owned assets impacted by flooding. The methods
used to evaluate the risk from flooding to each asset are described in the following section.

3.2 VULNERABILITY ASSESSMENT METHODS

A vulnerability assessment was completed to determine the specific, site-level vulnerabilities of
municipal assets: Town-owned properties, facilities, and infrastructure. Risk is defined as the
probability of an asset flooding multiplied by the consequence of that asset failing. Put into
mathematical terms:

Risk (R) = Probability of Flooding (P) x Consequence of Failure (C)
or
R=PxC

Each node in MC-FRM has unique probability of exceedance data associated with it, which
provides the likelihood (0-100% probability) of exceeding water surface elevations at that node.
Using risk to assess the vulnerability of infrastructure allows one to take into account both how
likely a damaging flood event is, and what the consequence of that damaging flood is to the
community. The resulting risk scores for all assets can then be ranked to assist municipalities
with the prioritization of adaptation investments over time. The overall vulnerability
assessment process, which was applied to the Town of Falmouth assets, is comprised of five
main steps:

1) Determine Critical Assets Subject to Flooding
2) Determine Critical Elevations

3) Obtain Probability of Exceedance Data

4) Determine Consequence Scores

5) Calculate Risk Scores and Rankings

Details related to each step are provided in the subsections below.
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3.2.1 Determine Critical Assets Subject to Flooding

Municipally owned infrastructure was mapped as an overlay in a GIS project map. The extent of
the MC-FRM grid was then used to screen out municipal assets that are not anticipated to
experience coastal flooding through 2100. The MC-FRM grid has a landward extent to elevation
8 meters (NAVD88) (Figure 2-5); all assets located above that elevation were excluded from
further analysis.

As noted in Section 2.3 above, the municipally owned asset classes that were included in the
vulnerability assessment were buildings and structures, parking lots, recreational facilities (e.g.,
baseballs fields, tennis courts, etc.), boat ramps and docks/piers, coastal infrastructure (e.g.,
seawalls, jetties, groins, etc.), the Shining Sea Bike Path, the Trunk river sewer main, and roads
and bridges. (Note that boat ramps and coastal infrastructure were evaluated using different
approaches, described after the standard risk assessment approach).

3.2.2 Determine Critical Elevations

Critical elevations are defined as that elevation at which flood water will cause the asset to
cease to function as intended. For example, the critical elevation may be the first floor of a
building. In another case, the critical elevation could be a basement window sill elevation,
above which water can enter the basement and damage critical mechanical equipment located
in the basement. In another case, the critical elevation could be the bottom of a critical
electrical transformer or electrical panel, above which flood water would damage the
equipment and shut down the facility. For other assets, such as roads, parking lots, playing
fields, etc., the critical elevation is the lowest ground elevation.

Municipal assets for the Town of Falmouth fell into two main categories: land-based assets and
water-based assets. Critical elevations for the land-based assets will be compared to the
detailed Massachusetts Coast Flood Risk Model (MC-FRM) results to determine each asset’s
probability and depth of flooding. Because boat ramps and coastal infrastructure are located in
intertidal areas, there is a 100% chance that these features will be inundated in present day,
even during non-storm conditions. As such, the long-term viability of these assets with respect
to sea-level rise will be considered in a different way. The critical elevation for boat ramps and
coastal infrastructure assets is the elevation at the top of the boat ramp and the maximum
elevation along the structure, respectively. These assets will be considered “ineffective” when
the future MHW elevation is projected to be at or above the critical elevation. At that point the
structure would be completely underwater during at least some portion of the day, and would
no longer be functioning as intended. This also assumes that the boat ramp and coastal
infrastructure assets will be maintained and/or are resistant to storm damage, such that they
will be functional until sea-level rise makes them ineffective.

The methods for determining the critical elevation for each type of asset are described below:
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Land-based assets

1. Buildings and Structures: For most buildings and structures the critical elevation was
considered to be the lowest ground elevation extracted from the 2016
Massachusetts DEM within the footprint of the structure. Where the critical
elevation was clearly above ground level for a particular asset, the Town surveyed
detailed elevation information (e.g., a building with a first floor elevation 1 or 2 feet
above grade; electrical panel, generator, etc. above grade). Details about the critical
elevation source are provided in the asset table in Appendix B.

2. Parking Lots: The critical elevation was considered to be the lowest ground elevation
extracted from the 2016 Massachusetts DEM within the boundary of each parking
lot asset polygon.

3. Docks and Piers: The critical elevations for all docks and piers were surveyed by the
Town, using a fixed (i.e., not floating) portion of the pier structure.

4. Recreational Facilities: The critical elevation was considered to be the lowest
ground elevation extracted from the 2016 Massachusetts DEM within the boundary
of each recreational facilities asset polygon.

5. Shining Sea Bike Path: The critical elevation was considered to be the lowest ground
elevation extracted from the 2016 Massachusetts DEM along the centerline of each
bike path segment.

6. Trunk River Sewer Main: The critical elevation for this asset was surveyed by the
Town.

7. Bridges: The critical elevation used for bridges in this assessment is the low chord
elevation; this is the lowest structural point along the underside of the bridge, and is
the first point that flood waters will interact with. The low chord elevations of all
bridges evaluated in this study were surveyed by the Town. If the low chord
elevation of a bridge gets wet, it does not necessarily indicate an unpassable road,
or even a guarantee of damage. Rather it is a conservative indicator of the potential
for damage.

8. Roads: The critical elevation was considered to be the lowest ground elevation
extracted from the 2016 Massachusetts DEM along the centerline of the road.

Water-based assets

1. Boat Ramps: The critical elevation was considered to be the elevation of the top of
the boat ramp based on 2016 Massachusetts DEM data, except where updated
survey data was provided by the Town.

2. Coastal Infrastructure: The state’s coastal infrastructure inventory was consulted,
but specific elevations are only consistently provided for private structures. The
state’s inventory contained specific elevation for only 4 of the 91 public structures
identified within Falmouth for this analysis. The elevations for all others were simply
listed as a range (e.g., “5 to 10 ft”). The critical elevation was, therefore, considered
to be the highest elevation extracted from the 2016 Massachusetts DEM within the
boundary of each coastal infrastructure asset polygon.
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With the exception of roads, critical elevations for individual assets and the source of each
value are provided in Appendix B. Almost 1,900 roads were evaluated as part of this study. The
consequence scores and critical elevations are therefore cumbersome to present in a report
format. These data are instead included as attributes in the road shapefile. However, because it
is important to consider roads, as well as other Town assets, when setting priorities for
municipal projects, roads that ranked in the top 50 assets based on a cumulative risk score, are
integrated into the main asset table in Appendix B.

3.2.3 Obtain Probability of Exceedance Data

Probability of exceedance data for present day, 2030 and 2070 time horizons from the MC-FRM
were summarized for each “land-based” municipal asset (see Section 3.2.2 above for discussion
of which assets this included). Data for non-road “land-based” assets were obtained from the
closet model node to the asset (maximum distance from a model node to an asset was 75 feet).
Probability of exceedance data for road assets, where the critical elevation was defined as the
ground surface, were extracted from the model results; the probability was extracted as the
maximum value from MC-FRM along the centerline of the road.

For assets with surveyed or documented critical elevations (i.e., elevations other than the
ground elevation), the critical elevations were compared to water surface elevation (WSE)
distribution curves obtained for representative model nodes in the MC-FRM grid. Figure 3-1
and Table 3-1 provide examples of a WSE distribution curve and the probability of exceedance
results for Falmouth Town Hall. For this asset, the critical elevation is 6.65 feet (NAVD88), the
surveyed elevation of the rear door threshold at the top of the steps. The results in Figure 3-1
and Table 3-1 indicate the following:

e Forthe present year time frame, there is a 5% chance that water will exceed the critical
elevation of 6.65 feet, and at a 1% event (100-year recurrence interval) the water level
would be approximately 1.9 feet above the critical elevation.

e Inthe 2030 time frame, the probability of exceeding the critical elevation increased to
20%, and at a 1% event (100-year recurrence interval) the water level would be
approximately 3.2 feet above the critical elevation.

e Inthe 2070 time frame, the probability of exceeding the critical elevation of 6.65 feet
increases to 100%, while the depth of water above the critical elevation at a 1% event
(100-year recurrence interval) increases to 8.2 feet.

Town wide probability and depth of inundation maps are provided in Appendix A. Probabilities
of exceeding each asset’s critical elevation are documented in the asset tables in Appendix B.
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Figure 3-1.  Example water surface elevation distribution curve (Town Hall).
Table 3-1. Example probability of exceedance results for Town Hall.
Present 2030 2070
Depth Depth Depth
Above Above Above
% Flood Critical Flood Critical Flood Critical
Probability = Elevation Elev. Elevation Elev. Elevation Elev.
0.1 10.7 4.0 12.1 5.4 17.8 11.1
0.2 10.0 3.3 11.3 4.7 16.8 10.2
0.5 9.4 2.7 10.7 4.1 16.0 9.3
1 8.5 1.9 9.9 3.2 14.9 8.2
2 7.9 1.3 9.2 2.6 14.0 7.4
5 7.3 0.6 8.6 1.9 13.1 6.5
10 6.4 dry 7.7 1.0 12.0 5.3
20 5.7 dry 7.0 0.3 11.0 4.4
25 5.0 dry 6.2 dry 10.0 3.4
30 4.7 dry 6.0 dry 9.7 3.0
50 4.5 dry 5.7 dry 9.4 2.7
100 3.7 dry 5.0 dry 8.3 1.7

The probability of inundation is 100% for “water-based” assets (i.e., boat ramps and coastal
infrastructure) because these assets are purposefully built in intertidal areas. As such, the
probability of exceedance data were not considered a useful measure of future sea-level rise
impacts. Instead, these assets are considered “ineffective” when the future MHW elevation is
projected to be at or above the critical elevation. At that point the structure would be
completely underwater during at least some portion of the day, and would no longer be
functioning as intended. Using the sea-level rise predictions documented in Table 2-1, the
MHW elevation was adjusted for future years and compared to the critical elevation for boat
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ramps and coastal infrastructure, the elevation at the top of the boat ramp and the maximum
elevation along the structure, respectively. The present day MHW elevation for the Buzzards
Bay shoreline and the southern coastline of Falmouth are 2.0 and 0.79 feet (NAVDS88),
respectivelyz. The time frames at which this critical elevation will be exceeded by MHW based
on this methodology is highlighted in Table A-2 in Appendix A.

3.2.4 Determine Consequence Scores

The consequence of flooding for each asset was based on six different potential impacts in
accordance with the rankings presented in Table 3-2. The score for each type of impact for each
asset is determined separately, and then a composite consequence of flooding score is
determined by summing all six scores and normalizing to 100 using the following equation:

¥ all six scores
30

100

Total Consequence of Flooding Score =

Consequence scores for each asset were developed by the Steering Committee. To ensure a
consistent understanding of the different scoring categories within each type of potential
impact, the Steering Committee first agreed to a basic set of assumptions for each type of
asset.

Table 3-2. Consequence of flooding scoring guide.
Impact on Impact on Impact on
Public Safety Important Public Health
Area of Service | Duration of Cost of & Emergency Economic &
Score Loss Service Loss Damage Services Activities Environment
5 Whole Town >30 days >$10m Very high Very high Very high
. Neigf]‘;':r‘:so 4 | 14-30days | $1m-$1om High High High
3 Neighborhood 7 - 14 days $100k - S1m Moderate Moderate Moderate
2 Locality 1-7 days $10k - $100k Low Low Low
1 Property <1day <510k None None None

The consequence scoring methodology and results are important tools to assist the Town in
determining which assets are most important for the Town to maintain in the context of
flooding, and why. This method breaks down the over-arching concept of “consequence” into
more easily defined scoring categories (e.g., area of service loss, cost, impact on public safety,
etc.), and can be used to compare very different types of assets. The composite consequence of
flooding scores for an example subset of Town of Falmouth assets are presented in Table 3-3.
For the assets presented, total consequence scores ranged from 23 to 77 out of a possible 100.

2 The 0.79 feet for the southern coastline of Falmouth was taken derived from the NOAA Woods Hole Tide Station,
with the epoch adjusted to 1999-2017. However, since there is no long-term tide gage located along the Buzzards
Bay coastline of Falmouth, the 2.0 feet was extracted from the MC-FRM.
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The higher the score, the higher the consequence of flooding and the consequence of failure or
loss of that asset are to the Town.

Table 3-3. Consequence of flooding scoring for an example subset of assets.
Impact on
Duration Public Impact on Impact on
Area of of Safety & Important | Public Health
Service Service Cost of | Emergency | Economic &
Asset Name Loss Loss Damage Services Activities | Environment | Score

Town Hall - Main Building 5 3 3 4 4 4 77

Town Hall - Storage Shed 1 2 1 1 1 1 23

Main Street Public

Restrooms 3 3 2 1 3 2 47

Chamber of Commerce 4 3 3 1 4 1 53

Department of Public

Works - Fuel Tanks 4 2 2 4 2 4 60

Falmouth Police

Department - Main

Building 5 3 4 5 2 3 73

Falmouth Police

Department - Shed 1 2 1 2 1 1 27

Fire Headquarters —

Main Building 5 3 4 5 2 3 73

Falmouth Library Main 5 3 3 2 3 1 57

East Falmouth Public

Library 3 3 3 2 2 1 47
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3.2.5 Calculate Risk Scores and Rankings

The risk score for a particular asset subject to flooding for a given time horizon was calculated
using the following equation:

Rin = Pin X Cip
Where:

R, = Risk score at a given time horizon

P:, = Probability of exceedance at a given time horizon
Ci» = Consequence of flooding at a given time horizon
tn = Time horizon n (present day, 2030 or 2070)

The risk score can then be used to rank overall risk to municipal assets for a given time horizon.
A composite ranking can also be developed by taking into account the risk scores from all time
horizons using the following equation:

Rcomp = (Rpresent X Wpresent) + (R2030 X WZOSO) + (R2070 X W2070)
Where:

Recomp = Composite risk score for all time horizons
Roresent = Risk score for present day time horizon

R2030 = Risk score for 2030 time horizon

R2070 = Risk score for 2030 time horizon

Woresent = Weighting factor for present day time horizon
W>030 = Weighting factor for 2030 time horizon

W>070 = Weighting factor for 2030 time horizon

A weighting factor is used to give more emphasis to assets vulnerable to flooding in the nearer
time horizons. For example, an asset which is susceptible to flooding today and more flooding
in the future should get more priority than an asset that is only vulnerable to flooding starting
in 2070. The weighting factors can be adjusted, but for the purposes of this study the following
factors were selected:
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3.3 RESULTS

Composite risk scores were calculated for all municipal assets subject to flooding. These data
are summarized in a master table included in Appendix B. An example of the risk scoring for
Town Hall is shown in Table 3-4. Note that the consequence score remains constant over the
life of the asset, and that only the probabilities of flooding (i.e., the probabilities of exceedance
of the critical elevation by flood waters) change over time.

Table 3-4. Composite risk scoring example matrix for Town Hall.
Probability Composite
Time of Consequence Risk Score
horizon Exceedance Score Risk Score Weight
Present 5 77 383 0.5
2030 20 77 1533 0.3 2185
2070 100 77 7667 0.2

In addition to the tabular ranking of assets based on their composite risk score, Town-wide map
based results were also developed. The probability-based inundation maps were developed for
present day, 2030 and 2070 (see Appendix A). In addition, depth of inundation maps were also
developed for two probability levels. The Steering Committee selected the 1% event flood
levels (equivalent to a 100-year recurrence water level) and the 5% event flood levels
(equivalent to a 20-year recurrence water level) for which to develop these depth of inundation
maps.

The 1% probability level was selected because this is the benchmark for the Federal
Emergency Management Agency’s (FEMA’s) Flood Insurance Rate Maps (FIRMs).
Although FEMA FIRMs are not forward-looking and do not incorporate sea-level rise into
the mapping, FEMA does periodically update their modeling to account for increased
sea level rise that has occurred (as well as other changes, such as changes in topography
or armoring of particular areas). As such, the 2030 and 2070 1% probability of
inundation extents may provide a projection for the expected future FEMA flood zones.

The second probability level chosen for development of depth of inundation maps was
the 5% event flood levels. Although some municipalities are interested in the worst case
scenario (e.g., the 0.2% [500-year] or the 0.1% [1000-year] water level), the Falmouth
Steering Committee decided that it would be most useful for the Town to plan for the
depth of flooding likely to occur during a more probable storm event.

3.3.1 Municipal Infrastructure Assets

Using this risk-based ranking methodology, the top 20 ranked assets in terms of vulnerability to
flooding based on composite scores in each assets category (e.g., buildings and structures,
recreational features, roads and bridges, etc.), as well as the top ranked risk scores for all assets
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from individual time horizons (present day, 2030 and 2070) and composite risk scores, are
shown in Tables 3-5 through 3-14. For a full list of composite risk scores for all assets, see
Tables B-la and B-1b in Appendix B. Table B-1la includes all land-based assets, including
buildings and structures (including sewer infrastructure), parking lots, docks and piers,
recreational facilities, and bike path assets, as well as major roads. Due to the considerable
number of roads with a potential risk of inundation between now and 2070, a separate
consequence score table, Table B-1b was developed to compile the data on all roads.

Table 3-5. Top 20 ranked buildings and structures assets vulnerable to flooding, ranked by
composite risk score.

Asset Name Asset | Consequence Present 2030 2070 Composite

Type Score Probability Probability Probability Risk Score
(%) (%) (%)

1 :;r;::ad Sewer Lift Sewer 27 100 100 100 e
Id Dock Road Pi
2 stecl’lcers oad Pier Marine 40 50 100 100 3000
3 \Q:%Z‘ZSHHUOt'e Draw Marine 57 25 50 100 2692
4 giio?od( Road Pler Marine 33 50 100 100 2500
Id Silver Beach (South
5 gez;t\f; A ;:;p(s‘)“t V1 Rec 33 50 100 100 2500
6 gﬁ‘i'l"dni:';" - Main Admin 77 5 20 100 2185
7 | Mitchell Bathhouse Rec 43 20 50 100 1950
8 | Inner Harbor Upwellers | Marine 40 10 50 100 1600
9 Z\t/;)t?:z Hole Sewer Lift | o wer 53 5 10 100 1360
10 gsartfig:ve Sewer Lift Sewer 43 0 i o0 o
1 \é\;?risu:iilyeBuilding Admin 37 10 20 100 1137
12 ISrLr:;r Harbor - Electrical Marine 50 1 5 100 1100
13 g‘;airsiae?m “Charter 1 Marine 33 10 25 100 1083
14 | Woods Hole Draw Marine 43 5 5 100 1040
Bridge Hut Generator
15 ;ﬁ!’dn Hall - Storage Admin 23 5 20 100 665
-
B[S e o | 0 |+ | s | w |
17 | inner Harbor - Garage Marine 40 0.5 2 50 434
-
18 Isrlgfiro:arbor Sewer Lift Sewer 57 0.2 1 30 363
19 ::::A'g)’jgeBeaCh (North) | pec 43 1 2 25 264
20 m::LeguTIﬂ:nsgChOO' ) School 63 0 0 20 253
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Table 3-6.

risk score.

Asset Name

Woods Hole Boat Ramp

Asset

Type

Consequence

Score

Present
Probability

2030
Probability

2070
Probability

Top 20 ranked parking lot assets vulnerable to flooding, ranked by composite

Composite
Risk Score

1 ! Parking 37 100 100 100 3667
Parking
2 | Old Silver Beach .
S Parking 33 100 100 100 3333
3 | OysterPondRoad Bike | o ;0 33 100 100 100 3333
Path Parking
4 | surfDrive Salt Pond Parking 33 100 100 100 3333
Parking
5 | Surf Drive Mill Road Parking 33 100 100 100 3333
Parking
6 Falmouth Harbor .
Clinton Ave Parking Parking 33 100 100 100 3333
7 | Falmouth Harbor Boat | o ;o 33 100 100 100 3333
Ramp Parking
8 | Falmouth Harbor Public | ;0 33 100 100 100 3333
Parking (north)
9 Town Hall Parkmg Parklng 43 50 100 100 3250
10 | Megansett Beach Parking 30 100 100 100 3000
Parking
11 | woodneck Parking Parking 30 100 100 100 3000
12 | Surf Drive Beach Parking 30 100 100 100 3000
Parking
13 | BristolBeach Parking | o i 30 100 100 100 3000
(west)
14 | Bristol Beach Parking Parking 30 100 100 100 3000
(east)
15 | Menauhant Beach West | ;o 30 100 100 100 3000
Parking
16 | GreenPondBoatRamp | o ;0 37 50 100 100 2750
Parking
17 | Quisset Harbor .
Bonthouse Parking Parking 27 100 100 100 2667
18 g‘)"sset Harbor Parking | o \ine 27 100 100 100 2667
19 | Menauhant Beach East | p, )0 30 50 100 100 2250
Parking
20 8‘;'559t Harbor Parking | 1ine 27 50 100 100 2000
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Table 3-7. Top 20 ranked docks and piers assets vulnerable to flooding, ranked by
composite risk score.

Asset Name Asset | Consequence Present 2030 2070 Composite
Type Score Probability Probability Probability Risk Score
1 | Falmouth Harbor Dock Doc.ks 47 100 100 100 1667
(6) & Piers
2 | Falmouth Harbor Docks
Clinton Ave Wharf & Piers 43 100 100 100 4333
3 | Falmouth Harbor Dock Doc.ks 43 100 100 100 4333
(1) & Piers
4 | Falmouth Harbor Dock Doc.ks 43 100 100 100 4333
(2) & Piers
5 | Falmouth Harbor Dock Doc.ks 43 100 100 100 4333
(3) & Piers
6 | Falmouth Harbor Dock Doc.ks 43 100 100 100 4333
(4) & Piers
7 | Falmouth Harbor Dock Dogks 43 100 100 100 4333
(5) & Piers
8 Docks
Old Dock Road Dock & Piers 40 100 100 100 4000
g | Quisset Harbor Docks
Boathouse Dock & Piers 37 100 100 100 3667
10 Docks 7 1 1 1 7
Green Pond Dock (2) & Piers 3 0o 00 0o 366
11 | Falmouth Harbor Dock Doc.ks 47 50 100 100 3500
(7) & Piers
12 | Falmouth Harbor Dock Doc‘ks 47 50 100 100 3500
(8) & Piers
13 | Falmouth Harbor Dock Dogks 47 50 100 100 3500
(9) & Piers
14 | Falmouth Harbor Dock Docks
(10) & Piers 47 50 100 100 3500
15 Docks 1 1 1
Megansett Small Dock & Piers 3 0o 0o 00 3333
16 | Falmouth Harbor Dock Dogks 43 50 100 100 3250
(11) & Piers
17 | Falmouth Harbor Dock Docks
(12) & Piers 43 50 100 100 3250
18 Docks 4 1 1
Megansett Main Dock & Piers 0 >0 0o 00 3000
19 Docks
Whites Landing Dock & Piers 40 >0 100 100 3000
20 Docks
Eel Pond Dock & Piers 40 30 100 100 2600
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Table 3-8. Top 13* ranked recreation assets vulnerable to flooding, ranked by composite

risk score.
Rank Asset Name Consequence Present 2030 2070 Composite
Score Probability Probability Probability Risk Score
1 Baseball
Taft Park Field Field 30 100 100 100 3000
2 | Taft Park Tennis Tennis 27 100 100 100 2667
Courts Court
3 | Taft Park 27 50 100 100 2000
Playground Playground
4 | Morse Pond School
Practice Field Field 30 0 30 100 870
5 Baseball
Nye Park Field Field 30 > 10 100 765
6 Baseball
Central Park Field Field 30 ! > 100 660
7 Baseball
Fuller Field Field 30 0 0 >0 300
8 R.ec Center Football Fgotball 30 0 0 20 120
Field Field
g | Central Park Basketball
Basketball Court Court 27 0 0.2 20 108
10 | Teaticket School 27 1
Playground (2) Playground 0 0 0 >3
11 | Lawrence School Baseball
Field (2) Field 30 0 0 > 30
12 | Teaticket School Baseball
Field Field 30 0 0 > 30
13 | Teaticket School
Playground (1) Playground 27 0 0 0.5 3

*Only 13 of the identified recreational assets have any risk of inundation through 2070.
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Table 3-9. Top 9* bike path assets vulnerable to flooding, ranked by composite risk score.

Asset Name Asset | Consequence Present 2030 2070 Composite
Type Score Probability Probability Probability Risk Score
1 Sewer
Trunk River Sewer Main | Main >0 100 100 100 >000
2 | Chapoquoit Rd to Bike
Quahog Pond Ln Path 33 >0 100 100 2500
3 | QuahogPond Lnto Bike
Bumblebee Hill Rd Path 3 >0 100 100 2500
4 Bike
Locust St to Elm Road Path 3 >0 100 100 2500
5 Bike
Elm Road to Fay Road Path 3 >0 100 100 2500
6 | Woods Hole Parking Bike 33 25 50 100 1583
Area Path
7 | Old Dock Rd to Bike
Chapoquoit Rd Path 3 10 20 100 1033
8 | Thomas Landers to Old Bike
Dock Rd Path 33 5 10 50 517
9 | N. Falmouth Rotary to Bike
Thomas Landers Path 3 0 0.2 > =

*Only 9 of the identified bike path assets have any risk of inundation through 2070.
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Table 3-10.

Rank

score.

Asset Name

Water St (Luscombe

Asset

Type

Consequence
Score

Present
Probability

2030
Probability

2070
Probability

Top 20 ranked roads assets vulnerable to flooding, ranked by composite risk

Composite
Risk Score

1 Paved,
Ave to Drawbridge) County 67 9 9 100 6635
2 | Chapoquoit Rd (Little
Neck Bars Rd to Paved, 57 95 100 100 5546
Bridge) Town
3 | Clinton Ave (Swing Paved, 67 73 33 100 5464
Lane to Scranton) Town
4 | Scranton Ave (Lowry Paved, 67 69 83 100 5312
Road to Clinton) Town
5 | Waquoit Hwy
(Waquoit Landing Rd | Paved, 53 100 100 100 5300
to Childs River) State
6 | Menauhant Rd Paved, 1 1 1
(Grand to Maravista) | Town >3 0o 0o 0o 2300
7 | SurfDr (MillRd to Paved, 53 95 97 100 5115
Bywater Ct) Town
8 | Clinton Ave (Swing Ln | Paved,
to Sheridan Ave) Town 63 68 7 100 4859
9 | SurfDr (EIm Rd to Paved,
Mill Rd) Town 57 77 87 100 4805
10 Menauhant Rd Paved,
(Foster Rd to Central) | Town >7 73 a1 100 4768
11 Paved,
West Ave Town 53 86 90 100 4766
12 | Nashawena St
(Lummis Ln to Pine Paved, 47 100 100 100 4700
Island Cir) County
13 | Nashawena St
(Cordwood Landing Paved, 60 66 78 99 4579
Rd to Swift St) County
14 | Old Dock Rd (Bowline | Paved,
Rd to Chapoquoit Rd) | County €0 68 s 97 4568
15 Paved, 7 1 4
Quissett Harbor Rd Town >3 9 8 00 3>
16 | MillRd (Hedge Lnto | Paved, 57 66 78 100 4363
Seagull Ln) Town
17 | MillRd (SeagullLnto | Paved, 57 64 75 100 4260
Surf Dr) Town
18 | Menauhant Rd
(Acapesket Rd to Paved, 43 98 98 100 4234
Green Harbor Rd) Town
19 | Nashawena St (Pine
Island Cir to
Cordwood Landing Paved, 60 61 3 89 4206
Road) County
20 | Chapoquoit Rd (Little
Neck Bars Rd to Paved, 57 67 70 96 4189
Chapoquoit Rd) Town
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Table 3-11. Top 20 ranked assets vulnerable to flooding, ranked by composite risk score.

Rank Asset Name Asset Consequence Present 2030 2070 Composite
Type Score Probability Probability Probability Risk Score
1 | Water St (Luscombe Road 67 99 99 100 6635
Ave to Drawbridge)
2 | Chapoquoit Rd (Little
Neck Bars Rd to Road 57 95 100 100 5546
Bridge)
3 | Clinton Ave (Swing Ln Road 67 73 83 100 5464
to Scranton Ave)
4 | Menauhant Road (At
Bristol Beach/Little Bridge 53 100 100 100 5333
Pond)
5 | Scranton Ave (Lowry
Rd to Clinton Ave) Road 67 69 83 100 5312
6 | Waquoit Hwy
(Waquoit Landing Rd Road 53 100 100 100 5300
to Childs River)
7 | SurfDr(MillRdto Road 53 95 97 100 5115
Bywater Ct)
8 Trupk River Sewer Sewgr 50 100 100 100 5000
Main Main
9 | Clinton Ave (Swingln | 63 68 77 100 4859
to Sheridan Ave)
10 | SurfDr (Elm Rd to
Mill Rd) Road 57 77 87 100 4805
11 | Nashawena St
(Lummis Ln to Pine Road 47 100 100 100 4700
Island Cir)
12 | Falmouth Harbor Dost & 47 100 100 100 4667
Dock (6) Piers
13 | Nashawena St
(Cordwood Landing Road 60 66 78 99 4579
Rd to Swift St)
14 | Old Dock Rd (Bowline
Rd to Chapoquoit Rd) Road 60 68 75 97 4568
15 | MilRd (Hedgelnto | p 57 66 78 100 4363
Seagull Ln)
16 | Falmouth Harbor Docks &
Clinton Ave Wharf Piers 43 100 100 100 4333
17 | Falmouth Harbor Dost & 43 100 100 100 4333
Dock (1) Piers
18 | Falmouth Harbor Dost & 43 100 100 100 4333
Dock (2) Piers
19 | Falmouth Harbor Do_cks & 43 100 100 100 4333
Dock (3) Piers
20 | Falmouth Harbor Dost & 43 100 100 100 4333
Dock (4) Piers
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Table 3-12.

Top 20 ranked assets vulnerable to flooding, ranked by present day risk score.

Asset Name Asset Type Consequence Present Present Day
Score Probability Risk Score
(%)
1 | Water St (Luscombe Ave to
Drawbrdige) Road 67 99 6625
2 | Chapoquoit Rd (Little Neck Bars Rd
to Bridge) Road 57 95 5392
3 | Menauhant Road (At Bristol
Beach/Little Pond) Bridge 53 100 5333
4 | Waquoit Hwy (Waquoit Landing Rd
to Childs River) Road 53 100 5300
5 | surfDr (Mill Rd to Bywater Ct) Road 53 95 5022
6 | Trunk River Sewer Main Sewer Main 50 100 5000
7 | Clinton Ave (Swing Ln to Scranton
Ave) Road 67 73 4906
8 | Nashawena St (Lummis Ln to Pine
Island Cir) Road 47 100 4700
9 | Falmouth Harbor Dock (6) Docks & Piers 47 100 4667
10 | Scranton Ave (Lowry Road to
Clinton Ave) Road 67 69 4601
11 | surfDr (EIm Rd to Mill Rd) Road 57 77 4361
12 | Falmouth Harbor Clinton Ave
Wharf Docks & Piers 43 100 4333
13 | Falmouth Harbor Dock (1) Docks & Piers 43 100 4333
14 | raimouth Harbor Dock (2) Docks & Piers 43 100 4333
15 | Falmouth Harbor Dock (3) Docks & Piers 43 100 4333
16 | Falmouth Harbor Dock (4) Docks & Piers 43 100 4333
17 | Falmouth Harbor Dock (5) Docks & Piers 43 100 4333
18 | Clinton Ave (Swing Ln to Sheridan
Ave) Road 63 68 4304
19 | Old Dock Rd (Bowline Rd to
Chapoquoit Rd) Road 60 68 4089
20 | 01d Dock Road Dock Docks & Piers 40 100 4000
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Table 3-13. Top 20 ranked assets vulnerable to flooding, ranked by 2030 risk score.

Asset Name Asset Type Consequence 2030 2030
Score Probability Risk Score
S R v, B
1 | Woods Hole Drawbridge Bridge 67 100 6667
2 | Water St (Luscombe Ave to
Drawbridge) Road 67 9 6628
3 | Chapoquoit Rd (Little Neck Bars Rd 57 100 5700
to Bridge) Road
4 | Menauhant Road (At Menauhant
Beach/Bournes Pond) Bridge >7 100 2667
5 if/r:)nton Ave (Lowry Rd to Clinton foad 67 33 5571
6 il\;z;on Ave (Swing Ln to Scranton foad 67 33 5569
7 | Menauhant Road (At Bristol
Beach/Little Pond) Bridge >3 100 >333
8 | Waquoit Hwy (Waquoit Landing Rd
to Childs River) Road >3 100 2300
9 | surf Dr (Mill Rd to Bywater Ct) Road 53 97 5147
10 | Trunk River Sewer Main Sewer Main 50 100 5000
urf Dr (Elm Rd to Mi oa
11 | surf Dr (Elm Rd to Mill Rd) Road 57 87 4949
12 il\igon Ave (Swing Ave to Sheridan fond 63 77 4824
13 | Nashawena St (Cordwood Landing
Rd to Swift St) Road 60 /8 4703
14 Nashaw.ena St (Lummis Ln to Pine 47 100 4700
Island Cir) Road
almouth Harbor Doc ocks & Piers
15 | ral h Harbor Dock (6) Docks & Pi 47 100 4667
almouth Harbor Doc ocks & Piers
16 | ral h Harbor Dock (7) Docks & Pi 47 100 4667
almouth Harbor Doc ocks & Piers
17 | ral h Harbor Dock (8) Docks & Pi 47 100 4667
almouth Harbor Doc ocks & Piers
18 | ral h Harbor Dock (9) Docks & Pi 47 100 4667
19 | Falmouth Harbor Dock (10) Docks & Piers 47 100 4667
20 Nashawena Street In West . 47 100 1667
Falmouth Bridge
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Table 3-14. Top 20 ranked assets vulnerable to flooding, ranked by 2070 risk score.

Asset Name Asset Type Consequence 2070 2070
Score Probability Risk Score
(%)
1 Buildings &
Town Hall - Main Building Structures 7 100 7667
2 Zf/r:\)nton Ave (Lowry Rd to Clinton Road 67 100 6700
3 Sc'gt:t':)/:‘fvswmg Lane to Road 67 100 6700
4 | Water S_t (Luscombe Ave to Road 67 100 6671
Drawbridge)
5 | Woods Hole Drawbridge Bridge 67 100 6667
6 :EZ:;Z:‘SVSW'% Land to Road 63 100 6299
7 | Quaker Road (Over The Inlet At .
Old Silver Beach) Bridge 60 100 6000
8 | Nashawena St (Cordwood Landing
Rd to Swift St) Road 60 99 5910
g | Old Dock Rd (Bowline Rd to Road 60 97 5835
Chapoquoit Rd)
10 \é\;a;qumt Hwy (Martin Rd to Martin Road 60 97 5823
h it Rd (Little Neck Bars R
11 fo a;;‘;:‘)"t d (Little Neck BarsRd | o 57 100 5700
12 | surf Dr (Elm Rd to Mill Rd) Road 57 100 5700
13 | Mill Rd (Hedge Ln to Seagull Ln) Road 57 100 5700
14 E:I)” Rd (Hedge Ln to Herring Brook Road 57 100 5700
15 | will Rd (Seagull Ln to Surf Dr) Road 57 100 5700
16 \é\;a;lker St (Surf Dr to Beebe Acres Road 57 100 5700
17 | Menauhant Road (At Menauhant .
Beach/Bournes Pond) Bridge >7 100 2667
18 Buildings & 7 1 7
Woods Hole Draw Bridge Hut Structures > 00 >66
19 | Rt 28/East Falmouth Highway (At
Head Of Great Pond, East Of Ox Bridge 57 100 5667
Bow Road))
20 | chapogquoit Road Bridge 57 100 5667
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3.3.2 Natural Resources

In addition to the built assets evaluated above, impacts to natural resources including beaches,
salt ponds and salt marshes, were assessed on a semi-quantitative basis. Woods Hole Group
utilized the SLAMM results developed for the Massachusetts Office of Coastal Zone
Management (CZM) to model the effects of sea-level rise on coastal wetlands and natural
resources. Final model results for the 2030 and 2070 out years for the “High” SLR projection for
the Town of Falmouth are described below.

Natural Resources provide numerous valuable ecosystem services, from fisheries habitat, to
carbon sequestration and storm damage protection. They are also an important component of
the identity of the Town of Falmouth and a significant driver for the local tourism industry.
However, they are also vulnerable to climate change impacts like sea level rise.

3.3.2.1 Town-wide summary

SLAMM results were produced for the entire Town. Maps of the town-wide SLAMM wetland
categories for present day, as well as the 2030 and 2070 projected wetland areas are provided
in Appendix D. Town-wide areas of each type of wetland classification are summarized in Table
3-15.

One of the major habitat changes that is projected to occur between present day and 2070 is
an overall loss of salt marsh. Figure 3-2 shows the combined areas of both irregularly flooded
salt marsh (i.e., high marsh) and regularly flooded salt marsh (i.e., low marsh) in present day,
2030 and 2070. In present day, the combined total area for high and low salt marsh areas is 466
acres. By 2030, although the overall salt marsh acreage has only decreased by 14 acres, there is
a significant shift in the percentage of high and low marsh; this is due to high marsh converting
to low marsh as sea-level rises. By 2070, a significant overall loss of salt marsh area is expected,
with the combined area of both high and low salt marsh predicted to cover only 155 acres.

Another major trend to note is the change in total area of combined open water habitats and
combined wetland habitats (Figure 3-3), as well as the associated change that this infers on the
total upland area. Between present day and 2070 the combined open water areas in the Town
of Falmouth are expected to increase from 6,041 to 7,023 acres. This increase of 982 acres of
open water is balanced by a decrease in 427 acres of wetland and 555 acres of upland by 2070.
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Table 3-15. Summary SLAMM results for wetland areas town-wide.

Area (acres)

Present
Day 2030 2070

Upland 16,689.6 | 16,640.3 | 16,134.5
Nontidal S wamp 327.4 326.5 302.7
Inland Fresh Marsh 209.1 206.6 192.2
Tidal Fresh Marsh 23.0 17.4 6.1
Transitional Marsh/Scrub-Shrub 17.7 20.6 80.5
Regularly Flooded Marsh 102.6 184.5 115.7
Estuarine Beach/Tidal Flat 273.8 226.5 336.5
Ocean Beach 274.7 228.4 368.0
Ocean Flat 206.1 30.6 0.9
Inland Open Water 952.5 948.9 895.9
Estuarine Open Water 2,099.2 | 2,225.1| 2,737.9
Open Ocean 2,989.1 | 3,227.5| 3,389.3
Irregularly Flooded Marsh 363.6 267.8 38.8
Tidal Swamp 89.2 67.1 18.8
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Figure 3-2.  Summary of town-wide salt marsh area changes over time.
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Figure 3-3.  Summary town-wide open water and wetland area changes over time.

These trends indicate a lack of long-term resilience in Falmouth’s salt marsh systems and an
inability to keep pace with sea level rise, as is the case for many communities throughout
Massachusetts (where trends are a general conversion to low marsh by 2030 and tidal flat or
open water by 2070). Additionally, the topography in Falmouth is such that there is very little
low-lying land around the periphery of existing salt marshes, affecting their ability to migrate
inland with the rising tide. Salt marshes provide a natural sponge to buffer inland areas from
storm surge, and act as a natural break, absorbing wave energy. Conversion of low marsh areas
to tidal flats and open water would result not only in a reduced capacity for Falmouth’s salt
marsh systems to protect inland areas, but also in an overall loss of salt marsh habitat for the
Town.

Therefore, it will be important for the Town to support salt marsh migration where possible by
removing barriers and limiting development in potential sending areas. Additionally, any
actions to further increase salt marsh resilience and stem the conversion from high marsh to
low marsh (and, eventually, to tidal flat or open water) will preserve important marsh
ecosystem services, such as coastal flood protection, into the future. On the other hand, it is
notable that a Town-wide loss of 555 acres of upland may also have significant environmental,
social, and/or economic impacts depending on the nature and disposition of the upland
converted to wetland area.
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3.3.2.2 Area-specific results

Although it is useful to look at town-wide projected changes, in order to better observe the
finer details in wetland area changes and be able to quantify those changes in areas of specific
concern, results were also evaluated within 14 different areas of interest throughout Town.
These areas included all public beaches (except for Grew’s Pond):

e Bristol Beach

e Chapoquoit Beach

e Falmouth Heights Beach
e Megansett Beach

e Menauhant Beach

e Old Silver Beach

e Stoney Beach

e Surf Drive Beach

e Wood Neck Beach

Major estuaries, great ponds and large areas of salt marsh were also identified as areas likely to
experience significant changes. The additional areas that were considered as part of this study
include:

e The marsh system behind OlId Silver Beach;
e Great Sippewissett Marsh

e Little Sippewissett Marsh

e Little Pond

e Great Pond

e Green Pond

e Bournes Pond

e EelPond

e Waquoit Bay

In many cases, a public beach and coastal pond or salt marsh area were collocated are
considered within the same evaluation area. In this way, the 18 natural resource areas listed
above were combined into 14 evaluation areas (Figure 3-4). Map-based results, as well as area
summary tables, are presented for each evaluation area in Appendix D.
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Figure 3-4.  Area-specific natural resources evaluation areas.
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4.0 ADAPTATION STRATEGIES

4.1 INTRODUCTION

There are generally four types of adaptation strategies that may be applicable to adapt to the
risks of flooding from sea level rise and storm surge. While in some cases they can be used
alone, in other situations a combination of approaches may be most appropriate. The four
adaptation strategies are:

e Avoid Risk,

e Accommodate,
e Protect, and

e Retreat.

These types of strategies are conceptually illustrated and described in Figure 4-1, from
CoastAdapt (NCCCARF, 2019).

Key Considerations:

Figure 4-1.  Conceptual illustrations of adaptation options (from NCCCARF, 2019).

Avoid Risk: Avoidance strategies typically involve planning level activities to prohibit future
development in areas subject to coastal hazards, such as sea level rise and storm surge impacts,
or in areas where the current level of risk is low but with increase over time. This may involve
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identifying “no-build” areas and the adoption of bylaws or policies to limit development in
these areas. Zoning is one possibility for accomplishing this goal. Locally, Chatham recently
adopted zoning bylaw designating “conservancy districts,” which encompass all land within the
100-year floodplain. Within these conservancy districts, uses are divided into three categories:
permitted uses, special permit uses, and prohibited uses, as seen in Figure 4-2. The goal of
establishing this bylaw was to protect people, property, and resources from flood risks, but
restricting or limiting certain uses in flood-prone areas.

Figure 4-2.  Chatham conservancy district uses.

Accommodate: Accommodate or adaptation strategies allow continued use of the land or
assets within a higher risk area by implementing changes to human activities and/or the
buildings and infrastructure to improve resiliency to occasional flooding. This strategy does not
stop flood waters from reaching essential infrastructure, but takes action to minimize and
control the damage that would be caused during such an event. Accommodation strategies may
include physical, operational, or regulatory actions. Physical measures may include construction
of artificial floodways to convey flood water away from roads or homes, raising new and
existing structures above flood elevation, and retrofitting structures with floodproofing
measures. Operational measures may include improved evacuation or emergency planning,
additional training for first responders, or providing education and resources to residents and
business owners in high risk areas. Finally, regulatory measures may include updates to the
building code or zoning bylaws, or increasing setbacks.
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Protect: Protect strategies utilize hard (e.g., revetments, seawalls, flood barriers) or soft (e.g.,
dune enhancement, living shorelines) solutions to protect upland infrastructure from damage
due to flood impacts. In many cases, existing infrastructure will likely need to be raised
incrementally to continue providing adequate protection in the future, given projected sea level
rise and increased storm intensity.

Retreat: Retreat strategies involve withdrawing, relocating or abandoning assets that are at
risk. These strategies acknowledge that some areas by be too costly or technically infeasible to
protect against sea level rise, flood impacts and storm surge. As hard infrastructure is relocated,
previously developed areas along the coast can be restored to healthy ecosystems, which can
provide valuable ecosystem services. Retreat strategies could also allow ecosystems, such as
salt marshes, to migrate landward as sea level rises. Municipalities can implement retreat
adaptation strategies through property buyouts, relocation of roads, utilities and other
infrastructure, and implementation of new zoning or other regulations limiting new
development or reconstruction.

4.2 RECOMMENDATIONS FOR MUNICIPAL ASSETS

For specific critical municipal infrastructure assets and buildings, it may be necessary or
preferable to implement resilience strategies at the asset level to reduce the risk from flooding.
Asset level strategies are especially needed for critical assets located in high flood risk areas
that are either outside the scope of regional flood protection strategies or that have not been
selected for regional flood protection strategies for technical, political, or financial reasons.
Asset level adaptations are also preferable for very critical assets that cannot afford to wait
until regional solutions are implemented.

The highest risk municipal assets, according to Composite Risk ranking, are shown in Table 3-11.
They are predominantly roads and bridges, located in low-lying areas. However, there also a
significant number of other low-lying critical facilities, such as buildings and structures, parking
lots, docks and piers, and recreational facilities with high composite risks scores (Tables 3-5 to
3-10). One characteristic that many of these assets share is that they are projected to flood
annually by the 2070 timeframe, if climate change continues as projected. In the following
sections, adaptation options are recommended for assets in each asset category area, with
additional guidance for decision makers and designers. Order-of-magnitude cost estimates, in
2019 dollars are provided, where possible, for long-term planning purposes. These costs are in
no way meant to represent actual estimates of total project costs as no surveying, subsurface
exploration, engineering design, permitting and escalation of costs was performed as part of
this project, all of which are necessary to establish true project costs required to design and
construct a project.

While the strategies presented below are not an exhaustive list of resiliency strategies that the
Town should consider, the hope is that the adaptation strategies presented below can be used
as templates for developing solutions for similar assets throughout Town.
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4.2.1 Buildings and Structures

There is a general suite of options for adaptations specific to buildings and structures. These
strategies may be applied as needed to vulnerable facilities in the Town of Falmouth, following
further site-specific investigations and suitability analyses. These asset-specific strategies are
intended to reduce damages caused by flooding. These strategies range from major building
modifications, such as elevating the structure, to interior modifications, such as moving internal
equipment to a higher location in the building, that strive to protect individual, critical elements
inside the asset from flood damages. These general building adaptation strategies include:

1. Full Building Elevation: If a building or structure has a high probability of flood
inundation, consideration should be given to elevating the entire structure above the
base flood elevation (BFE) to avoid critical damages from sea level rise, storm surge, and
increased precipitation. Depending on the construction type and architectural style of
the structure, it could be elevated on to stilts or pilings, which allow water to pass under
the structure without causing structural damage to the building, or the structure, can be
elevated onto a solid concrete foundation. Any elevation project will require the
installation of additional stairs or a ramp to access the new elevated entryway.

2. Interior Elevation: If a building or structure has a high probability of flood inundation,
but full building elevation is not possible, consideration could instead be given to
elevating just the first floor from the interior. This strategy is most appropriate for
buildings constructed of a non-porous, flood-resistant material (e.g., masonry), where
the most significant risk comes from flood water entering the structure through
openings in the building (e.g., doorways, windows, etc.). This is a particularly attractive
option when there is a strong desire to maintain the existing aesthetic of the building’s
exterior, such as with historic preservation sites. However, interior elevation only works
if there is an adequate floor to floor height to accommodate the floor elevation.

3. Dry Floodproofing: Dry floodproofing involves using multiple strategies to ensure that
no floodwater enters through the exterior of the building, the basement, or any of the
buildings openings. This might involve installing deployable flood shields at any doors or
windows below the BFE. Traditional flood shields require permanent hardware to be
installed on the frame of the opening so that barriers can be easily deployed prior to a
flood event. However, there are some ‘light-footprint’ site strategies, such as sandbags
or Tiger Dam systems that can be deployed. While these systems cannot necessarily
ensure that the structure itself is completely sealed from flooding, they can lessen the
damages. Dry floodproofing can also involve sealing the existing exterior face of the
building with an impervious coating that stops floodwaters from penetrating pre-
existing porous materials.

4. Wet Floodproofing: Unlike dry floodproofing, wet floodproofing does not aim to stop
water from entering a building or structure. Instead, it aims to reduce flood damages by
allowing flood water to pass through the structure so that the forces of the water on the
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building’s exterior do not cause significant damage to the structure itself. Because of
this, wet floodproofing requires retrofitting the building’s interior with ‘floodable’
materials and protecting mechanical and utility equipment so that these components
will not suffer permanent damage when water passes through.

5. Mechanical Systems: Whenever possible, mechanical systems should be elevated above
the base flood elevation (BFE). For low flood inundation probabilities, or if it is not
feasible to relocate the mechanical system outside of the lower level, systems should be
elevated on a platform to protect from subgrade flooding. Systems should always be
anchored so as not to shift during a flood event, damaging other areas.

Site-Specific Building & Structure Adaptation Recommendations:

MC-FRM results indicate that the Park Road Sewer Lift Station is the most vulnerable municipal
structure in the Town of Falmouth. It is also the only municipal facility that has an annual
exceedance probability of 100% in present day climate conditions. For these reasons, this sewer
lift station was selected for conceptual-level site adaptation planning. Other high-ranking
building and structure assets, based on the composite risk score, include the Old Dock Road
Pier facilities (upwellers - #2, shed - #4), the Woods Hole Drawbridge Hut (#3), and Town Hall
(#6). Conceptual-level site adaptation recommendations are also provided for these locations.

Park Road Sewer Lift Station:

The sewer lift station located at the terminus of Park Road in Woods Hole, is situated at the
edge of an existing salt marsh (Figure 4-3). The station consists of a ground-level hatch (at an
elevation of approximately 3 feet NAVD88) covering a “wet well” (an underground container in
which wastewater collects; there is no mechanical equipment below this hatch), an elevated
hatch (at elevation 4.6 feet NAVD88, which houses the mechanical pump equipment), a post
supporting an electrical meter and the disconnect (the main power switch, with major electrical
components at an elevation of approximately 6.6 feet NAVD88), and a series of mechanical
components, including the main disconnect, the main transfer station, the main panel board
and the pump control panel in an array behind the elevated hatch. The lowest elevation of
these rear components is approximately 4.5 feet NAVD88. This lift station services a small
neighborhood area consisting of 27 single-family households. Both hatches were designed to
be flood proof, but because the lift station was constructed more than 35 years ago, this study
conservatively assumed that if water was above the upper hatch (i.e., higher than 4.6 feet
NAVD88), the equipment below would be flooded and damaged.

Climate Change Vulnerability Assessment 45 January 2020
Town of Falmouth 2017-0081
See Proprietary Note on Title Page



Woods Hole Group, Inc. ¢ A CLS Company

Figure 4-3.  Park Road Sewer Lift Station.

The flood risk to this site can be considered in two different ways: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. Both types of flood risk
are presented in Figure 4-4. With regards to the potential for daily tidal flooding, the Park Road
Sewer Lift Station site will be at risk from daily high tide flooding by 2050. However, because
the critical components of this asset are elevated above the ground level, daily tides won’t
impact the functioning of this asset until sometime between 2050 and 2070 (access will,
however, become more difficult since the ground around the station will be inundated at high
tides). Based on the results below, however, the Park Road Sewer Lift Station has a 100%
probability of flooding during a storm event, even in present day.
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Figure 4-4.  Present and future flood risk from storm inundation and daily tides for the
Park Road Sewer Lift Station.

Recommendations:

e (Present) Install riser and floodproof hatch on wet well. Reinstall mounted electrical
controls in floodproof electrical boxes. Relocate electrical disconnect and generator
receptacle. Replace pumps with dry-pit submersible pumps or, if with non-submersible
pump, purchase spare motors. >

e (2030/2070) In the mid- to long-term this site is not likely a sustainable location for a
sewer lift station. Additionally, the need for sewer infrastructure at this location may
change as sea-level rise impacts residential homes in the area and/or municipal action
and/or regulatory changes result in fewer residences. An alternative to a sewer lift
station for the remaining residences could also include switching this area to grinder
pumps.

(See the regional adaptation discussion for the Woods Hole area in Section 4.4.2 below.)

*The Town is planning to implement this action in the near term.
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Old Dock Road Pier Upwellers and Shed:

The Old Dock Road Pier (Figure 4-5) was recently rebuilt with great efforts to preserve its
historic character; West Falmouth granite was acquired for the construction. The site contains a
privately-owned shed, which is used for the storage of boat club supplies, but also houses the
water backflow preventer for the municipal dock. The ground floor of the shed is located at an
elevation of 5.95 feet (NAVD88). This backflow preventer is located on the floor and is
connected to the docks by a line that comes up into the shed through the floor. There are no
consequences resulting from the backflow preventer getting wet. There are also two upwellers
located on the pier. The bases of the tanks are at an elevation of 5.34 feet (NAVD88). The
upwellers are only operated seasonally, but they remain in place year-round. Although there
are no consequences resulting from the upwellers simply getting wet, because they are not
permanently attached, if flood water rose to a height above the bottom of the upweller tanks,
they could float free during a storm.

Figure 4-5.  Old Dock Road Pier assets.

The flood risk to this site can be considered in two different ways: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. Both types of flood risk
are presented in Figure 4-6. With regards to the potential for daily tidal flooding, the Old Dock
Road marine related assets will be at risk from daily high tide flooding in 2050. This tidal
inundation will also impact Old Dock Road by 2050, affecting transportation and access to this
site. Based on the results below, however, the Old Dock Road marine assets have a 50-100%
probability of flooding during a storm event, even in present day, making this site very
vulnerable to flooding.
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Figure 4-6.  Present and future flood risk from storm inundation and daily tides for the Old
Dock Road Pier site.

Recommendations:

e (Present) Properly wet floodproof the shed; this would not prevent water from entering
the structure, but would ensure that nothing inside was damaged during a flood event.
(Approximate cost = $3,000)

e (Present) Properly secure upwellers to the pier so they cannot be dislodged during a
storm event. (Approximate cost = $3,000 - $5,000)

e (Present) Assess the pier to ensure it is structurally robust enough to withstand storm
conditions. (Approximate cost = $35,000 for engineering study)

e (2050/2070) By 2050, daily MHW will exceed the elevation of the pier, as well as impact
this section of Old Dock Road. In the long-term, this area will have to be redesigned and
the Old Dock Road Pier and its various assets relocated or raised; raising the structure in
its current location would also require raising Old Dock Road and the co-located water
main as well. Alternatively, a segment of Old Dock Road could be abandoned, resulting
in a dead end road that terminates at the relocated Old Dock Road Pier and associated

boat ramp.
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Woods Hole Drawbridge Hut:

The Woods Hole Drawbridge Hut (Figure 4-7) is located on the southwestern side of the Eel
Pond inlet in Woods Hole. The main mechanical components of the drawbridge are located in
the lower level of the hut, accessed through the metal bulkhead (the 4.78 feet (NAVD88) critical
elevation was surveyed at the lip of the bulkhead); the bulkhead is not currently waterproof. An
external generator is located outside the bulkhead on a raised platform (the base of the
generator is at 7.68 feet, NAVD88). There is also an external submersible pump housed on a
concrete pad to the right of the bulkhead; this component was necessary prior to the recently
installed bulkhead to pump water from the open stairwell.

The flood risk to this site can be considered in two different ways: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. Both types of flood risk
are presented in Figure 4-8. With regards to the potential for daily tidal flooding, the ground
around the Woods Hole Drawbridge Hut will be at risk from daily high tide flooding by 2070.
Based on the results below, however, the ground around Woods Hole Drawbridge Hut has a 50-
100% probability of flooding during a storm event, even in present day, making this site very
vulnerable to flooding. Because the critical elevation for the Woods Hole Drawbridge Hut is
slightly raised, the probability of inundation reaching the lip of the bulkhead (the critical
elevation) is slightly reduced, with a 25% probability in present day and a 50% probability in
2030, but there is still a 100% probability of inundation at 2070.

Figure 4-7. Woods Hole Drawbridge Hut.
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Recommendations:

e (Present) Dry floodproof the bulkhead to protect the interior mechanics of the
drawbridge hut. (Approximate cost = $1,000)

e (Present) Determine whether the submersible pump in the metal box to the right of the
bulkhead is still necessary. If so, raise this component.

e (2030) Raise external generator, potentially on top of the hut. (Approximate cost =
$12,000)

e (2030) Dry floodproof the upper room of the drawbridge hut to protect the vital
electrical equipment that’s inside. (Approximate cost = $4,000)

e (2030/2050) Evaluate the viability and necessity of the Woods Hole Drawbridge and
Drawbridge Hut in the long-term. See the regional adaptation discussion for the Woods
Hole area in Section 4.4.2 below. May not even need drawbridge (or hut) in 2070.

Figure 4-8. Present and future flood risk from storm inundation and daily tides for the
Woods Hole Drawbridge Hut site.
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Town Hall:

Situated at the northern edge of Siders Pond up a slight rise in topography, there is no risk of
flooding from daily tidal inundation to the Town Hall building itself. There is, however, a risk of
daily tidal inundation to the rear parking area by 2070 (Figure 4-9). With regards to flood risk
from storm events, the Town Hall building has a 5% probability of inundation in present day, a
20% probability of inundation in 2030, and a 100% probability of inundation at least once per
year in 2070. Because the next few decades will have a relatively low probability of inundation,
and there is still ample service life left in the building, it is worth retrofitting the Town Hall
building in the short term to protect it from flooding. In the long term, however, the Town
should weigh the remaining service life (i.e., if the Town Hall building requires a major
renovation or rebuild) versus seeking relocation to a higher elevation in Town.

Figure 4-9. Present and future flood risk from storm inundation and daily tides for the
Town Hall site.

Climate Change Vulnerability Assessment 52 January 2020
Town of Falmouth 2017-0081
See Proprietary Note on Title Page



Woods Hole Group, Inc. ¢ A CLS Company

Recommendations:

(Present) Dry floodproof the lower floor of Town Hall to protect the interior spaces; this
will also allow shallow water to flow up against the building without leaking into the
structure. (Approximate cost = $25,000)

(Present/2030) As a broader solution, a berm-like landscaping feature (Figure 4-10)
could be constructed to reduce the likelihood of flooding at Town Hall and the
surrounding areas, including a number of local businesses. The recommendation in
Figure 4-10 involves an earthen berm (or similar structure) approximately 1,000 feet
long that would extend from the higher elevation behind St. Barnabas Church, around
the Ryan Family Amusement building, Town Hall and the read Town Hall parking lot, to a
higher elevation point at the southeast corner of the main Town Hall parking lot.
(Approximate cost = $680,000)

(2070) Consider relocating the Town Hall to a new location. This could involve
purchasing land or utilizing a vacant lot already owned by the Town and constructing a
new building. Alternatively, a suitable existing building elsewhere in Town could be
acquired (or repurposed if already owned by the Town). The cost associated with this
recommendation will obviously vary depending on whether the Town already owns the
land and/or structure, or if property will need to be purchased and/or a new building
constructed. Alternatively, if the berm feature is developed, the use of the current
building for Town Hall functions could potentially last up to or beyond 2070; at that
point the Town could monitor sea-level rise and evaluate how the climate has been
evolving before making a decision.
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Figure 4-10. Proposed berm to reduce the flood risk to the Falmouth Town Hall and
surrounding areas.

4.2.2 Parking Lots

Most of the extremely vulnerable Town parking lots are those associated with public beaches.
Although these are important assets to the Town for recreation and tourism, these lots are not
used during a storm event, and there is very little damage expected to occur to the parking lot
itself from flooding (although there are potential impacts from wave induced erosion, those
impacts are outside the scope of this project). Therefore, in general, the risk is to other assets in
and around the parking lots, rather than the parking lots themselves. The risk is slightly
different for parking lots that are close enough to the coast to receive impacts from waves,
potentially resulting scour and erosion, and therefore higher maintenance and repair costs.
Town parking lots that have the highest potential for significant wave impacts include:

e Megansett Beach Parking

e Old Silver Beach Parking Lots (north and south)

e Chapoquoit Beach Parking

e Woodneck Beach Parking

e \Woods Hole Boat Ramp Parking

e Parking lots along Surf Drive (Oyster Pond Road, Salt Pond, Mill Road, and Surf Drive

Beach)
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e Falmouth Harbor parking lots

e Falmouth Heights Beach Parking

e Bristol Beach Parking Lots (west and east)

e Menauhant Beach Parking Lots (west and east)

The MC-FRM results indicate that the southern Old Silver Beach parking lot is one of the most
vulnerable municipal parking lots in the Town of Falmouth. It is one of the eight public parking
lots that has a 100% risk of inundation under present day conditions. Both Old Silver Beach
parking lots also have a septic system underneath them, as well as a bathhouse and concession
stand adjacent to the parking lot level (i.e., other assets that have a higher consequence of
flooding than the parking lots themselves). For these reasons, combined with the fact that Old
Silver Beach is a large income generator for the Town, this parking lot was selected for
conceptual-level site adaptation planning. Other high-ranking parking lot assets, based on the
composite risk score, include the Woods Hole Boat Ramp Parking Lot, the Surf Drive Salt Pond
and Mill Road Parking Lots, and the parking areas around the Falmouth Inner Harbor.
Conceptual-level site adaptation recommendations are not provided for these additional
locations, but it is assumed that most of the recommendations will be transferrable to other
locations around Town.

Old Silver Beach Parking Lots:

Old Silver Beach consists of two separate parking lots: the northern parking lot is a resident’s
only lot, while the southern lot is the visitor’s lot where a daily parking fee is charged during the
summer. The southern lot has a long extension, referred to by the Beach Department staff as
“the chute”, which grades down to a relatively low elevation (4.3 feet, NAVD88) (Figure 4-11).
Both parking lots contain a septic system under the lot, as well as a bathhouse that contains
restrooms, showers, storage and concessions.
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Figure 4-11. The southern Old Silver Beach parking lot extension (aka “the chute”).

The flood risk to this site can be considered in two different ways: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. Both types of flood risk
are presented in Figure 4-12. With respect to daily tidal inundation, by 2050 the lower 75 feet
of the chute will start to experience daily tidal inundation (medium blue), and by 2070, a
significant portion of the chute will be tidal (light blue) (Figure 4-12). With the exception of the
chute, however, the main parking lots are much higher in elevation, are armored by stone
revetments on their seaward sides, and will remain useable well into the future on a regular
basis, with flooding likely only during major storms. As long as the septic system caps are
appropriately floodproofed, there is very little consequence if the parking lots themselves gets
inundated. There is, however, a much higher consequence if the bathhouse at either parking lot
floods. If water entered either building, particularly in the area of the showers, it would result
in flooding of the septic system, not to mention any water and/or wave damage down to the
building itself. Although presently there is a very low risk of inundation at the bathhouses, 0.2%
and 1%, for the south and north bathhouses respectively, these risks increase to 0.5% and 2% in
2030 and 10% and 25% in 2070. As such, recommendations for this site focus more on the
protection of the building assets rather than the parking lot itself.
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Figure 4-12. Present and future flood risk from storm inundation and daily tides for the Old
Silver Beach site.

Recommendations:

e (Present) Add waterproof seals to the septic caps in both parking lots. (Approximate
cost = $7,000)

e (2030) Begin planning for flood protection measures for the bathhouses. This could
entail a perimeter landscape wall a couple feet high installed around the bathhouses
with access points that could be closed with flood barriers prior to a storm.
(Approximate cost = $600,000 - $800,000 depending on height; 3-4 foot wall vs. 5-6 foot
wall)

e (2030/2050) The elevation and width of the beach should be monitored regularly. If
significant erosion has occurred, beach nourishment should be considered. A wide,
healthy beach is important not only for its recreational and ecological values, but also as
a buffer for the parking lots and infrastructure behind it.

e (2050) Begin phasing out the use of the chute for parking.

e (2050) If buildings are damaged or are in need of major repairs, switch to portable
facilities. (Approximate cost = $225,000 - $300,000 per summer for rental facilities)
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4.2.3 Recreational Features

The Town of Falmouth has a proud tradition of providing open space and recreational
opportunities. From the large tracts of preserved open space to the Shining Sea Bike Path to
playing fields and playgrounds, the availability of high-quality recreation and open spaces are
important to the people of Falmouth. While many of these assets are located in higher
elevations throughout Town, and are not vulnerable to coastal flooding, a number of the
Town’s recreational assets are located in low lying coastal areas; the longevity and recurring
maintenance costs for these assets will need to be considered with regards to probability of
flooding due to sea-level rise and storm impacts. Taft Park, and its various recreational assets,
was the highest ranked recreational asset in Town in terms of its composite risk score.

Taft Park

The Eel Pond area of Woods Hole is densely developed with academic and government
buildings, as well as a commercial strip of restaurants and shops. The remaining area is
sprinkled with private residential buildings surrounding Taft Park (Figure 4-13), a recreational
park that includes a baseball field, tennis courts, a playground, and a sand volleyball court. This
is the only feature of its kind in this part of Town, and provides a valuable recreational resource
for the residents and visitors of Woods Hole village.

Figure 4-13. Taft Park baseball field (foreground) and tennis courts (background).

The flood risk to this site can be considered in two different ways: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. Both types of flood risk
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are presented in Figure 4-14. With a recreational park such as this, the although the probability
of inundation due to storm may be high (30 to 50% even in present day), the actual
consequence inundation is fairly low. However, at the point where the park begins to
experience daily tidal inundation due to sea-level rise, use of the park will certainly be
impacted. The playground, tennis courts and sand volleyball court will not experience daily tidal
inundation until 2070, but the outer portion of the baseball field will start to experience high
tide flooding as soon as 2050 (Figure 4-14). The parking lot would not be impacted by daily tides
through 2070.

Figure 4-14. Present and future flood risk from storm inundation and daily tides for the Taft
Park site in Woods Hole.

Recommendations:

e (Present) No action. Although costly improvements should not be made to the baseball
field.

e (2050/2070) Consider looking for alternate locations to relocate these recreational
assets. The Eel Pond area of Woods Hole is fairly well developed already, but Town
owned properties nearby, such as the Woods Hole Fire Station lot, could be considered.
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e (2050-2070) Consider transitioning Taft Park into a natural wetland area. Walking trails
and/or boardwalks could be added to maintain the open space and recreational use
(albeit a different type of recreational use) of this property.

Shining Sea Bike Path

The Shining Sea Bike Path stretches 10.7 miles from Route 151 in North Falmouth to Water
Street in Woods Hole, and is one of the most iconic features of Falmouth. The most at risk
section of the bike path is near Surf Drive along the Town’s southern coast, but this area will be
addressed in more detail in the follow-up Surf Drive Resiliency Study. This report will focus on
another vulnerable low-lying section of the bike path from Chapoquoit Road to just before
Saconesset Road in West Falmouth.

The 2,400-foot section of the bike path from Chapoquoit Road to just before Saconesset Road
in West Falmouth has a 50% probability of being inundated in any given year in the present.
That risk increases to 100% probability in 2030 and 2070. However, as with the parking lots,
storm flooding of the bike path is not a high consequence event. For the most part, the water
will recede after the storm, and the paved bikeway will be useable again as long as it is not
damaged by higher energy wave of current conditions. A more significant problem occurs when
high daily tides resulting from sea-level rise start to inundate the bike path. This will start to
occur in 2070 in the area bracketed by the red lines in the Figure 4-15. Before that occurs, it
would be beneficial to elevate this portion of the bike path, potentially as a pile-supported
structure that could also benefit salt marsh expansion and establishment on the eastern side of
the path.

Recommendations:

e (Present) No action.

e (2070) Elevate the low-lying section of bike path, ideally using a pile-supported structure
that could also benefit salt marsh expansion where the pathway crosses wetlands — two
separate sections stretching approximately 400 and 500 feet. (See discussion of Great
Sippewissett Marsh in Section 4.3.2.) The rest of the 2,400-foot section could be
elevated on solid fill. (Approximate cost = $2,000,000)
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Figure 4-15. West Falmouth Shining Sea Bike path areas at risk of daily tidal inundation in
the future.

4.2.4 Docks and Piers

The Town marinas at Falmouth Inner Harbor and Green Pond contain various asset types,
ranging from electrical and pump connections, to upweller systems, to the docks and piers
themselves. As water-dependent assets, these features are vulnerable to flooding in present
day conditions. By 2030 and 2070, flooding frequency and depth will increase, making these
assets susceptible to leakage and failure. Of the docks and piers evaluated through this
vulnerability assessment, the Falmouth Harbor and Green Pond Docks ranked the highest in
terms of composite risk score.

Falmouth Harbor Docks

The Falmouth Inner Harbor contains 12 Town-owned floating docks, seven (7) of which are part
of the main marina facility. The floating docks are all connected to a fixed pier that extends
along the perimeter of the harbor area (Figure 4-16); the elevation of this fixed pier ranges from
3.6 to 4.3 feet (NAVDS88). All seven of the main marina docks have slip power pedestals and
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water lines. Breaker boxes controlling the power supply to the dock pedestals are located on
posts at the head of each finger float, approximately 2.2 feet above the fixed pier.

Figure 4-16. Falmouth Inner Harbor docks.

The flood risk to this site can be considered in two different ways: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. With regards to
periodic inundation due to storms, there is a 100% probability that flooding will occur at the
fixed pier during a storm event at least once per year, even in present day. There is a 20%
chance today, a 20% chance in 2030, and a 50% chance in 2070 that this electrical box is
impacted by floodwater during a storm event. The risk from storm flooding can be mitigated by
floodproofing sensitive equipment and ensuring that the docks themselves are structurally
sound. Daily inundation due to high tides over the fixed pier would be more problematic. By
2050, the MHW elevation will be 3.5 feet (NAVD88), only a few inches below the fixed pier
elevation. By 2070, MHW will be 5.3 feet (NAVD88), considerably higher than the fixed pier
elevation, rendering the marina facilities unusable in at high tide.

Recommendations:

e (Present) Ensure that the docks and piers are structurally sound to withstand impacts of
storm waves and winds. The docks should also be assessed to confirm that any floating
elements have sufficient vertical room to migrate (during large storm events), without
becoming unanchored. (Approximate cost = $40,000 for engineering study)
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e (Present) Dry floodproof or shift breaker boxes higher on posts to ensure these
components are not flooded during a storm event. (Approximate cost = $5,000)

e (2050) Raise the bulkhead height of the main marina facilities to account for higher daily
tidal ranges and add fill behind (Approximate cost = $5.3 million to raise bulkhead by 3
feet and add fill behind it), or include a flood control feature (e.g., wall) (Approximate
cost = $2.5 million to build 3 foot wall).

Green Pond Docks

The Town marina at Green Pond has a combination of fixed wooden docks and floating dinghy
and launch docks. The fixed dock (closest to the road) houses the power and water supplies for
all four of the Town slips, as well as the shellfish propagation upwellers. The fixed dock
elevation is 4.99 feet (NAVD88) (Figure 4-17). The breaker box controlling the power supply is
located on a post at the head of the pier, 2.8 feet above the fixed pier. The upwellers are
located at the seaward end of the fixed pier, with the base of the upwellers located 3 inches
above the fixed pier elevation.

Figure 4-17. Green Pond Dock (1) with electrical equipment mounted on a panel in the front
and the upwellers at the far end of the dock.

The flood risk to this site can be considered in two different ways: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. With regards to
periodic inundation due to storms, there is a 25% probability that flooding will occur at the
fixed pier of Green Pond Dock (1) during a storm event at least once per year, in present day,
and a 50% and 100% probability in 2030 and 2070, respectively. There is a 1% chance today, a
1% chance in 2030, and a 20% chance in 2070 that this electrical box is impacted by floodwater
during a storm event. As with the Falmouth Harbor Docks, the risk from storm flooding can be
mitigated by floodproofing sensitive equipment and ensuring that the docks themselves are
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structurally able to withstand the waves and currents produced by a storm. Daily inundation
due to high tides over the fixed pier would be more problematic. By 2070, MHW will be 5.3 feet
(NAVDS8S8), resulting in 0.3 feet of water over the fixed pier a twice daily basis due to daily tides,
rendering the dock assets at Green Pond unusable at high tide.

Recommendations:

e (Present) Ensure that the docks and piers are structurally sound to withstand impacts of
storm waves and winds. The docks should also be assessed to confirm that any floating
elements have sufficient vertical room to migrate (during large storm events), without
becoming unanchored. (Approximate cost = $40,000 for engineering study)

e (Present) Properly secure upwellers to the pier so they can’t be dislodged during a storm
event. (Approximate cost = $5,000)

e (Present) Dry floodproof or shift electrical breaker boxes higher on posts to ensure
these components are not flooded during a storm event. (Approximate cost = $2,000)

e (2050/2070) Raise the fixed pier portion of the Green Pond marina facilities to account
for higher daily tidal ranges. (Approximate cost = $15,000 - $20,000)

4.2.5 Coastal Infrastructure and Boat Ramps

Coastal infrastructure, including jetties, groins and boat ramps are located right at the water’s
edge and have higher probabilities of flooding than most roadways and facilities, which are
generally located further inland and upland. As such, the traditional vulnerability assessment
methods were not utilized on these features.

Based on the highest elevations at each of the coastal infrastructure locations and boat ramps
that were assessed, the following features will become completely inundated (i.e., MHW will be
higher than the highest elevation of the structure) in the near term:

Present day:

e Grand Ave Groin (6)
e Bournes Pond Groin (west)
e All three Old Washburn Island Groins

e Megansett Main Jetty

e Megansett Groin

e West Ave Revetment

e Moses Road Jetty

e Sippewissett Revetment

e Little Pond Inner Revetment (east)
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e Menauhant Road Groin (1)

e Menauhant Beach Groin (1)

e Bournes Pond Revetment (west)

e Bournes Pond Revetment (east)

e Washburn Road Groin (2)

e Great Pond Harrington Street Boat Ramp

The necessity of the coastal infrastructure features listed above should be assessed. Features
that are unnecessary and no longer serve a purpose could be slated for abandonment and/or
removal. Features that still have an important role to play should be evaluated, redesigned, and
likely raised in elevation, to continue functioning as intended.

4.2.6 Roads and Bridges

Roadways are by far the most vulnerable infrastructure features in the Town of Falmouth
(Figure 4-18). Segments of major roads and evacuation routes in low-lying areas received the
highest risk scores in this assessment. In general, there are a variety of options for adapting
roadways to sea-level rise and storm surge impacts. These adaptation measures range in
intensity based on the criticality of the road, as well as the type of inundation that needs to be
addressed (e.g. non-essential roads may be allowed to overwash in storms if emergency access
is not necessary, but should be designed to be resilient to storm surge impacts and resistant to
future daily tidal flooding). MassDOT is currently developing a roadway adaptation handbook,
which can be consulted for a variety of adaptation strategies. Strategies can include simple
raising of the roadbed, resilient side slope green infrastructure treatments to reduce
undermining, causeway installation, or bridge construction. Specifics of the site and
environmental conditions will inform the selection of appropriate interventions.
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Figure 4-18. Comprehensive risk score for all roads.

A low portion of Chapoquoit Road, the intersection of Clinton Avenue and Scranton Avenue, the
Route 28/East Falmouth Highway bridge that crosses the Childs River, and the Menauhant Road
Bridge at Bristol Beach/Little Pond were identified as a high-risk roadways and bridges through
this assessment, and were advanced for conceptual-level adaptations. Chapoquoit Road is the
sole egress of the neighborhood at the end of the road; Clinton and Scranton Avenues are
economically important roadways, connecting downtown Falmouth to the Falmouth Inner
Harbor and the southern coast beaches; Route 28 is not only a major road, but also part of the
Town’s evacuation route; and Menauhant Road serves as a crucial transportation corridor along
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the southern coast of East Falmouth, connecting a series of peninsular neighborhoods. All four
are critical roadways for emergency services. It is hoped that the solutions developed for this
suite of roadway and bridge examples may also be leveraged at other similar sites in Falmouth.

Chapoquoit Road

Chapoquoit Road extends from Route 28A/West Falmouth Highway, over a bridge and a culvert
that connects tidal water bodies to West Falmouth Harbor, and along a barrier beach to a
residential neighborhood at the northern end of Chapoquoit point. Approximately 1,700 linear
feet of the road, from the public beach parking lot to the neighborhood in the north, is fronted
by a concrete seawall and revetment (Figure 4-19).

Figure 4-19. Chapoquoit road along the barrier beach, fronted by a concrete seawall and
stone revetment.

As with other assets, the flood risk to Chapoquoit Road can be considered in two different
ways: 1) the potential for daily tidal inundation, and 2) the probability of periodic inundation
during storms. With respect to periodic inundation during storms, the entire road is vulnerable
to flooding during a storm event today, with the lowest portion of the road (just east of the
intersection with Little Neck Bars Road) having a 95% probability of inundation each year
(Figure 4-20). The depth and likelihood of inundation during a storm event increases in the
future, with almost the entire road having a 50-100% probability of flooding in a given year by
2070. Additionally, due to the low elevation of the roadway, portions of the road will also begin
to experience daily tidal inundation by 2070 (Figure 4-20).
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Figure 4-20. Present and future flood risk from storm inundation and daily tides for the
Chapoquoit Road area.

Recommendations:

e (Present) Due to the likelihood of roadway inundation during storms, and the disruption
in transportation and emergency access this would cause, mandatory evacuations
should be considered for the Chapoquoit neighborhood prior to a major storm.

e (2070) Daily tidal inundation of the road by 2070 will require some kind of intervention
to maintain regular transportation and access to the Chapoquoit neighborhood in the
future. It is possible to raise the elevation of the road, but this would require elevating
the roadway from Old Dock Road to the Chapoquoit Beach parking lot, an approximately
2,000—foot length of road. (Approximate cost = $4.7 million) If elevation of the road is
pursued, the Town may want to consider cost-sharing options with the residents at the
end of Chapoquoit Road. Alternatively, a plan for managed retreat from Chapoquoit
Point by 2070 may warrant consideration.
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Clinton and Scranton Avenues

The corner of Clinton and Scranton Avenues forms the southwestern corner of Falmouth Inner
Harbor (Figure 4-21); these roads serve as one of the main pathways from Main Street to Surf
Drive. Although the road itself is Town owned, due to the fact that all the property surrounding
this portion of the roadway is privately owned, it would take a public-private partnership of the
Town of Falmouth working cooperatively with private waterfront property owners, to build a
resilient feature to reduce the flood risk to this transportation corridor.

Figure 4-21. The corner of Clinton Avenue and Scranton Avenue, with Falmouth Inner
Harbor in the background.

As with other assets, the flood risk to the corner of Clinton and Scranton Avenues can be
considered in two different ways: 1) the potential for daily tidal inundation, and 2) the
probability of periodic inundation during storms. While significant segments of both roads are
vulnerable to flooding during a storm event today, the corner where they meet is the lowest in
elevation and has a 73% probability of flooding each year today (Figure 4-22). The depth and
likelihood of inundation due to storms increases in the future, with more than a 2,800-foot
length of these roadways having a 50-100% probability of flooding in a given year by 2070. With
respect to daily tidal inundation, this corner will begin to experience daily tidal inundation by
2050 (Figure 4-22). Without coordinated action in this location, the roadway at this corner may
need to be abandoned in the long-term, rerouting the main traffic corridor through the nearby
neighborhoods.
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Figure 4-22. Present and future flood risk from storm inundation and daily tides for the area
around the corner of Clinton and Scranton Avenues.

Recommendations:

e (Present/2030) Install bulkhead along shoreline to reduce the risk of flooding from
minor storm events. (Approximate cost = $10 million; assumes 1,000 linear feet of
wall/bulkhead)

e (2050) Install a multi-property resiliency feature to address minor flooding and more
commonly occurring storms.

e (2070) Rethink the use of this corner in the long-term. This may include a waterfront
park and/or natural wetland feature, an elevated resiliency feature, an elevated or
rerouted roadway, or some combination of all these adaptations.

Route 28/East Falmouth Highway Bridge over the Childs River

The Route 28/East Falmouth Highway Bridge was also identified as a high-risk asset in this
assessment, and was advanced for conceptual-level adaptation since — although it is a State-
owned roadway — it is a major transportation corridor and critical component of the Town’s
evacuation route.
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The Route 28/East Falmouth Highway Bridge over the Childs River has a low chord elevation of
5.6 feet (NAVD88). This vulnerability assessment used this as the critical elevation, as this is the
first elevation at which flood water will interact with the side of the bridge structure,
potentially causing damage to the bridge itself. This low chord elevation has a 20% probability
of being impacted by flood water today, a 50% probability in 2030 and a 100% probability in
2070. The surface of the roadway on the bridge is, however, more than 3 feet higher (at an
elevation of 8.8 feet NAVD88) than the low chord elevation. Although the probabilities of
inundation are lower for the surface of the roadway, there is still a 1%, 5%, and 50% probability
of water overtopping this bridge and affecting vehicular access in the present day, 2030 and
2070, respectively. Also, unlike many of the other assets discussed in this Section, there is no
risk of flooding from daily tidal inundation to the Route 28/East Falmouth Highway Bridge over
the Childs River (Figure 4-23). Because the topography slopes down to the Childs River
relatively steeply from both sides, the road on either side of the existing bridge is significantly
higher in elevation, providing a suitable site for a bridge elevation project. Note that
consideration would need to be given to the driveway access for the marina on the southwest
side of the bridge as part of an elevated bridge design.

Figure 4-23. Present and future flood risk from storm inundation and daily tides for the area
around the Route 28/East Falmouth Highway bridge over the Childs River.
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Recommendations:

e (Present) Inspect bridge to ensure it is structurally sound and able to withstand
floodwaters; make repairs as necessary.

e (2030 or when major repairs are necessary) Elevate the bridge across the Childs River by
~7 feet (to 16.6 feet NAVD88), as well as the approach roadways. This would provide
protection for emergency access up to and including the 2070 1% chance event (i.e. the
100-year return period event). Since this is a State-owned roadway, cost sharing would
need to be coordinated. (Approximate cost = $1.9 million)

Menauhant Road Bridge at Bristol Beach/Little Pond

Menauhant Road stretches almost 2.5 miles, and crosses four of the Town’s coastal ponds.
While much of the roadway is vulnerable to flooding, one of the highest ranking sections of this
road with regards to its comprehensive risk score is the Menauhant Road Bridge at the mouth
of Little Pond (at Bristol Beach). As with the Route 28 Bridge described above, the low chord
elevation of the Menauhant Road Bridge was used in this vulnerability assessment as the
critical elevation; the low chord elevation at this location is 0.7 feet (NAVDS88), well below
today’s MHW level (Figure 4-24). This means that not only do storm events cause water to
interact with the bridge structure, but tidal currents are acting upon the structure on a daily
basis.

Figure 4-24. Menauhant Road Bridge culvert obscured by high tide.

The roadway surface elevation at the bridge is approximately 4.2 feet (NAVD88). The road
directly above the bridge is actually the highest elevation portion of the roadway fronting Little
Pond; the roadway drops to approximately 2 or 3 feet (NAVD88) on either side of the bridge.
These low elevations not only result in high probabilities that the bridge and roadway will be
inundated during a storm event (a 100% annual chance even in present day), but it also means
this section of roadway is vulnerable to daily tidal inundation in the future (Figure 4-25).
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Given the extremely low elevations of this stretch of roadway, there are no higher elevation tie-
ins to use to raise the elevation of the Menauhant Road Bridge. A long-term solution for this
area, like the Chapoquoit Road area, would either require raising a substantial length of
roadway (approximately 0.5 miles from Grand Avenue to the Great Pond Bridge) or abandoning
this segment of coastal road.

Recommendations:

e (Present) Inspect bridge to ensure it is structurally sound and able to withstand
floodwaters and daily tidal impacts; make repairs as necessary.

e (2030) Construct a temporary berm on the Little Pond side of Menauhant Road, west of
the bridge, to protect the roadway from daily tidal inundation and maintain access and
transportation during non-storm conditions (this could be designed to function through
2050 conditions). (Approximate cost = $250,000)

e (2070) Elevate 0.5 miles of road, replacing this existing undersized bridge with a wider
crossing, to ensure continued use of this transportation corridor. (Approximate cost =
$5.4 million) OR Develop a long-term plan for abandonment of this roadway and bridge.

Figure 4-25. Present and future flood risk from storm inundation and daily tides for the area
around the Menauhant Road bridge at Little Pond.
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4.3 RECOMMENDATIONS FOR NATURAL RESOURCES

Strategies to adapt and protect the Town of Falmouth’s natural resources in the face of rising
tides and increasing storm intensity should be multi-layered, and will focus on maintaining the
enabling conditions that allow coastal resource areas to thrive, restoring degraded systems to
enhance existing coastal resource areas, implementing green infrastructure and living shoreline
solutions to fortify existing natural resource features, and accommodating the migration of
natural resources over time, both vertically and horizontally. It should be noted that while
wetlands are projected to migrate and convert over the time horizons of this study (to 2070)
without significant anthropogenic barriers, longer term migration may be impeded by the
natural topography of the region. The glacial moraine rises steeply in many parts of Falmouth,
and will eventually prevent the lateral migration of wetlands.

Based on the town-wide SLAMM results presented in Section 3.3.2, the Falmouth Steering
Committee selected three coastal areas for which to develop conceptual level adaptation plans
for. Those areas are:

1. Washburn Island,
2. Great Sippewissett Marsh, and
3. Chapoquoit Road wetlands.

Each of these areas is addressed in detail below.

4.3.1 Washburn Island

Washburn Island forms the barrier between Vineyard Sound and Waquoit Bay, a designated
Area of Critical Environmental Concern (ACEC). It is comprised of a barrier beach with coastal
beach and coastal dune resource areas, salt marshes, coastal salt ponds, and upland areas
dominated by a pine and oak forest. Washburn Island is a state-owned preserve, and in 1988
Waquoit Bay was designated as one of 25 reserves in the National Estuarine Research Reserve
System. Although recent trends reveal declining water quality, the bay supports several
commercially important finfish and shellfish species including winter flounder, migratory trout,
alewives, and blueback herring. The barrier beaches, bay and marshes support many species of
upland, shore and aquatic birds. The preservation of the Waquoit Bay system, and all the
ecosystem services it affords, relies on the existence of Washburn Island.

Patterns of habitat change predicted for Washburn Island mirror those seen elsewhere in Town;
there is projected to be a conversion of high marsh to low marsh by 2030, and then continued
inundation results in substantial loss of all forms of salt marsh by 2050 (Figure 4-26). In addition
to changes happening in the salt marsh in the tidal lagoon, a combination of coastal erosion and
sea-level rise results in a narrowing of the barrier beach. The thin sliver of beach left dividing
Vineyard Sound and the tidal lagoon could potentially breach in a storm, resulting in a third
tidal inlet. The formation of an additional inlet would dramatically change the hydrodynamics of
the system, likely impacting tides, currents and shoaling at the existing two inlets.
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Recommendations for this area, with regards to natural resources management, revolve
around reinforcing and increasing the coastal resiliency of the barrier beach, thus ensuring a
stable Waquoit Bay system. In the short term, there is a recommendation for the Town to
engage in a conversation with the state, WBNERR, the Town of Mashpee, the Menauhant Yacht
Club, Waquoit Bay Yacht Club, and other relevant stakeholders about this issue, with the hopes
of coming to consensus on a long-term plan to manage Waquoit Bay and Washburn Island. In
the long term, actions to improve the coastal resiliency of the barrier beach would likely entail a
regular dune and/or beach nourishment program on the south facing shoreline of Washburn
Island. Although true cost estimates would require a nourishment design, a rough estimate can
be calculated by assuming 50 cubic yards of sand per linear foot of beach at $25/cubic yard for
2,500 linear feet: $3.1 million.
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Figure 4-26. SLAMM results for the Washburn Island area.
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4.3.2 Great Sippewissett Marsh

The Great Sippewissett Marsh is a primarily privately owned salt marsh and barrier beach
system on Buzzards Bay in West Falmouth. Ownership is largely split between the Town, Salt
Pond Areas Bird Sanctuaries (SPABS), and the Massachusetts Audubon Society (MassAudubon).
Like Waquoit Bay, it represents an important habitat for shellfish and finfish, as well as
abundant populations of shore and aquatic birds.

Patterns of habitat change predicted for Sippewissett Marsh mirror those seen elsewhere in
Town; there is projected to be a conversion of high marsh to low marsh and tidal flat by 2030,
and then continued inundation by sea-level rise results in substantial conversion of salt marsh
in 2050 and 2070 to tidal flat and open water (Figure 4-27). In addition to changes happening in
the main salt marsh system, a combination of coastal erosion and sea-level rise results in a
narrowing of the barrier beach fronting the marsh. The results also indicate some opportunities
for salt marsh expansion in this area, particularly to the east of the Shining Sea Bikeway.
Multiple lobes of what are currently freshwater wetlands will have the potential to convert to
salt marsh as the MHW level rises.

Recommendations for this area, with regards to natural resources management, are twofold: 1.
enhance and increase the coastal resilience of the main salt marsh area; and 2. promote the
expansion of salt marsh into areas east of the Shining Sea Bikeway. To address the former, it is
important to understand the reason behind the predicted loss of salt marsh in the first place. In
this case, the annual vertical accretion rate of the salt marsh cannot keep pace with sea-level
rise, and eventually the salt marsh platform becomes too low in the tidal range to support salt
marsh vegetation. To combat this, elevation enhancement (e.g., thin layer deposition) is
recommended for the Great Sippewissett Marsh. The logistics (e.g., where would the material
come from, how would it be transported and spread across the site, etc.) and the existing
regulatory constraints (e.g., marsh elevation enhancement projects are currently difficult to
permit in Massachusetts) mean that this is not likely a feasible approach in the short term.
However, this alternative should be considered a long-term goal for the Great Sippewissett
Marsh system. Changes in the regulatory climate and/or a nearby dredge project with ample
material that could be beneficially reused could improve the feasibility of this alternative.
Although the true cost of an elevation enhancement project would include a planning study,
plan development, and permitting, a rough construction estimate can be calculated if you
assume 6 inches of material is placed across 80 acres (~64,500 cy) at a cost of $25/cubic yard:
$1.6 million.

With regards to the expansion of salt marsh east of the bike path, it is recommended (as
described in the Shining Sea Bike Path discussion in Section 4.2.3) that prior to 2070 the lower
elevation stretch of the Shining Sea Bike Path is replaced with an elevated pile-supported path,
similar to the boardwalk across the marsh at Coast Guard Beach in Eastham (Figure 4-28)
(Approximate cost = $2,000,000). This would not only reduce the probability of inundation to
the bikeway, but would also enhance tidal exchange to the salt marsh expansion areas to the
east.
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Figure 4-27. SLAMM results for the Great Sippewissett Marsh area.
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Figure 4-28. Boardwalk/Bike Path at Coast Guard Beach in Eastham.

4.3.3 Chapoquoit Road Wetlands

The Chapoquoit barrier beach system contains a single main roadway (Chapoquoit Road), a
public beach (Chapoquoit Beach), and a neighborhood of private residences at the northern
end. The Chapoquoit Beach parking lot and approximately 1,500 feet of the roadway are
revetted on the Buzzards Bay side. While most people are familiar with Chapoquoit Beach itself
on the Buzzards Bay side of the barrier beach, the Chapoquoit barrier system also contains a
significant amount of salt marsh habitat on the West Falmouth Harbor side, interspersed with
coastal dunes and small tidal creeks (Figure 4-29).

Figure 4-29. Existing wetlands on the West Falmouth side of the Chapoquoit barrier.

The SLAMM results indicate a narrowing beach on the Buzzards Bay shoreline of the
Chapoquoit barrier due to a combination of continued erosion and sea-level rise. On the harbor
side, high marsh is expected to convert to low marsh by 2030, with significant losses of salt
marsh by 2050, and conversion to open water by 2070 (Figure 4-30). The combined effect is a
narrowing of the barrier, reducing its resiliency to storm impacts. There is one area of the
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barrier system where salt marsh is expected to expand, and that is in the existing fresh water
wetland (categorized as Tidal Swamp in Figure 4-30 below) at the southwestern portion of the
residential neighborhood. This area is expected to convert to high marsh by 2050 and to low
marsh by 2070.

Recommendations for this area, with regards to natural resources management, include
reinforcement and enhanced coastal resiliency for the barrier beach system and salt marsh
enhancement. To address the coastal resiliency improvements of the barrier beach system,
actions should consider the barrier beach system holistically — while beach nourishment on the
Buzzards Bay side is vital to protecting the revetment and the roadway and providing continued
recreational resources, and should be pursued if possible, it is also important to address salt
marsh loss and erosion on the West Falmouth Harbor side. This could entail various living
shoreline designs, ranging from salt marsh restoration and/or enhancement to establishment of
oyster beds. As with the Great Sippewissett Marsh, the eventual loss of salt marsh is due to the
fact that the annual vertical accretion rate of the salt marsh cannot keep pace with sea-level
rise, and eventually the salt marsh platform becomes too low relative to MHW to support salt
marsh vegetation. To combat this, elevation enhancement is recommended for the marshes on
the West Falmouth Harbor side of the Chapoquoit barrier. The logistics (e.g., where would the
material come from, how would it be transported and spread across the site, etc.) and the
existing regulatory constraints (e.g., marsh elevation enhancement projects are currently
difficult to permit in Massachusetts) mean that this is not likely a feasible approach in the short
term. However, this alternative should be considered a long-term goal for the Chapoquoit
wetland system. Changes in the regulatory climate and/or a nearby dredge project with ample
material that could be beneficially reused could improve the feasibility of this alternative.
Although the true cost of an elevation enhancement project would include a planning study,
plan development, and permitting, a rough construction estimate can be calculated if you
assume 6 inches of material is placed across 4 acres (~3,225 cy) at a cost of $25/cubic yard:
$80,000.

With regards to the expansion of salt marsh into the existing tidal swamp, it is recommended
that prior to 2050 the tidal creek flowing into this location is evaluated and any existing culverts
repaired and/or replaced as necessary to ensure that daily tides can enter this area. An
estimated cost for a culvert replacement with the required study is approximately $1.25
million.
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Figure 4-30. SLAMM results for the Chapoquoit Road area.
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4.4 REGIONAL ADAPTATION STRATEGIES

Regional or coast-wide adaptation strategies aim to reduce flood risks across a geographical
area that may contain multiple critical municipally owned assets as well as privately-owned
assets including buildings, roadways, and other infrastructure. Some of the large areas at risk of
coastal flooding in Falmouth are at risk because of “flood pathways”, which are low-lying strips
of land that permit coastal flood waters to flow further inland into other (often much larger)
low-lying areas where there is existing development (areas that are usually dry). Solutions to
close these flood pathways, or otherwise address them, are referred to in this report as
regional strategies. In other cases, regional strategies may be related to improving the
protective value of existing natural protections (e.g., dunes, beach) or man-made coastal
structures along an entire stretch of coastline.

Although regional strategies can be expensive to implement, they can be more cost-effective
and straightforward to implement by providing significant reduction in flood risk for a large
number of beneficiaries through a single project, as compared to the cost of a site-by-site
approach of many independent projects. Implementation of regional strategies to address flood
risks in the 2070-time horizon, when most of the Town will face significant risks, may face
higher technical, political, and financial challenges than the less extensive near-term regional
solutions or site-specific adaptations.

The three areas selected by the Falmouth Steering Committee for development of regional
adaptation strategies include:

1. Falmouth Harbor to Main Street,
2. Woods Hole, and
3. Little Pond to Teaticket Park.

The adaptation strategies presented for these areas can be used as templates for developing
solutions for other areas of Town.
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4.4.1 Falmouth Harbor to Main Street

Throughout Section 4, two types of flood risk have been addressed: 1) the potential for daily
tidal inundation, and 2) the probability of periodic inundation during storms. Due to the
topography of the area north of Falmouth Harbor, there is little risk of daily tidal flooding
affecting surrounding properties, now or in the future. There is, however, a discrete storm flood
pathway affecting an approximately 110-acre area north of Falmouth Harbor, which includes
municipal assets such as Morse Pond Middle School, the Gus Canty Community Center, Fuller
Field, and the Inner Harbor Sewer Lift Station, and major roads such as Main Street, Dillingham
Avenue, and Davis Straits, as well as numerous privately owned businesses and residences. This
discrete flood pathway is constrained to an opening approximately 500 feet wide at the head of
Falmouth Harbor. If an appropriate adaptation action were implemented in this location, the
flood risk could be reduced for this entire region that would otherwise be at risk of flooding
between 2030 and 2070 (Figure 4-31).

Figure 4-31. Probability of inundation for the Falmouth Harbor to Main Street area. (White
dots indicate municipally-owned assets that were evaluated as part of this
study.)

A recent study completed by the Cape Cod Commission (CCC), titled Davis Straits Reset Study,
proposed a new greenway area that would reconnect Morse Pond with Falmouth Inner Harbor
and daylight the underground stream (Figure 4-32). The new greenway also consists of a series
of walking or multi-use paths that could link Fuller Field, the Gus Canty Community Center, and
potentially even the Morse Pond School with the Falmouth Inner Harbor Park to the south. This
vision would require the Town of Falmouth to acquire properties, particularly those in low-lying
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areas vulnerable to flooding, overtime to undevelop and create opportunities for opening vistas
along the greenway. The CCC report further suggests that the Town could encourage
redevelopment and infill development on higher ground in the area between the Gus Canty
Community Center and Dillingham Avenue.

Figure 4-32. Cape Cod Commission greenway proposal for the Falmouth Inner Harbor area.
(Source: Cape Cod Commission, 2017)

A regional solution for the Falmouth Harbor to reduce the flood vulnerability of the areas to the
north could actually build off of and complement the CCC proposal (Figure 4-32). A daylighted
river or wetland area could still be incorporated, but an open uncontrolled stream from
Falmouth Inner Harbor to Morse Pond would actually increase the flood vulnerability of the
surrounding area, as it would provide an unimpeded flood pathway. To incorporate a
waterway, while at the same time reducing the flood vulnerability, various options are possible,
including installation of a tide gate, which could be manually closed prior to a storm event to
prevent storm surge from travelling up the water way, or another controllable system to allow
water in during normal tides, but not during storms. It would also be important to evaluate how
this project would affect Morse Pond.
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In addition to a tide control on the waterway, additional components could be added to the
CCC proposal to enhance the flood protection benefits. In the short term, the waterfront parcel
currently owned by the Town could be elevated, using a berm or terraced design (Figure 4-33);
this would provide co-benefits of flood protection, living shoreline habitat, and recreational
space. The access hatches to the Inner Harbor Sewer Lift Station would have to be raised to
maintain access to this key piece of infrastructure once the elevation of the land around it was
raised to create a berm-like feature, but this lift station, which provides service to a large
number of properties, including the Little Pond Sewer area and Falmouth Heights, would likely
be able to remain in place. In fact, by implementing this recommendation, the flood risk to this
important sewer infrastructure will be greatly reduced.

In mid-term, the Town could work with adjacent waterfront landowners to extend this elevated
feature around the head of Falmouth Inner Harbor to fully protect the flood pathway. Long-
term, through property acquisition and undevelopment, Robbins Road could actually be
eliminated, allowing additional recreation and habitat area for a waterfront park, as well as
additional area to expand the flood protection aspect of the project to meet the rising sea-
levels and storm surge elevations of future years. Traffic could either be rerouted between
Scranton Avenue and Falmouth Heights Road via Main Street, or a new connector road could be
created similar to the one shown in the CCC plan.

It is important to note, however, that the CCC plan for a greenway is optional. Coastal resiliency
and flood protection can be achieved through the waterfront berm alone as a protective
feature. The overall vision presented here to show how the CCC plan could still be
implemented, with minor changes, to achieve greater flood protection.
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Figure 4-33. Phased adaptation approach for the Falmouth Harbor to Main Street area.
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4.4.2 Woods Hole

The village of Woods Hole is an economically and culturally important area of Town that is
extremely vulnerable to sea-level rise and coastal flooding. However, there is no discrete flood
pathway that could be addressed to reduce the vulnerability to this region. As seen in Figure 4-
34, large portions of Woods Hole have a high probability of inundation even in present day; that
probability of inundation only increases in 2030 and 2070. Because water will enter Woods
Hole from more than one location (i.e., from Eel Pond, from Mill Pond and Woods Hole Park,
and from overtopping of many of the coastal roads), there is no single discrete flood protection
project that could be implemented to reduce the inundation risk to this area.

Figure 4-34. Probability of inundation for the Woods Hole area. (White dots indicate
municipally-owned assets that were evaluated as part of this study.)

To make matters more complicated, significant areas of developed land will actually be
inundated by regular daily tides. Figure 4-35 shows the projected extent of mean high water
(MHW) in 2030, 2050, and 2070. This figure shows that by 2070 the tidal marsh behind Taft
Park will actually be hydrologically connected to Eel Pond, resulting in a contiguous wetland
area.

In the short term, residences and businesses in these low-lying areas should wet floodproof
their structures. This will provide protection for minor flooding in the near term. However,
there will come a point where roads and properties in these areas are inundated so frequently,
that maintaining them will become unsustainable. In the long term, a regional solution for this
area would likely include abandonment of the areas impacted by daily tidal action (blue shaded
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areas in Figure 4-35). A long-range plan would need to be developed for Woods Hole that could
include buy-outs, retreat and other related actions. Properties at risk of daily tidal inundation in
the future should be prioritized for acquisition and undevelopment. In addition, location
regulations could be enacted to limit rebuilding and/or major repairs in certain high-risk flood
areas once a structure is damaged. The Town may also want to consider setting up special
taxing districts for areas with a high risk of inundation. This would allow major improvements
necessary for a particular area of Town to be paid for largely by residents in that area. As part
of the long-term planning for Woods Hole, the uses of some of these areas could be reimagined
and repurposed. For instance, areas that will be inundated daily could be used to create a larger
harbor, while areas that will be inundated frequently by storm, but not by daily tides could be
converted to a waterfront park or wetland habitat. A re-envisioned future Woods Hole would
be focused around water: expanded parks and marinas, increased boating and kayaking
opportunities, marine and ocean research, etc. (Figure 4-36).

Figure 4-35. Woods Hole areas at risk of daily tidal inundation in the future.

For the part of Woods Hole along Water Street and around the academic buildings and
government offices, the topography is high enough that these properties will not be impacted
by daily tidal inundation through 2070. A look back at Figure 4-34, however, makes it clear that
these areas are still extremely vulnerable to inundation during storms. In the short term,
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buildings and structures in these high-risk areas should be wet floodproofed (Figure 4-36).
Given the high probability of inundation for many of the roads throughout this area of Woods
Hole, the Town may want to consider mandatory evacuations of this area prior to a large storm
event. In the long term, an elevational plan for Water Street and the adjacent buildings could
be developed. Such a plan would require consideration of how to raise both the roadways and
the store fronts so access is not disrupted, while also considering the desire to maintain a
particular aesthetic to the area. It will also be important to continue real time water level
monitoring, such as already occurs through the NOAA tide station (Station ID: 8447930) in
Woods Hole. Although the best available science has gone into the projections presented in the
report, there is considerable uncertainty on the magnitude of sea-level rise that will occur by
2070; it will be crucial to have thresholds for when particular actions will be necessary.
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Figure 4-36. Phased adaptation approach for the Woods Hole area.

Climate Change Vulnerability Assessment 90 January 2020
Town of Falmouth 2017-0081
See Proprietary Note on Title Page



Woods Hole Group, Inc. ¢ A CLS Company

4.4.3 Little Pond to Teaticket Park

There are two types of flood risk to consider in this area: 1) the potential for daily tidal
inundation, and 2) the probability of periodic inundation during storms. In the case of the area
between Little Pond and Teaticket Park, there is some risk of daily tidal flooding affecting
surrounding properties in the future (Figure 4-37). Specifically, there are likely daily tidal flood
impacts to the bowling alley structure by 2070. Additionally, it is worth noting that there are
three consecutive low areas to the west of Little Pond (shown in light green in Figure 4-37) that
would not be inundated by daily tides if no action is taken, due to strips of higher elevation
terrain separating these areas from the main waterbody of Little Pond. However, these higher
elevation areas are narrow, and with minor regrading, these areas are at a suitable elevation to
support salt marsh habitat in 2070.

Although there are very few developed properties likely to be impacted by flooding due to daily
tidal inundation through 2070, there is a discrete storm flood pathway affecting an
approximately 100-acre area by 2070 (Figure 4-38). The area affected includes municipal assets
such as Spring Bars Road and the sewer lift station, as well as numerous privately owned
businesses and residences. This flood pathway is also centered around a historic waterway that
used to connect Little Pond to the wetland in the lower portion of Teaticket Park.

Figure 4-37. Spring Bars Road areas at risk of daily tidal inundation in the future.
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Figure 4-38. Probability of inundation for the Little Pond to Teaticket Park area. (White dots
indicate municipally-owned assets that were evaluated as part of this study.)

A recent study completed by the Cape Cod Commission (CCC), titled Davis Straits Reset Study,
proposed new wetland and grassland habitat areas in the location of what is now the Falmouth
Mall parking lot and shopping centers, as well as a Little Pond extension that would
hydrologically reconnect Teaticket Park to Little Pond (Figure 4-39). This restored habitat would
provide valuable flood storage capacity within the floodplain, and remove vulnerable buildings
and business from a high-risk flood area, while at the same time providing opportunities for
passive recreation through a series of walking or multi-use paths. The CCC plan also proposed a
series of multifamily residential housing units on the perimeter of the restored habitat area.
This vision would require the Town of Falmouth to acquire properties overtime to undevelop
and redevelop, particularly the parcels containing the large box-stores and parking lots in the
Falmouth mall.
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Figure 4-39. Cape Cod Commission greenway proposal for the Spring Bars Road area.
(Source: Cape Cod Commission, 2017)

A regional solution for the Little Pond area to reduce the flood vulnerability of the areas to the
north could actually build off of and complement the CCC proposal. An expansion of the river at
the head of Little Pond, a creation of a large natural habitat or wetland area, and the ultimate
removal of the large commercial buildings would in fact reduce the vulnerability to flooding in
this area. Some consideration should be given to the existing sewer pump station on Spring
Bars Road, as it is currently located at one of the lowest elevations along the street. As this is an
important station, serving a large number of residences, its functionality would need to be
maintained. This could occur through raising the outer components of the station to protect the
pump inside, or the pump station could be relocated outside the floodplain in the long-term.
The construction of a 40B residential housing development is currently underway on the vacant
lot south of Spring Bars Road. Almost this entire lot has a high probability of inundation in the
medium- (2030) and long-term (2070). In fact, by 2070, the southeastern portion of that lot
could begin to experience daily tidal inundation. Through this regional adaptation, steps could
be taken to reduce the flood risk to this new development.

Figure 4-40 below provides a recommended phased approach for the Little Pond to Teaticket
Park area. The overall recommendation, similar to that proposed by CCC, is to undevelop the
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central portion of this area to create a large restored natural habitat and to reconnect the
waterway between Little Pond and Teaticket Park. At the same time, an earthen berm could be
installed around the outer edge of this area to protect the new 40B housing units (2030), and
ultimately many of the remaining businesses and other structures around the perimeter of this
area (2070). Trails could be added throughout the property to promote recreation and public
access of the newly created open space. Finally, to fully restore connectivity between Little
Pond and Teaticket Park, a larger culvert or bridge at Maravista Avenue would be required.
Overall, this solution provides for a combination of both habitat restoration, as well as flood
protection for surrounding municipal assets and private businesses and residences.
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Figure 4-40. Phased adaptation approach for the Little Pond to Teaticket Park area.
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4.5 RECOMMENDATIONS FOR POLICY AND REGULATIONS CHANGES

While many of the recommendations provided in this report can be implemented within the
current regulatory environment, other sea level rise planning actions, such as restrictions on
new construction or major repairs to buildings within high flood risk areas, will likely require
updated municipal policies or regulations. Recommendations for changes to municipal policies
and regulations are listed below:

1. Targeted municipal planning: In many cases, planning for future risks and implementing
appropriate adaptation strategies requires coordination between and leadership from
all of the municipal departments and committees, from the Board of Selectmen and the
Finance Committee to the Conservation and Planning Departments to emergency
responders. Falmouth already has a local committee dedicated to thinking about and
providing recommendations to the Board of Selectmen regarding risks from coastal
flooding, erosion and sea level rise: the Coastal Resiliency Action Committee (CRAC).
Because it will be important for all municipal departments to keep climate change, sea
level rise and flood risks at the forefront of their planning, one recommendation would
be for CRAC to meet regularly (e.g., quarterly) with department heads and the municipal
administration to further discuss the findings presented in this report, and develop
targeted actions and plans for implementing the adaptation recommendations.

2. Incentives for municipal projects that incorporate sea level rise or climate change
planning: In order to promote local projects that adequately plan for the impacts of
climate change and sea level rise, the Town could either require or give preference to
Town-funded projects that clearly demonstrate how they have taken the predicted
impacts of long-term sea level rise into account.

3. Land acquisition for coastal resources migration: The results of this study showed the
likelihood of large reductions in salt marsh habitat by 2070. This is largely the result of
vertical marsh accretion not being able to keep pace with sea level rise, so the marsh
cannot maintain itself in place, and the fact that many salt marshes today abut steeper
topography or impervious surfaces on their upland edge, prohibiting landward
migration as sea level rises. Coastal dune and coastal beach resources will also need
space to overtop and migrate landward in order to be able to naturally maintain
themselves during storms (in the short term) and sea level rise (in the long term). The
Town should continue acquiring (or work with local land trusts to acquire) land adjacent
to coastal resource areas to accommodate the changing conditions of these resource
areas. The Town should consider the natural resources information provided in this
report to identify priority areas for acquisition. Any areas or properties identified as a
priority for acquisition should be included in the next update to Falmouth’s Open Space
and Recreation Plan.

4. Update Multi-Hazard Mitigation Plan: The Town of Falmouth currently has a Multi-
Hazard Mitigation Plan that is approved by FEMA. The most recent plan, adopted by the
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Board of Selectmen in April 2017, will need to be updated and resubmitted to MEMA
and FEMA by 2022 to remain up-to-date. When the update for this plan begins in 2021,
the hazard information on flooding and sea-level rise should be updated based on this
report.

5. Adopt special zoning for high risk areas: As discussed in Section 4.1, one way to avoid
damage from flooding and storms is to designate areas of Town that would have specific
bylaws or policies, such as “no-build” restrictions, or limitations on how many times a
structure can be repaired if damaged during a storm. Zoning is one possibility for
accomplishing this goal. Within these areas, the Town could also either mandate or
incentivize resiliency improving retrofits and infrastructure adaptations, depending on
the property’s repetitive loss history and location within the projected flood area.

6. Long range planning and retreat for low lying neighborhoods: The results of this study
clearly identified some areas of Town that are not only at extremely high risk of
inundation during a storm event today, and increasingly so into the future, but that are
also likely to experience daily tidal inundation due to sea level rise by the 2050 to 2070
timeframe. In these areas, protecting and maintaining most types of infrastructure may
not be feasible. In addition to eliminating ongoing costly repair and maintenance on
repeatedly damaged infrastructure, managed retreat also permits valuable ecosystems
to migrate landward as sea level rises. Practically, however, retreat is often the most
controversial adaptation strategy because it asks so much of the people. There are,
however, a number of methods a Town can pursue to encourage managed retreat:

a. Buy outs and incentives for relocation: Buy outs are one mechanism for
encouraging retreat. Buy out programs are most effective when initiated
immediately after a natural disaster (Siders 2013). It is also helpful to incentive
homeowners to relocate elsewhere within Falmouth; this not only assists in
maintaining a tax base, but also retains a greater sense of community. This can
be done by offering bonus payments for homeowners to relocate nearby or by
developing new housing areas (Siders 2013). The Town could also consider
regulations on lot sizes. There are currently areas of Falmouth with little to no
risk of flooding through 2070 that have minimum lot requirements of 1 acre or a
% acre. Many of the most-at risk parcels are much smaller than this. The Town
could incentivize homeowners to relocate to these less-risky areas by allowing a
transfer of development rights (i.e., a smaller lot size) to the new area. In other
words, a lot currently zoned as a 1 acre minimum would be allowed to be split
into 4 lots if homeowners with at-risk % acre lots wanted to relocate there.

b. Withholding of services and disinvestment from infrastructure: In addition to
direct buy-outs, another mechanism for encouraging retreat from high-risk areas
is the withholding of services and disinvestment from infrastructure (Scarano,
2017). The withdrawal of services ranging from public amenities like road
maintenance and sewer service can be an efficient way to facilitate coastal
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retreat from some areas. The primary obstacle to doing so, however, is a takings
liability. But with a clear strategy and under appropriate circumstances,
municipalities should be able to withdraw some services in order to facilitate
coastal retreat without resulting in a taking. A Town could decide not to invest its
limited resources in repairing repeatedly damaged coastal infrastructure, such as
roadways or sewer lines. Residents who wish to remain could (at least in theory)
privately repair and maintain this infrastructure. The added cost of doing so,
would make relocation more appealing. In addition, the Town could pair phased
divestment from infrastructure with relocation assistance and buyouts for

residents.
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5.0 SUMMARY

The adaptation recommendations in this report present a varied suite of strategies, some
general and some specific, that the Town of Falmouth may consider for future coastal resiliency
building to reduce risks from future sea level rise and storm surge hazards. In many cases, these
strategies are preliminary in nature and would need further refinement in the design phase.
Monitoring for implementation thresholds, as well as adjusting risk and vulnerability
assessments over time given evolving projections will be important elements in the Town’s
coastal resilience program. Additionally, these coastal resilience initiatives would benefit from a
cross-departmental discussion of risk tolerance and cumulative risk. This vulnerability
assessment and adaptation plan defaults to the 1% chance inundation events (i.e. the 100-year
return period events), but certain assets may be better designed to higher or lower risk
thresholds.

The analyses conducted for this project and described in this document are also a resource for
conducting Town-wide vulnerability assessments for non-municipal assets, residential impacts,
and other planning efforts. The supporting MC-FRM, SLAMM, and asset data accompany this
report as digital files.
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