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EXECUTIVE SUMMARY

Coastal tourism, recreational use and enjoyment of natural, coastal resources, and the ecosystem
services these resources provide are large contributors to the State’s economy as well as to the six
towns of Martha’s Vineyard. To sustain activities such as these, managers, first responders, and
public works professionals in low-lying coastal communities need information for real-time, and
future planning purposes that is responsive to the threats posed by coastal hazards such storms and
related flooding on a scale commensurate with local management priorities and responsibilities.

Storm tide pathways are the places where water will begin to flow inland for a given elevation.
These lowest of points in low-lying areas are where the focus should start when dealing with
inundation. However, they do not represent the only places that water will flow. The mapping of
storm tide pathways provides town staff and the public with contemporary information on the
location of the potential pathways that, depending on the magnitude of a storm, convey coastal
flood waters inland, enabling communities to respond to real time events and prevent future
inundation. Storm tide pathways describe spatially and quantitively how coastal waters can flow
inland during a flooding event associated with storm surge, extreme high tides, or sea level rise.

Martha’s Vineyard was mapped in 72 foot increments starting at an elevation of 0.5 feet above
mean higher high water up to a historical high-water elevation of 9.4’ (2.87m) North American
Vertical Datum of 1988 (NAVDS&8) for the 1938 Hurricane measured off the cliffs of Aquinnah.
This is the ‘project storm of record’. Approximately 8.5 feet were added to account for future sea
level rise. For uniformity across the Island, initial mapping was conducted with all elevations
referenced to NAVDS8S8. Elevations were subsequently converted to Mean Lower Low Water
(MLLW) for Vineyard Haven, the local tidal datum referenced by the National Weather Service
for its total water level projections.

Field work to verify and locate storm tide pathways (STPs) accurately was conducted concurrently
by two field crews over four days from March 15-18,2021. A total of 793 pathways were identified
in the initial desktop analysis. In the laboratory analysis, approximately 174 desktop STPs were
eliminated and 81 new STPs added for a total of 700 STPs identified for field evaluation. Upon
completion of the field surveys and analysis, a total of 716 STPs were identified for the six
Vineyard towns.

The Center for Coastal Studies has developed a flooding category to aid in the analysis for this
study called the ‘Storm of Record +1ft’ or SOR +Ift. This is determined by starting at the peak
water elevation for the Storm of Record for an area and adding one foot. These are areas that have
not flooded since 1938 but are only inches above that water elevation. Given rising sea level and
increasing storm intensities it is critical for first responders, managers, public works professionals,
stakeholders, and the public to plan for flooding in these areas. To illustrate the nature of the future
challenge facing low-lying communities this study has identified 47 pathways between 11.5 and



12.5 ft MLLW that have not flooded since the 1938 Hurricane and are only one foot above that
historical high-water elevation, used for this mapping effort. Municipalities should be aware of
the pathways that are just above the project storm of record and what resources would be affected
by flooding in these areas and what steps should be taken. Further, through those 47 storm tide
pathways more than 767 acres throughout the study area will be flooded that have yet to be flooded
during a previous storm event. This represents a dramatic change in low-lying coastal areas the
specifics of which may be unknown to many municipalities. Displaying these complex spatial
datasets to the lay person is also a focus of this study.

Based on analysis conducted for this study, on average approximately 350 acres of land are
inundated for every 6-inch increase in total water level from 2.5 feet to 19.5 feet MLLW. These
range from 213.2 to 777.8 acres. Therefore, a 1-foot rise in sea level would permanently inundate
approximately 700 acres. This ranges from a low of 464.2 (4.0 — 5.0 ft, MLLW) to 1,075.7 acres
(7.0 — 8.0 ft, MLLW).

A low-lying roads assessment was also conducted for Martha’s Vineyard in this study. The metric
of 1 foot of water on a road was used to determine when that road was ‘impacted’. Ten miles of
road, islandwide, will have at least 1 foot of water during Nuisance Flooding, the lowest flooding
category from the National Weather Service, those ten miles are spread over 36 different roads.
Eighteen miles of road are impacted along parts of 68 roads during Minor Flooding. Moderate
Flooding sees the most miles flooded of any category at 32.9 affecting 87 roads. The highest
numbers of roads are inundated during Major Flooding at 91 with a decrease to 27.5 miles of
individual roads flooded. Approximately 20 miles of road are inundated within the SOR +Ift
category on 58 roads, it is critical to reiterate that the flooding in the SOR +Ift category occurs in
areas that have not been flooded since at least 1938 and it is essential that preparations are made
for this inevitable flooding that will occur in these areas.



PROJECT BACKGROUND AND OVERVIEW

The low-lying communities of the Island of Martha’s Vineyard have historically been vulnerable
to inundation associated with coastal storms and flooding. As sea level rises, the threats associated
with storm and nuisance tides are exacerbated particularly as the frequency and intensity of coastal
storms appears to be increasing. Martha’s Vineyard being an island further exacerbates the
pressures of sea level rise and limits the viability of some long-term mitigation measures such as
relocation. While contemporary historical high-water elevations for the Island appear to be
associated largely with hurricanes, the impact of the Nor’easters of 2007, 2015 and 2018 to the
Cape area highlights management challenges that are becoming more acute as current climate
conditions appear to be producing higher intensity or longer duration storms accompanied by large
storm surges that result in significant coastal flooding events.

Consensus among scientists indicates that sea levels are rising at an increasing rate. Therefore,
much attention has been focused on efforts that enhance adaptation and increase resiliency related
to climate change in coastal settings. As shown in Figure 1, current projections vary from a low of
0.6 feet to a high of 10.3 ft by the end of this century. However, such a broad range of projected
sea level rise creates significant uncertainty for coastal managers faced with identifying potential
hazards to and vulnerabilities of property and infrastructure, prioritizing response actions, and
demonstrating to local governments the need to undertake actions despite the unavoidable
uncertainties inherent in century-scale sea level rise projection scenarios. Annual or even decadal
planning horizons are not easily defined or addressed within the context of sea level rise. Further,
discussions and effective response actions, implementable at the local level, are difficult to
identify.
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Figure 1. Relative sea level rise scenario estimates (in feet NAVDS88) for Woods Hole, MA. Taken from
https://resilientma.org/changes/sea-level-rise accessed on June 19%, 2021.




In addition to the issue of defining a suitable planning horizon to address sea level rise, the ability
of coastal managers to identify potential vulnerabilities effectively and efficiently and to educate
residents and community leaders about the threats associated with coastal inundation has been
severely limited by the lack of accurate elevation data at a scale that is usable at the community
level. For example, Flood Insurance Rate Maps (FIRMS), produced by the Federal Emergency
Management Agency (FEMA), have long been standard planning resources for coastal
communities, however, these maps were intended to facilitate the determination of flood insurance
rates and historically have lacked the topographic detail necessary for focused planning efforts.
Until recently the accuracy of relatively low-cost elevation data has been appropriate only for
general planning at regional scales and not appropriate for identifying inundation and flooding
impacts over timeframes that meet the needs and budgets of most municipalities. Numerical
modeling of storm surge, sea level rise, waves, or sediment transport (coastal erosion) can be
effective for regional efforts to understand coastal evolution but can also be cost prohibitive.
Further, vertical uncertainties associated with some of these models can be too coarsely scaled to
inform site-specific decisions expected of local coastal managers.

Based on the long-range projections of sea level rise, and the catastrophic damages associated with
large coastal storms, much attention nationwide is focused on long term strategies to reverse
current climate trends and slow the rate of, or reverse sea level rise. Strategies to reduce greenhouse
gas emissions, to promote green energy, and to deal with rising temperatures, glacial ice melt, and
thermal expansion of sea water over the next hundreds of years are being discussed and debated at
the international, national, and state levels. Clearly the planning and costs to confront these issues
are long term and capital intensive. Often lost in these discussions are viable hazard planning
strategies that can be adopted and implemented at the local level within the shorter planning
horizons and financial means of local municipalities.

Recognizing the limited financial and technical resources of coastal communities and their unique
geography, local responses and strategies to sea level rise and climate change need to operate
effectively in the context of short-term planning horizons and frequently changing leadership.
Specifically, short term planning efforts should identify actions or responses that are:

e Achievable within an appropriate time frame (e.g., 30 years)
e Implementable with current technology

e Financially feasible

e Politically viable (i.e., not extreme — e.g., wholesale retreat)
e Adaptable to changing future scenarios

e Focused on both infrastructure and natural resources

While sea level rise projections are clearly critical for longer term planning considerations,
particularly for large scale efforts, actual past, present, and future storm tide elevations provide



another effective means of characterizing local coastal hazard vulnerabilities for community level
planning actions. Figures 2a and 2b depict estimates of historical storm tide elevations for the
Boston area (an east facing shore) and representative south facing shores, for various 17" — 215
century storms compiled from various sources. The current projections for the highest sea level
rise scenario and the NOAA regression rate scenario are based on current tide gauge data obtained
from the Boston tide gauge are shown through the year 2100.
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Figure 2a. Estimates of Historical Storm Tides for the Boston Area.
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Figure 2b. Estimates of Historical Storm Tides for the South Shore.



Identifying potential future storm tide heights, coastal flooding extents, and areas of potential
vulnerability using historical data provides several benefits to coastal communities. First, using
actual historical storm tide data to identify coastal hazard vulnerabilities helps communicate a
higher level of certainty by removing sea level rise and the disparity of projections (Figure 1) from
the discussion of the most appropriate sea level rise elevation upon which to base short term
planning strategies. Sea level rise notwithstanding, storm tides of significant magnitude have been
experienced in the past and will continue to be experienced in the future. Second, contemporary
storms of record provide an accurate, actual (i.e., indisputable) reference elevation that towns can
plan for when history repeats or surpasses itself. Finally, as discussed below, using emerging data
gathering technologies to identify inundation impacts will yield valuable information that can be
used by coastal communities to plan and implement ground level strategy in response to sea level
rise.

METHODS
Composite Storm Tide Profile for Mapping Martha’s Vineyard STPs

Overview

The use of the historical record to supplement predicted storm and spring tide elevation data can
provide valuable baseline information to Emergency Managers, Public Works Departments,
Harbormasters and Coastal Resource Managers. Independent of long-term sea level rise
projections, storm surge projections considered in the context of contemporary storms of record
and accurate ground elevation data can be used to map the location of storm tide pathways with a
high degree of certainty. As demonstrated in previous storm tide pathway mapping projects in
Provincetown (Borrelli, et al., 2016a), Nantucket (Borrelli, et al., 2016b), Truro (Borrelli et al.,
2017), Scituate and Cohasset (Borrelli, et al., 2020), funded by the Massachusetts Office of Coastal
Zone Management Management’s Coastal Resiliency Grant Program and the Municipal
Vulnerability Preparedness (MVP) Program, when referenced to a common vertical datum that
spans the land-sea interface, these data can be used by towns as the basis for short-term community
planning decisions and real-time decisions necessary to respond to approaching coastal storms and
related storm surge.

Characterizing Coastal Inundation

As relative sea level continues to rise, many coastal communities have begun to experience minor
flooding with the higher tides of the month (e.g., spring tides). Often referred to as nuisance
flooding since it is rarely associated with dramatic building or property damage, this type of
flooding is becoming more frequent, resulting in chronic impacts that include overwhelmed
drainage systems, frequent road closures, and the general deterioration of infrastructure not
designed to withstand saltwater immersion (Sweet, et. al., 2014).



In addition to minor monthly inundation, many coastal communities are also experiencing severe
flooding associated with relatively short duration, high intensity coastal storms. The term storm
tide refers to the rise in water level experienced during a storm event resulting from the
combination of storm surge and the astronomical (predicted) tide level. Storm tides are referenced
to datums, either to geodetic datums (e.g., NAVD88 or NGVD29) or to local tidal datums (e.g.,
mean lower low water (MLLW) or mean low water (MLW)). Storm surge refers to the increase in
water level associated with the presence of a coastal storm. As the arithmetic difference between
the actual level of the storm tide and the predicted tide height, storm surges are not referenced to
a datum.

Storm surge magnitude and the time at which the maximum surge occurs relative to the stage of
the astronomical tide are critical components of the maximum storm tide elevation experienced
during any storm. The significance of this relationship is illustrated by the following example.

The highest observed tide for the Woods Hole tide gauge (#8447930, established on August 10,
1932) occurred at approximately midnight (12:00 AM) on September 21, 1938 (the Hurricane of
’38) with a maximum storm tide elevation of 9.42 feet (2.87 meters) NAVDS8!. As shown on
Figure 3, this maximum water level occurred approximately a half hour before the predicted
astronomical low tide of -1.52 feet (-0.46 m) NAVDS88 at 12:28 AM. The corresponding storm
surge (storm tide elevation — predicted tide) was, therefore, approximately 10.94 feet.
Significantly, had this storm surge occurred at the time of the previous or next predicted high
water, the maximum storm tide elevation could have been approximately 12.0’ (3.7 m) NAVDS8S8
or approximately 2.6 feet (0.8 m) higher.

NOAA/NOS/CO-OPS
Tide Predictions at 8447930, Woods Hole MA
From 1938/09/20 12:00 AM LST/LDT to 1938/09/22 11:59 PM LSTILDT
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Figure 3. Predicted Tides, NOAA Tide Station 8447930, Woods Hole MA. The highest observed water level of 9.42’
NAVDSS for the station occurred at midnight (12:00 AM) on September 21, 1938, during the Hurricane of ’38.
(Source: https://tidesandcurrents.noaa.gov/noaatidepredictions.html?id=8447930).
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With average tide ranges on Vineyard and Nantucket Sounds ranging generally between 1.5 feet
(0.45 m) and 4.0 feet (1.2 m) the timing of coastal storms for the immediate areas to the south of
the Cape is perhaps less significant than for areas north of the of the Cape where tide ranges
routinely exceed 9.5 feet (2.9 m). Notwithstanding differences in tide range, all storms on the
Vineyard are possible of doing damage regardless of when they occur. For example, recognizing
that coastal areas are generally low lying with low to moderate relief, an increase of 2.6 feet (0.8
m) to the storm tide elevation for example at the Woods Hole tide station could increase the height
and inland extent of coastal storm tides sufficiently to result in severe damage to myriad properties
depending on the nature of the adjacent topography.

Acknowledging the importance of not only the magnitude of the predicted storm surge but when
it will occur relative to the stage of the tide, the National Weather Service (NWS) in Norton, MA
maintains an informative website that depicts the relationship between predicted tidal cycles and
estimates of storm surge and total water level at wvarious Massachusetts locations
(http://www.weather.gov/box/coastal)? as coastal storms approach New England. This project will
provide information to the NWS Norton office with an additional data set of accurately mapped
storm tide pathways that can be incorporated into its coastal storm surge website to reduce the
uncertainty and improve the utility of storm tide inundation forecasts for the Vineyard Sound area.

A Word about Datums

A datum is a reference point, line, or plane from which linear measurements are made. Horizontal
datums (e.g., the North American Datum of 1983 (NADS83)) provide a common reference system
in the x, y-dimension to which a point’s position on the earth’s surface can be referenced (e.g.,
latitude and longitude). Similarly, vertical datums provide a common reference system in the z-
direction from which heights (elevation) and depths (soundings) can be measured. For many
marine and coastal applications, the vertical datum is the height of a specified sea or water surface,
mathematically defined by averaging the observed values of a particular stage or phase of the tide,
and is known as a tidal datum (Hicks, 1985).? It is important to note that as local phenomena, the
heights of tidal datums can vary significantly from one area to another in response to local
topographic and hydrographic characteristics such as the geometry of the landmass, the depth of
nearshore waters, and the distance of a location from the open ocean (Cole, 1997).4

As almost every coastal resident knows, tides are a daily occurrence along the Massachusetts coast.
Produced largely in response to the gravitational attraction between the earth, moon and sun, the

2 At the time of writing the NWS website was down for redesign. The web address may change after the redesign is completed.

3 The definition of a tidal datum, a method definition, generally specifies the mean of a particular tidal phase(s) calculated from a
series of tide readings observed over a specified length of time (Hicks, 1985). Tidal phase or stage refers to those recurring aspects
of the tide (a periodic phenomenon) such as high and low water.

4 For example, the relative elevation of MHW in Massachusetts Bay is on the order of 2.8 feet higher than that encountered on
Nantucket Sound and 3.75 feet higher than that of Buzzards Bay.



tides of Massachusetts are semi-diurnal - i.e., two high tides and two low tides each tidal day.’
Although comparable in height, generally one daily tide is slightly higher than the other and,
correspondingly, one low tide is lower than the other. Tidal heights vary throughout the month
with the phases of the moon with the highest and lowest tides (referred to as spring tides) occurring
at the new and full moons. Neap tides occur approximately halfway between the times of the new
and full moons exhibiting tidal ranges 10 to 30 percent less than the mean tidal range (NOAA,
2000a) (Table 1).

Tidal heights also vary over longer periods of time due to the non-coincident orbital paths of the
earth and moon about the sun. This variation in the path of the moon about the sun introduces
significant variation into the amplitude of the annual mean tide range and has a period of
approximately 18.6 years (a Metonic cycle), which forms the basis for the definition of a tidal
epoch (NOAA, 2003). In addition to the long-term astronomical effects related to the Metonic
cycle, the heights of tides also vary in response to relatively short-term seasonal and
meteorological effects. To account for both meteorological and astronomical effects and to provide
closure on a calendar year, tidal datums are typically computed by taking the average of the height
of a specific tidal phase over an even 19-year period referred to as a National Tidal Datum Epoch
(NTDE) (Marmer, 1951). The present NTDE, published in April 2003, is for the period 1983-2001
superseding previous NTDEs for the years 1960-1978, 1941-1959, 1924-1942 and 1960-1978

(NOAA, 2000a).
Table 1. Common Tidal Datums (*Source: NOAA, 2000b).

Tidal Datum Definition

Average of the highest high water (or single high water) of each tidal day

Mean Higher High Water MHHW
ean Higher High Water ( ) observed at a specific location over the NTDE*

Average of all high-water heights observed at a specific location over the

Mean High Water (MHW) NTDE*

Arithmetic mean of hourly tidal heights for a specific location observed

Mean Sea Level (MSL) over the NTDE*

Arithmetic mean of mean high and mean low water calculated for a

Mean Tide Level (MTL) specific location

Average of all low water heights observed at a specific location over the

Mean Low Water (MLW) NTDE*

Average of the lowest low water (or single low water) of each tidal day

M L Low Water (MLLW . .
ean Lower Low Water ( ) observed at a specific location of the NTDE*

The Mapping of Storm Tide Pathways

Initial mapping of storm tide pathways begins with a computer-based analysis of the most
representative lidar data. This analysis is then supplemented with field verification of the lidar data
and conditions on the ground at the time of mapping. Typically, the latest lidar data set available
will not represent the current conditions at the coast in every instance. The coastal environment is

5 A tidal day is the time or rotation of the earth with respect to the moon, and is approximately equal to 24.84 hours (NOAA,
2000a). Consequently, the times of high and low tides increase by approximately 50 minutes from calendar day to calendar day.

9



dynamic and constantly evolving and therefore the rigorous and time-consuming fieldwork of
verifying the lidar and real-world conditions are important to this process.

Desktop Analysis

The ability to conduct accurate fieldwork is an important component of the STP verification
process. First, though lidar data is the most accurate and cost-effective spatial data collected over
broad areas, it only characterizes the topography of the mapped area for the actual date/time of the
data acquisition. Due to the dynamic nature of the coast and its relationship to coastal flooding
patterns, the location of many natural storm tide pathways is ephemeral with new pathways
emerging in areas that have never flooded in the past. Second, the use of an RTK-GPS instrument
provides the accuracy necessary for acquiring and verifying 3-dimensional positional data. In this
way field data collected with the Center’s GPS are used to corroborate or eliminate the presence
of STPs identified in the desktop lidar analysis. Third, due to the dynamic nature of coastal
environments, visual assessment of STPs in their geographic setting, often reveals changes in the
landscape that are not evident in a desktop analysis of lidar data. Lastly, as noted above and also
related to the ephemeral characteristics of the areas proximate to the shoreline, even the most
current lidar is frequently out of date in these dynamic areas. Consequently, the GPS survey,
coupled with field observation of each STP, provides the most current information regarding STPs
that may have been modified due to changes in landform.

Martha’s Vineyard has many public and private structures meant to protect infrastructure by
controlling storm surge and the overland flow of sea water. Accurately mapping the pathways by
which water flows inland necessitated the creation of an elevational dataset inclusive of all
structures that influence the water’s path, or those whose omission would otherwise misrepresent
the reality on the ground. Specifically, we sought to map bridges, whose representation in lidar
surfaces is often inaccurate, and seawalls, which impede overland flow, but would not typically be
included in a digital terrain model (DTM), which by definition includes only bare-earth points.
Our goal was to improve upon the standard bare-earth DTM by adding in bridges and walls to
more accurately model storm tide pathways.

LIght-Detection And Ranging, or lidar, is like radar and sonar but rather than using radio or sound
waves it uses light. The lidar used for this study was from a 2016 overflight and was obtained from
the NOAA Data Access Viewer (DAV) as 581 lidar files covering the area of Martha’s Vineyard
and were downloaded in the NADS3 (2011) horizontal datum, NAVDS88 vertical datum, and the
UTM zone 19N projection. This raw point data of 11+ billion returns included all the points
collected during lidar acquisition and came classified by the provider into 4 classes: unclassified,
ground, noise, and water.

The ground classified points were the basis for the hybrid digital elevation model (DEM), as they
are free of vegetation and man-made objects. No reclassification of this point class was necessary,
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and all the points were used. The water and noise classes were discarded because it was unlikely
that they would contain the features on interest in mapping storm tide pathways. The features of
interest were drawn from the points that were previously left unclassified by the lidar product
provider. This class contained nearly 8 billion lidar returns, so it was necessary to separate out the
points that were features of interest with regards to coastal flooding (e.g., bridges and walls) from
those that were not of interest through a classification process.

The classification started by compiling shapefiles of known public and private structures, taken
from the Massachusetts Ocean Resource Information System (MORIS) website created by the
Massachusetts Office of Coastal Zone Management, then supplementing the files with additional
hand-digitized walls and bridges. Once a shapefile existed that contained all the features of interest,
it was used to classify the points that fell within the polygons into a new class. This class was then
merged into the existing ground class to create a point cloud consisting of ground returns as well
as returns representing low walls, high walls, and bridges. An added benefit of this work is related
to the post-processing of lidar collected via aerial surveys that sometimes introduce uncertainties
that exaggerate or diminish features in three-dimensional data and, as a result, can obscure or
conflate the presence and scale of an inundation pathway. These effects have been shown to be
associated with ‘bare earth’ models where elevations tend to be “pulled up” adjacent to areas where
buildings have been removed (Figure 4) or “pulled down” in areas where bridges and roads cross
streams or valleys, further emphasizing the value of field verification. A raster was generated at
1 m resolution from the classified point cloud.

1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 S50 52 54 56 58 60 62 64 66

Create Profiler Object Tools  ~| V-Scale: 224 Lock 2D Distance: | 66.2322 Surface Distance: =~ 67.2620 Slope: 0.00° Close

Figure 4. Example of ‘pull up’ near a water tower in Provincetown. Dotted red line is more representative of elevations
at the water tower. Blue line in image is location in profile. Profile units = meters (Vert. NAVDS8S, Hor. NADS3),
image taken from Borrelli, et al. 2017

All lidar data are downloaded in a raster format, brought into ESRI’s ArcGIS software, and divided
into smaller tiles to facilitate data analysis and archiving. These lidar tiles are then brought into
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QPS’s Fledermaus data visualization software for initial screening. While acquired by CCS as an
integral component of its Seafloor Mapping Program, the Fledermaus software package has proven
to be an ideal platform for the initial desktop identification of storm tide pathways where the
accuracy of the initial analysis is limited primarily by the uncertainty and resolution of the lidar
itself. The power of Fledermaus lies in its ability to work efficiently with very large data files.
Although individual files can be multiple gigabytes in size, Fledermaus moves rapidly through the
data for visual inspection, ‘fly-throughs’, and similar functions. Using the Fledermaus software,
horizontal planes representing incrementally higher flood levels are created and used to identify
the corresponding potential pathway elevation. These planes are added to a Fledermaus project or
‘scene’ and form the basis for the initial pathway identification. (Figure 5).

Figure 5. Draped aerial photograph over Lidar surface in North Truro. Blue areas are horizontal plane created in
Fledermaus at increasing elevation. Lower right is example of a storm-tide pathway with accompanying profile. These
images were generated before field work to identify potential STPs (image taken from Borrelli, et al. 2017).

Another valuable feature of this data visualization software is the ability to drape 2-dimensional
data, such as a vertical aerial photograph, over a 3D dataset (lidar). This allows the analyst to better
document the STP location and to acquire information about the substrate on which the STP is
located and its landscape setting. For example, an STP found on or near an ephemeral coastal
feature such as a sandy beach or dune is characterized differently than one atop a concrete wall or
other relatively static feature. In addition to providing managers with information on how to
address an individual STP, these characterizations also inform the field team to more closely
examine areas that are naturally evolving and to inspect the area for other to potential STPs that
might not have appeared in the now dated lidar. The ability to drape aerial photographs proved
extremely helpful for conducting the GPS field work, serving as a quick means of orientation, and
placing the potential STP in its broader geographic context.
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Field Work

Once a preliminary inventory of potential Martha’s Vineyard STPs was compiled in the desktop
analysis and reviewed in a group setting by the project team, an extensive fieldwork assessment
program was conducted to verify the presence or absence of the STP. When the presence of an
STP was confirmed, the accurate horizontal and vertical location was obtained with the Center’s
Trimble® R10 GNSS receiver utilizing Real-Time-Kinematic GPS (RTK-GPS). The Center
subscribes to a proprietary Virtual Reference Station (VRS) network (KeyNetGPS) that provides
virtual base stations via cellphone from Southern Maine to Virginia, including a station located on
the roof of the Center’s laboratory building. This allows the Center to collect RTK-GPS without
the need for a terrestrial base station or to post-process the GPS data, streamlining the field effort
and increasing field work efficiency.

The Center performed a rigorous analysis of this system to quantify the accuracy of this network
(Borrelli, et al, 2021a). Over 25 National Geodetic Survey (NGS) and Massachusetts Department
of Transportation (DOT) survey control points, with published state plane coordinate values
relating to the Massachusetts Coordinate System, Mainland Zone (horizontal: NAD&3; vertical
NAVDSS), were occupied. Control points were distributed over a wide geographic area of the
Cape and Islands.

Multiple observation sessions, or occupations, were conducted at each control point with
occupations of 1 second, 90 seconds, and 15 minutes. To minimize potential initialization error,
the unit was shut down at the end of each session and re-initialized prior to the beginning of the
next session. The results of each session (i.e., 1 second, 90 second, and 15-minute occupations)
were averaged to obtain final x, y, and z values to further evaluate the accuracy of short-term
occupation. Survey results from each station for each respective time period were then compared
with published NGS and DOT values and the differences used to assess and quantify uncertainty.
Significantly, there was little difference between the values obtained for the 1 second, 90 second,
and 15-minute occupations. The overall uncertainty analysis for these data yielded an average error
0f 0.008 m in the horizontal (H) and 0.006 m in the vertical (V). An RMSE of 0.0280 m (H) and
0.0247 m (V) yielded a National Standard for Spatial Data Accuracy (95%) of 0.0484 m (H) and
0.0483 m (V).

In addition, prior to beginning STP field work, existing horizontal and vertical control established
by the National Geodetic Survey and tidal benchmarks established by NOAA’s Center for
Operational Oceanographic Products and Services (CO-OPS) were occupied to verify that GPS
settings had not been altered and that the results would meet STP mapping objectives. Table 2
summarizes these results of these occupations and includes statistics confirming that field survey
results meet objectives for mapping STPs.
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At the completion of the desktop analysis, all potential STPs were compiled into a spatial database
with X, y, z coordinates and uploaded into the Center’s GPS. Using the “stakeout” function and
aerial photographs to navigate to the precise location identified with the lidar, each potential STP
location, and the adjacent area, was inspected by a 2-3-person team and occupied with the GPS
mobile unit. This served four purposes, first to map the real-world location of the STP identified
during the desktop analysis; second to increase the positional accuracy of the verified STP itself;
third, to verify consistency with the current landscape setting; and lastly to confirm the positional
accuracy of the lidar data.

Table 2. Martha's Vineyard STP Survey Control. Horizontal: NADS83 (2011), UTM 19N, meters; Vertical: NAVDSS,
meters.

Reported Values Unit 1 - CCS, R10 Unit 2 - Rental, R10
Control Northing Easting Elevation Northing Easting Elevation Northing Easting Elevation C
NGS (Primary)
A15592 (MVY A) 4,583,674.859 364,994.307 18.430 4,583,674.843 364,994.311 18.418 4,583,674.854 364,994.314 18.426 Airport
irporf
NGS (Secondar
Al 5593 (MVY B) 4,584,073.283 365,793.997 17.240 4,584,073.280 365,793.980 17.245 4,584,073.270 365,793.994 17.253 & ) V)
irpor
Al15594 (MVY C) 4,582,709.396 364,559.067 15.670 4,582,709.415 364,559.076 15.681 4,582,709.387 364,559.071 15.675 NGS fecontdary)
irpor
Edgartown
NO 9 1960 4,583,042.258 373,635.295 0.559 4,583,042.262 373,635.281 0.585 4,583,042.266 373,635.289 0.595 BBBJ75
(844 8558 TIDAL 9)
Edgartown OPUS
NO 111961 4,583,064.658 373,615.034 0.941 4,583,064.660 373,615.057 0.950 4,583,064.638 373,615.040 0917 BBDN12
(844 8558 TIDAL 11)
i OPUS
Vineyard Haven |, o, 746,674 366,114.810 11324 | 4,590,746.689 366,114.806 11.323
VH 31995 BBDMS85
Menemsha 4,579,615.742 352,184,152 1732 4,579,615.760 352,184.166 1.740 OPUS
MEN 11994 BBDMS82
sum -0.021 -0.001 -0.038 0.021 -0.022 -0.034
Average -0.004 0.000 -0.006 0.003 -0.004 -0.006
Std Dev 0.013 0.015 0.013 0.014 0.007 0.020
Count 6 6 6 6 6 6
RMSE 0.012 0.014 0.013 0.013 0.008 0.019
NSSDA (95%) 0.021 0.024 0.026 0.023 0.013 0.037

Significantly, using the GPS instrument to navigate to the location of a potential STP also afforded
the field crew the opportunity to investigate potential alternative or additional STPs based on visual
inspection of the area. Many coastal sites are characterized by low relief (relatively flat) and
verifying whether an STP existed, its exact location, and the direction of water flow required
professional judgment and experience in the principles and practices of topographic mapping as
well as a thorough knowledge of coastal processes.

After the field work was completed, the team returned to the laboratory to remove those points
from the database determined not be STPs, incorporate newly identified STPs documented in the
field, and provide all STPs with horizontal and vertical position information, substrate and
geographic context labels, photograph links, and other pertinent information for inclusion into a
comprehensive database. Once the information is quality controlled, the database is brought into
the project GIS for use as an interactive archive of final STP information. Importantly, the

14



database was annotated to note those areas where the lidar was found to correlate poorly with
current conditions or real-world position as documented by the GPS observations and professional
judgment to accurately represent the final STP location.

With the final compilation of the STP spatial database, the file is brought into ESRI’s ArcGIS to
provide a working or living archive for local managers: 1) to proactively identify and prioritize
which STPs to address prior to storm events; 2) to prepare for approaching storms; and 3) to plan
for longer-term improvements to mitigate other STPs.

To increase the utility of the STP data and make visualizations more user friendly for local
managers, inundation planes are also created. To visualize STPs and recognizing that floodplain
mapping is not a goal of the project, the use of planes has been determined to be the clearest way
of presenting the data in a useful manner while recognizing the uncertainty associated with the
lidar. As discussed below, after reviewing the various scenarios, the lowest plane begins
approximately one (1) foot above the elevation of a composite mean higher high water spring tide
(MHHW) for the north side of the island. Planes are developed in 6-inch (half-foot) intervals to a
maximum elevation of 18.04 NAVDSS, the project storm of record of 9.4° NAVDSS plus 8.6 feet,
and planes extracted for each range. In addition to providing an upper limit to project elevations,
the project storm of record plus 8.6 feet provides a useful representation of potential future sea
level rise scenarios that could have practical implications for local managers.

During the field work portion of the project, no data were collected on private property. If a point
was inaccessible to the field team, it was labeled as an unverified STP, meaning the STP was
identified as a potential STP in the desktop analysis, but due to circumstances it was inadvisable
(e.g., private property) or impossible (e.g., beneath substantial tree cover and, therefore no GPS
signal coverage)) for the field team to ‘occupy’ the potential STP. Due to the rapidly changing
coastal landscape, STPs located on dynamic landforms such as coastal dunes were also labeled as
unverified to not convey a sense of permanency to these locations. For this reason, unverified STPs
located on rapidly changing natural landforms such as dunes or barrier beaches or in areas
experiencing erosion should be viewed as a guide requiring periodic updating or verification.

Unverified STPs are not indicative of a lack of hazard, rather because it was chosen as a potential
STP that warrants further investigation by the towns. The field team adjusts the STP location based
on the real-world conditions if needed by selecting the lowest elevation point if the STP identified
in the desktop analysis does not reflect the on-the-ground topography.

Low-Lying Roads and Infrastructure Vulnerability Assessment Methodology

This task will yield three pieces of unique data based on STP data and GIS-based analysis. First,
using the maps of storm tide pathways an inventory of low-lying roads based on critical flooding
elevations will be developed. Second, a vulnerability assessment will be developed using the
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inventory by analyzing the vulnerable locations to better understand the current state of the of the
low-lying areas from the inventory. The vulnerability will be conducted at the parcel-scale in 6-
inch water level intervals from the highest high tide of the year to the storm of record +8 ft, with
particular attention to the highest high tide of the year to the storm of record +1ft. Then a ranking
will be developed overlaying the data from the inventory and assessment with the critical
infrastructure data layer provided by the Commission. All six towns will be asked to provide
feedback to aid in our ranking of the top ten sites. This will primarily be a GIS-based analysis,
though the field work completed for the mapping of storm tide pathways will be critical for the
vulnerability assessment. Lastly, based on the vulnerability assessment and the mapping of storm
tide pathways, a visualization of a subset of ranked sites will be developed to help town staff
better understand the nature of the vulnerability, and address possible mitigation efforts to better
direct next steps.
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RESULTS AND DISCUSSION
Creating a Composite Storm Tidal Profile for Mapping Martha’s Vineyard STPs

The impacts of storm tides on coastal communities are dependent on many factors. These include:

e The landscape setting of the community (e.g., east facing v. south facing shores).

e The elevations of astronomical tides (e.g., the elevation of mean high water (MHW) in
Boston Harbor is 4.31 feet NAVDS8S8 v. an elevation of 0.56° NAVDS88 for the mean high
water in Woods Hole).

e General characteristics of astronomical tides (e.g., the average range (MHW minus MLW)
of Boston Harbor tides is 9.49 feet while that of Woods Hole tides is only 1.79 feet).

e The topography (e.g., the elevation of the land relative to the community tidal profile) and
nearshore bathymetry (e.g., the deeper the water relative to shore, the greater the potential
wave energy).

e Topographic relief (i.e., a measure of the flatness or steepness of the land with flatter areas
more sensitive to small changes in water levels); the nature of coastal landforms (e.g., the
rock shorelines of the North shore v. the dynamic sandy shorelines of Cape Cod and the
Islands); and

e The vertical relationship between community development and adjacent water levels (e.g.,
development in Boston began in the early 17" century with the water levels at that time
influencing the elevation of not only individual wharves but large-scale land making
projects).

As discussed in the Methods section of this report, with such variation in physical characteristics,
the initial step in the identification of storm tide pathways is the development of a datum-
referenced tidal profile that characterizes average tidal heights, nuisance flooding, and storm tides
for the area of interest. In addition to the more common tidal datums of mean high-water springs
(MHWS), mean higher high water (MHHW), mean high water (MHW), and mean sea level
(MSL), to be useful this tidal profile considers the high-water lines of datum referenced historical
storm tides including the elevation of the maximum contemporary storm tide experienced (i.e., the
project storm of record) by the area.

In previous storm tide pathway mapping efforts, working storm tide profiles were developed based
on data from one tide station covering the limited geography of the one- or two-town study area.
In addition to NAVDS8, final STP pathways were also reported in local MLLW to correlate with
National Weather Service storm advisories. For the Cape Cod Bay STP project (Borrelli, et al.,
2021b) this method was modified slightly, and a project-wide, composite storm tide pathway
mapping profile was developed based on an average of MLLW tidal datum values (referenced to
NAVDSS) for several similar tide stations found along the Bay shoreline. At the conclusion of the
mapping work, in addition to NAVDS88, pathways were referenced to one of three MLLW zones.
While the difference in elevation between MLLW zones was small (< 0.5”), this final step was
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performed to ensure compatibility with NWS reporting and correct visualization of STPs within
GIS data planes.

Given its large geographic area, a similar process was followed for Martha’s Vineyard and a
composite tidal profile, referenced to NAVDS8S8, was developed to facilitate STP mapping. This
composite profile reflects the average of tidal datums for four short-term NOAA tide stations
formerly located in: Menemsha Harbor (NOAA Sta #8448725); Vineyard Haven Harbor (NOAA
Sta #8448157); Oak Bluffs Harbor (NOAA Sta #8448298); and Edgartown Harbor (NOAA Sta
#8448558). The locations of these tide stations are shown in Figure 6.

TISBURY
P ; , OAK BLUFFS
Vineyard Hayen Harbor
ﬂOAKSta #8448157)

A
Dak Bluffs Harbor F
" (NOAA sta #3448298) /«'"

+~Edgartown Harbor ¢
: (?OAA Sta #§448558)
s g £1a :

lenemsha Harbor
OAA Sta# 8448725)

D e

)l 3l¢ Denotes NOAA Short-Term Tide Station
CHILMARK

—— e

Figure 6. NOAA Short-term Tide Stations on Martha’s Vineyard.

Menemsha Harbor tide station #8448725 was in operation off and on from June 1994 until
September of 2013. Vineyard Haven tide station #8448157 was established in May 1994 and
removed in September 1994 while the Edgartown Harbor tide station #8448558 was installed in
August 2004 and removed in September of the same year. Tidal datums reported for these stations
reflect values for the 1983-2001 National Tidal Datum epoch (NTDE). As summarized in Table
2, tidal benchmarks for these three stations were occupied prior to field survey work to verify the
relationship of local tidal datums to NAVDS8S. Although no longer updated actively, information
for Oak Bluffs tide station #8448208 for the 1960-1978 NTDE 1is available
(https://tidesandcurrents.noaa.gov/benchmarks/benchmarks 01d/8448208.html#DatumsPage) and
estimates for mean values were developed for the 1983-2001 NTDE after recovering and
occupying station tidal benchmarks.
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Table 3 summarizes contemporary tidal datums for the Island and the relationship between mean
lower low water (MLLW) and NAVDS8 for the four, short-term NOAA tide stations. Values are
in feet and are referenced in to NAVDSS, the accepted vertical geodetic datum of the United States,
to facilitate mapping and allow for comparisons around the Island. Values are also referenced to
mean lower low water (MLLW), a local tidal datum used by the National Weather Service and the
NOAA chart datum. Looking at the values for MLLW expressed in terms of NAVD88 reveals that
while MLLW values do vary across the island, the maximum difference is only approximately 0.2
feet between Vineyard Haven and the Oak Bluffs and Menemsha stations.

Table 3. Contemporary Martha’s Vineyard Tidal Datums (NTDE: 1983 — 01). Elevations in feet.

Edgartown Vineyard Haven Oak Bluffs * Menemsha Harbor
84485581 84481571 8448208 84487251
DATUM NAVDS88 MLLW NAVDS88 MLLW NAVD88 MLLW NAVD88 MLLW
MHHW 1.03 2.68 0.53 2.12 0.58 2.39 1.33 3.14
MHW 0.71 2.36 0.16 1.75 0.24 2.05 1.07 2.88
MSL -0.22 1.43 -0.54 1.05 -0.44 1.37
MTL -0.36 1.29 -0.64 0.95 -0.69 1.12 -0.31 1.50
MLW -1.42 0.23 -1.44 0.15 -1.61 0.20 -1.69 0.12
MLLW -1.65 0.00 -1.59 0.00 -1.81 0.00 -1.81 0.00
GT 2.68 2.68 2.12 2.12 2.39 2.39 3.14 3.14
MN 2.13 2.13 1.60 1.60 1.85 1.85 2.76 2.76
Highest Obs. Tide
Elevation
Date
Time
(1) Estimated Contemprary Tidal Datums based on field recovery and occupation of
NOAA Tidal Benchmarks: 8208 B 1980 & 1/1928 (LW 0009)

As the current plane of reference for NWS estimates of total predicted water level for the Island,
STPs were referenced to the elevation of MLLW in Vineyard Haven (tide station #8448157). As
described below, use of Vineyard Haven datum provides a direct relationship to NWS Action
Stages. Since the planes developed for the final project GIS depict STPs organized into 0.5’ ranges,
the relatively small differences in MLLW elevation between stations did not overly complicate the
visualization process allowing storm tide pathways and inundation planes to be displayed across
the Island seamlessly. Since all tidal datums are referenced to NAVDSS, if desired, the STP planes
can be adjusted for the slight geographic differences in MLLW should NWS expand its advisories
to additional Island harbors in the future.
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Developing a Martha’s Vineyard Composite Storm Tide Pathway Mapping Profile

As discussed above and shown in Table 2, comparisons of contemporary Vineyard MLLW tidal
datums (with elevations referenced to NAVDS88) vary slightly as one moves across the Island. As
local tidal datums, variations in MLLW must be considered when integrating final storm tide
pathway data with NWS total water level estimates since storm tide pathway analysis is conducted
with all data referenced to NAVDS8S, a vertical, geodetic reference system allowing direct
comparisons anywhere within the project area. In addition to the more common tidal datums of
mean high-water springs (MHWS), mean higher high water (MHHW), mean high water (MHW),
and mean sea level (MSL), the storm tidal profile considers the high-water levels of datum
referenced historical storm tides including the elevation of a maximum contemporary historical
storm tide experienced off the Aquinnah Cliffs during the 1938 Hurricane and used as the “project
storm of record” for this study. This elevation provides a baseline for establishing the upper
boundary of the pathways analysis and is referred to as the project storm of record in order not to
confer official storm of record status to any one event, a determination that is beyond the scope of
this study.

In previous projects located north of the Cape, approximately four feet (1.25 meters) was added to
the identified local, maximum observed storm tide elevation to acknowledge rising sea levels and
the susceptibility of the east- and north-facing shores to nor’easters of increasing duration and
intensity (Zervas, 2009). Applying this factor yielded a maximum STP mapping elevation of
approximately 4.5 meters (14.75 feet) NAVDS8S for these areas. Recognizing that areas south of
the Cape, particularly south- and west-facing shores, are susceptible to potentially devastating
storm surges associated with fast moving hurricanes, the maximum mapping elevation for the
Island was increased to slightly more than 2.6 meters (8.6 feet) above the elevation of the identified
project storm of record.

Table 4 summarizes the results of research conducted to identify reliable historical high-water
elevations associated with notable Vineyard storm tides. To expand the historical record, historical
high-water elevations for the south shore of the Cape from Woods Hole to Stage Harbor were also
considered. Source material considered during the research can be found in the references section
below.

As shown in Table 4, the maximum contemporary high-water elevation identified for the Martha’s
Vineyard mapping profile is associated with the Hurricane of 1938 and occurred off the Gay Head
cliffs of Aquinnah. Based on a compilation of storm tide information provided by the Corps of
Engineers in its 1988 Tidal Flood Profiles New England Coastline technical report and by FEMA
in its Flood Insurance Study for Dukes Country (July 20, 2016), this elevation was estimated to
9.4 feet (2.87 m) NAVDS8. The present storm of record for the Woods Hole tide gauge (#8447930,
established on August 10, 1932) is also 9.4 feet NAVDS88 and occurred during the Hurricane of
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Town

Chilmark
Chilmark
Aquinnah/Chilmark
Aquinnah/Chilmark
Aquinnah/Chilmark
Aquinnah
Aquinnah
Aquinnah/W Tisbury
West Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Tisbury
Oak Bluffs
Oak Bluffs
Oak Bluffs
Oak Bluffs
Oak Bluffs
Edgartown
Edgartown
Edgartown
Edgartown
Edgartown
Edgartown
Edgartown

Edgartown

Table 4. Martha’s Vineyard Historical High-Water Elevations.

Location

Mouth Menemsha
Pond

Old Hunt PI.
Menemsha Pond

Menemsha Pond

Mouth Menemsha
Pond

Gay Head Cliffs
USC&GS Tide Gage
Menemsha Pond

Runner Rd.

USC&GS Tide Gage
West Chop
USC&GS Tide Gage
West Chop
Beach Road, Hancock &
Sons Woodworkers
Beach Road, Hancock &
Sons Woodworkers
Beach Road, Hancock &
Sons Woodworkers
Beach Road
Mobil Gas Co.
Beach Road
Mobil Gas Co.
SSA, Union Street,
Vineyard Haven Hrbr
Burt's Boatyard, Howard
Avenue, Lagoon Pond

A&P Store, Water St.
Tilton Limber Co., Water St
Vineyard Haven Harbor

Head of Pond Rd

Owen Park Beach, Owen
Park Way

East Chop

Our Market Store
Greenleaf Ave
East Chop Dr., Harbor
USC&GS Tide Gage
USC&GS Tide Gage
Harborside Inn
Coulger's Garage
Felix Neck, Felix Neck Dr.
Cook St. & South Water St.

Bluefish Pt, Edgartown Rd.

South Beach State Park,
Herring Creek Rd.

Elevation
(NAVDSS, FT)

7.8

7.0

53

4.2

7.8

9.4

8.7

8.5

6.2

6.4

5.7

4.3

5.6

6.1

5.7

6.3

6.3

5.8

6.3

6.3

6.4

3.8

5.0

6.7

6.7

5.7

6.6

4.2

6.1

6.5

6.9

6.8

4.6

3.8

5.8

7.0

Elevation
(NAVD88, M)

2.38

2.13

1.62

1.28

2.38

2.87

2.65

2.59

1.89

1.95

1.74

131

171

1.86

1.74

1.92

1.92

1.77

1.92

1.92

1.95

1.16

1.52

2.04

2.04

1.74

2.01

1.28

1.86

1.98

2.10

2.07

1.40

1.16

1.77

2.13

Storm
Hurricane Carol
Sandy
'38 Hurricane
'44 Hurricane
Hurricane Carol
'38 Hurricane
Hurricane Carol
'38 Hurricane
Sandy
'38 Hurricane
'44 Hurriane
'38 Hurricane
'44 Hurricane
Hurricane Carol
'44 Hurricane
Hurricane Carol
Hurricane Carol
Hurricane Carol
Hurricane Carol
Hurricane Carol
'38 Hurricane
Sandy
Sandy
Hurricane Carol
'44 Hurricane
Hurricane Carol
Hurricane Carol
Sandy
'38 Hurricane
'44 Hurricane
Hurricane Carol
Hurricane Carol
Sandy
Sandy
Sandy

Sandy

Date

8/31/1954

10/28/2012

9/ 14-15/1944
8/31/1954
9/21/1938
8/3/1954
9/21/1938
10/28/2012
9/21/1938

9/14-15/1944
9/21/1938

9/14-15/1944
8/31/1954
9/14-15/1954
8/31/1954
8/31/1954
8/31/1954
8/31/1954
8/31/1954
9/21/1938
10/28/2012
10/28/2012
8/31/1954
9/14-15/1944
8/31/1954
8/31/1954
10/28/2012
9/21/1938
9/14-15/1944
8/31/1954
8/31/1954
10/28/2012
10/28/2012
10/28/2012

10/28/2012

Source

COE Tidal Report,
FIRM Report

USGS Report

FIRM Report

FIRM Report

COE Tidal Report,
FIRM Report

COE Tidal Profile

COE Tidal Profiles

USGS Report

COE Tidal Profiles

COE Tidal Profiles

FIRM Report

FIRM Report

FIRM Report

FIRM Report

FIRM Report

FIRM Report

FIRM Report

FIRM Report

FIRM Report

COE Tidal Profiles

USGS Report

USGS Report

COE Tidal Profiles

COE Tidal Profiles

FIRM Report

FIRM Report

USGS Report

FIRM Report

FIRM Report

FIRM Report

FIRM Report

USGS Report

USGS Report

USGS Report

USGS Report

USGS Report

Comments

Generally Fair
Confidence in Elevation

8 reported HWMs,
max ~ 8.5' NAVD88
Generally Fair
Confidence in Elevation

14 reported HWMs,
max ~ 6.4' NAVD88
Generally Fair
Confidence in Elevation
Generally Fair
Confidence in Elevation
2 reported HWMs,
max ~ 6.7' NAVD88
7 reported HWMs,
max ~ 6.8' NAVD88

Generally Fair
Confidence in Elevation

Generally Fair
Confidence in Elevation
Generally Fair
Confidence in Elevation
Generally Fair
Confidence in Elevation
Generally Fair
Confidence in Elevation
Generally Fair
Confidence in Elevation
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‘38. For comparison, the maximum storm tide elevation for Nantucket Harbor since 1965 is 5.8
feet (1.76 m) NAVDSS, occurring during the Halloween Gale (a nor’easter) on October 30,
1991.

As the highest reliable, century-scale water level identified for Martha’s Vineyard, the elevation
of 9.4 feet (2.87 m) NAVDS88 was used as the base line for the Island’s STP analysis. Initially, 4
feet (~1.25 m) was added to this elevation to establish an upper limit for the STP analysis and to
reflect rising sea levels. As discussed above, the final upper limit was increased by 8.6 feet (~2.5
m) to 18.04 feet (5.5 m) NAVDS8S to reflect more intense coastal storms and to simplify
conversions to MLLW, the STP range planes used in the GIS analysis. Table 5 summarizes the
Composite Storm Tide Profile used to analyze and map STPs across the Island.

Table 5. Composite Storm Tide Profile used for Mapping Martha’s Vineyard STPs

Martha's Vineyard STP Mapping Profile
Station: 8445138
NAVDS8S8 (FT) NAVDS88 (m) Comments
Historical High Water Elevation .
1938 Hurricane 18.04 5.50 Tide Fi‘:ﬁjvra“”,\"ﬂ':d is;o;\r:al e
Plus 8.64 feet (2.63 meters) v Viapping 4
Gay Head Cliffs 94 587 Historical High Water Elevation
Aquinnah ’ ’ 1938 Hurricane
Average: Edgartown (Sta 8448558),
Vineyard Haven (Sta 8448157), Oak
Bluffs (Sta 8448298), Menemsha
Harbor (Sta 8448725)

MHHW 0.87 0.27
MHW 0.55 0.17
MSL -0.40 -0.12
MTL -0.50 -0.15
MLW -1.54 -0.47
MLLW 172 -0.52
GT 2.6 0.81
MN 2.1 0.64

Storm Tide Pathways and National Weather Service Storm Surge Predictions
For certain areas, the NWS correlates its total water level estimates with qualitative descriptions
of the potential impacts likely associated with approaching storm tides. Related directly to the
physical characteristics of a threatened area, the descriptions are organized by general elevation
categories referenced to local MLLW and suggest action levels for coastal communities threatened
by approaching coastal storms. The action levels are summarized as:

e Action (Nuisance) Stage: The water level at which some type of mitigation action should

be considered in preparation for an approaching coastal storm tide.
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e Minor Flooding Stage: The water level at which some public threat, such as minor flooding
of low-lying roads and infrastructure, may be anticipated although minimal or no property
damage is expected.

e Moderate Flooding Stage: The water level at which some inundation of structures and
roads and possibly some evacuation of people and/or transfer of property to higher
elevations can be anticipated.

e Major Flooding Stage: The water level at which extensive inundation of structures,
properties, and roads and significant evacuation of people to higher elevations is
anticipated.

As an example, Table 6 summarizes the current NWS description of Action Levels frequently
issued for Provincetown. In this example, NWS has divided its description of the Major Flooding
Stage for Provincetown into three elevation-based levels that reflect the increased flooding threat
associated with higher storm tide projections.

Table 6. Provincetown NWS Action Levels (Source:
https://water.weather.gov/ahps2/hydrograph.php?wfo=box&gage=pvhm3).

Elevation Action Level
(MLLW FT.)

Expect minor coastal flooding of some low-lying roadways. Minor coastal flooding occurs in
13 Provincetown, in the vicinity of Race Point Road and Provincetown Airport. In Truro
backwater flooding occurs along the Pamet River.
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As an elevation-based system for describing the location and level at which storm tides begin to
flow inland, storm tide pathways can be associated with NWS descriptive flood stages. For this
reason, STPs comprising the final data set are referenced to MLLW in addition to NAVDS88 and
color coded to correspond to NWS’s visualization of action levels. Over time, these descriptions
can be expanded and supplemented with more detailed local information and knowledge based on
the observations of municipal emergency managers, first responders and the public.

Presently, NWS does provide general elevation-based action levels with its projections of
approaching storm tide for the Vineyard Haven Harbor area, however, lacking an active real-time
tide station, heights have yet to be correlated specifically with corresponding landside threats and
actions. Local observers can assist NWS with developing Action Level descriptions for areas not
yet covered by detailed threat descriptions by archiving observations that correlate landside water
levels with actual flooding events, elevations, and locations. Absent a real-time tide station,
observations can be related to a datum-referenced tide staff installed prior to an approaching storm.
Lacking a tide staff, maximum flooding extents can also be marked with paint, stakes, or even
photographs that preserve a storm record for future field surveys.

Table 7 illustrates the present relationship between NWS Action Levels and the contemporary tidal

Table 7. National Weather Service Action Levels for Vineyard Haven Harbor.

Storm Tide Pathway Tide Profile / NWS Action Levels
Based on Vineyard Haven Tide Station (NOAA Sta #8448157)

MLLW (FT)
NAVDS88 (FT) NAVDS88 (m) Approx. Comments

Historical High Water Elevation
1938 Hurricane 18.04 5.50 19.74
Plus 8.64 feet (2.63 m)

Upper Limit of Storm
Tide Pathway Analysis

Gay He.ad Cliffs 9.4 587 11.10 Historical High Wa.ter Elevation
Aquinnah 1938 Hurricane

MHHW 053 016 )12 Based on Vineyard Haven
(Sta 8448157)

MHW 0.16 0.05 1.75 "
MSL -0.54 -0.16 1.05 "
MTL -0.64 -0.20 0.95 "
MLW -1.44 -0.44 0.15 "
MLLW -1.59 -0.48 0.00 "
GT 2.12 0.65 2.1 !
MN 1.60 0.49 1.6 !
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datums for Vineyard Haven Harbor. STP data reflects the Vineyard Haven MLLW elevation to
facilitate present use of the Action Levels. Since MLLW does not vary significantly across the
Island, Action Levels can be further developed in the future and adjusted to reflect local
observations with minimal modifications, if any, necessary to STP GIS range planes.

Storm Tide Pathways Across Martha’s Vineyard

The desktop analysis of the lidar data yielded 793 potential STPs throughout 6 towns: Aquinnah,
Chilmark, Edgartown, Oak Bluffs, Tisbury, and West Tisbury. The fieldwork, a total of eight (8)
crew days, was completed over four (4) days from March 15 -18, 2021 using two survey crews to
increase efficiency. As discussed above, the desktop analysis extended to potential STPs up to an
elevation of approximately 5.5 m NAVDS88. Each potential STP identified in the desktop analysis
was inspected by the field team and the location was moved when observations by the field team
determined that it was necessary to reflect contemporary topographic conditions.

Where possible, the field team occupied all STPs identified in the desktop analysis. As discussed
above, however, where STPs appeared to be on private property, or were located on dynamic
natural landforms or otherwise inaccessible they were logged in the database attribute table as
unverified for labeling in map documents, Of the 793 STPs identified in the desktop analysis, 174
were rejected during the team laboratory sessions process and removed from the database taken
into the field. Conversely, the field team located and evaluated potential STPs in low-lying areas
that were not captured by the lidar data during desktop analysis and, where warranted, added them
as part of the fieldwork to better reflect the present-day topography and/or vulnerability, once
again highlighting the need for field-based verification of each potential STP.

During the field work 176 pathways (25.1% of the total) were moved more than one (1) meter
: horizontally from their
original position
determined in the desktop
analysis to better reflect
:,Or:e‘:me[f\?f' g5 g y current conditions. A total
M of 98 additional STPs were
added to the final database
as aresult of the fieldwork,
yielding a final set of 716
STPs throughout the 6
3 Miles towns (Figure 7).

Figure 7. Location of the mapped storm tide pathways for the study area. STPs are color-coded by elevation.
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Types of Storm Tide Pathways
Several types of STPs are included in the final dataset: Primary, Secondary, Dependent and
Roadway (Table 8). A Primary STP (STP-P) is the first place where water will flow into an area
from the body of water in question (i.e., open ocean, bay, pond, etc.). A Secondary STP (STP-S)
is an STP whose likeliest source of inundation will be through the corresponding Primary STP. A

Figure 8. Schematic drawing of Dependent and Secondary storm tide
pathways.

Secondary STP must be of higher or
equal elevation than the Primary STP
(Figure 8). Therefore, all Secondary
STPs must have a Primary STP
associated with it and the Primary
STP must be lower in elevation. A
Dependent STP is an STP whose
likeliest source of inundation will be
through a corresponding Primary
STP of higher or equal elevation.
Therefore, the moment the Primary
STP is inundated the Dependent STP,
will by definition will have deeper
water depths than the Primary STP.
Care should be taken when
addressing STPs or Primary STPs that
have Dependent STPs associated with
them. These relationships are
documented in the attribute tables of
the GIS data. A Roadway STP (STP-
R) is a pathway that only crosses a
road, no other resources public or
private are impacted. Other STPs can
cross over roads, but STP-Rs only
cross over roads.

Table 8 summarizes the numbers of storm tide pathways by type for the entire island.

Storm Tide | Primary | Secondary | Roadway | Dependent
Pathways | (STP-P) | (STP-S) | (STP-R) | (STP-D)
717 404 51 235 27

Another distinction of all of the above STPs is Verified vs. Unverified. A Verified STP is one that
the survey teams were able to collect high quality GPS data at the location. An Unverified STP is
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defined as an STP that was identified during the lidar analysis but was unable to be located or
occupied by the field team for several reasons. Areas that are inaccessible, often located on private
property or on a very dynamic natural setting. For example, if an STP were located in a dune from
lidar that was even only a year old, it is likely that the area has changed. We keep this STP in the
dataset indicating that the area may be susceptible to low-lying pathways. In this study there were
351 Unverified STPs and Verified STPs. It should be noted that great lengths went to trying to
access these areas. However, no survey teams traveled onto private property or along roads marked
‘Private Property’, ‘No Trespassing’, etc., unless given explicit consent by the owners.

In naturally dynamic areas, future site-specific surveys can be supplemented by field teams using
drones or as new lidar becomes available. A note in the attribute tables within the project GIS data
indicates which STPs are in ‘dynamic’ areas. To verify inaccessible data as a result of the STP
being located on private property perhaps town staff can seek the appropriate approvals from
owners to assess the potential STPs. All these STP-U’s are included in the final database. The full
range of Unverified sub-classifications in the GIS data are as follows:

I = Inaccessible (dynamic areas, beaches, dunes, hazardous areas, etc.)

NV = No Vertical GPS data was able to be collected, though lat/lon data were collected.
P = Private Property

S = No GPS Signal (under trees, next to walls, buildings, etc.)

No Vertical GPS data (NV) typically happened in areas of poor reception, but unlike the ‘S’ sub-
classification, where no signal was available, an NV-STP had a ‘weak’ signal, so an accurate
latitude and longitude was achievable, but not a vertical elevation. Due to the nature of GPS
satellite constellations many more satellites are needed to collect highly accurate vertical data,
which is of particular importance in flat areas (Figure 9).

Figure 9. Example of Road STP. Water will flow from the salt marsh over the road and back into the salt marsh on
the other side of the road. This image was captuerd in Scituate (taken from Borrelli, et al., 2020).
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Of the 716 storm tide pathways mapped 351, or 49.1%, were unverified. This is largely due to the
inaccessible southern coast of the island; however, every town has many Unverified STPs and
should investigate what further action is needed to assess those areas.

Monitoring Dynamic STPs is critical to coastal locations particularly those with natural shorelines
like those along much of Martha’s Vineyard. There are over 150 Dynamic STPs on the Island and
they should be identified and prioritized, as many are also unverified (Figure 10). These STPs are
difficult to identify, and change is ongoing, but attention should be paid, particularly after a storm
event as the evolution of these features can make low-lying areas behind them, or in close
proximity, more vulnerable.

11.0 ft (MLLW)

Figure 10. Example of Unverified, dynamic storm tide pathways on the ponds along the south coast of the island. The
red dots are STPs that have not been ‘activated’ at the Total Water Level (TWL) shown in the upper right corners of
each panel. The yellow ovals are STPs that have been activated and are experiencing water flow for the given TWLs.

Island-wide STP Summary

Many low-lying coastal areas are experiencing inundation associated with nuisance, or ‘sunny day’
flooding, storm surge and sea level rise. Based on data developed in this study, on average
approximately 350 acres of land are inundated for every 6 inches of rise in total water level from
2.5 feet to 19.5 feet MLLW (Table 9, Figure 11). Therefore, a 1-foot rise in sea level would
permanently inundate approximately 700 acres. This ranges from a low of 464.2 (4.0 — 5.0 ft,
MLLW) to 1,075.7 acres (7.0 — 8.0 ft, MLLW).
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Table 9. Total storm tide pathways, cumulative area inundated and by Total Water Level (TWL). Datum is MLLW.

P:?tl)le STPs Range (ft) Cui:::sﬁve A;r\ifl? y
2.5 0 2.01-2.50 815.36
3.0 0 2.51-3.00 1,098.24 282.9
3.5 1 3.01 - 3.50 1,422.17 323.9
4.0 5 3.51-4.00 1,635.35 213.2
4.5 21 4.01 -4.50 1,886.36 251.0
5.0 34 4.51-5.00 2,209.90 323.5
5.5 33 5.01 - 5.50 2,500.78 290.9
6.0 39 5.51-6.00 2,777.14 276.4
6.5 37 6.01 - 6.50 3,085.41 308.3
7.0 31 6.51-7.00 3,334.30 248.9
7.5 41 7.01 - 7.50 4,113.09 778.8
8.0 31 7.51-8.00 4,409.96 296.9
8.5 30 8.01 - 8.50 4,766.93 357.0
9.0 30 8.51-9.00 5,163.02 396.1
9.5 31 9.01 - 9.50 5,574.88 411.9
10.0 32 9.51-10.00 6,013.38 438.5
10.5 24 10.01 - 10.50 6,358.32 344.9
11.0 24 10.51-11.00 6,771.89 413.6
11.5 32 11.01 - 11.50 7,224.15 452.3
12.0 31 11.51-12.00 7,545.73 321.6
12.5 16 12.01 - 12.50 7,992.01 446.3
13.0 23 12.51-13.00 8,322.25 330.2
13.5 22 13.01 - 13.50 8,682.09 359.8
14.0 23 13.51 - 14.00 9,031.83 349.7
14.5 18 14.01 - 14.50 9,368.75 336.9
15.0 10 14.51 - 15.00 9,711.65 3429
15.5 17 15.01 - 15.50 10,090.21 378.6
16.0 13 15.51-16.00 10,428.86 338.7
16.5 13 16.01 - 16.50 10,774.65 345.8
17.0 16.51-17.00 11,132.44 357.8
17.5 9 17.01 - 17.50 11,452.12 319.7
18.0 11 17.51 - 18.00 11,782.61 330.5
18.5 9 18.01 - 18.50 12,079.04 296.4
19.0 14 18.51 - 19.00 12,447.23 368.2
19.5 3 19.01 - 19.50 12,855.21 408.0
716 12,855.21 Av=354
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Martha's Vineyard Municipalities
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Figure 11. The red line represents the total cumulative area inundated with each 6-inch increase in total water level.
The green bars represent the area inundated for each individual 6-inch increase in total water level. The average is
approximately 350 acres per 6-inch increase in total water level.

The highest value of inundation area for a 0.5-foot increase in total water level falls below the
storm of record (11.0 ft) at 778.8 acres between 7.0 and 7.5 ft (MLLW). Were peak storm surges
from a nor-easter or hurricane to coincide with a high astronomical tide that raised total water
levels 6 inches beyond the previous storm of record (11.0 — 11.5 ft, MLLW) over 452.3 acres
would flood that have never been inundated since the 1938 Hurricane. A storm with a total water
level one foot higher than the project storm of record would yield an estimated 773.8 acres of
inundation. Sea level has risen approximately 8-10 inches in the area over the last century,
increasing the likelihood of historical flooding on the Vineyard.

As illustrated by the preliminary database, many of the mapped STPs are located just above the
elevation of the project storm of record used as the baseline for this analysis (11.10 MLLW). with
mapping revealing that 54 STPs are less than 12 inches above this elevation (Figure 12). In other
words, included in the STP mapping data are 63 locations throughout the study area that have not
been flooded since before the 1938 hurricane, but would very likely be inundated with another 12
inches of total water level beyond that experienced during that storm.

The mapping of storm tide pathways in the manner developed by the Center for Coastal Studies
has a diverse set of applications, ranging from short-term preparation for and response to
approaching storms to medium-term planning for tourism and resource protection to long-term
municipal planning and economic growth considerations with regards to rising sea level and
development pressure. These maps can be used by first-responders, planners, managers, and the
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general public to better understand the dynamic nature of the coast and the role storms and sea
level rise will play in the future.

Storm Tide Pathways
1 foot above
the Storm of Record

1.5 Total Water Level
12 in Feet (MLLW)

Figure 12. Storm Tide pathways throughout the study area that are 1 foot above the project storm of record (n = 63).
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Storm Tide Pathways by Town

The sections below provide a brief summary for each town of some of the STPs that can be
developed from the GIS data. They are not stand alone, comprehensive summaries for each town,
but they do provide town-specific information. The entire report should be read to understand the
methodology, terminology, and findings of the mapping work. The sections are formatted to
provide summary data for each town and to facilitate comparisons between towns including
general reference for identifying STPs that may potentially impact more than one town. All
elevations presented in the tables are referenced to MLLW. As the plane of reference for soundings
on NOAA navigation charts and tide tables, MLLW is often referred to as “chart datum” and used
for many local coastal management applications. As discussed above, MLLW is used by the
National Weather Service (NWS) for its estimates of total water level (TWL) (astronomical tide
height plus storm surge) associated with approaching coastal storms. For this reason, all TWL are
presented in MLLW. Recognizing that MLLW varies locally, elevation referenced to NAVDS88
are included within the GIS database developed for this project to facilitate regional comparisons.

It should be noted that at the time of writing the National Weather Services provides Total Water
Level predictions for Vineyard Haven, where tidal data was collected by NOAA in the past as
described above. Since the island of Martha’s Vineyard has 360 degrees of shoreline orientations
it is beyond the scope of this study to determine TWL for all orientations of shorelines. The Center
is currently working with the Vineyard Commission and the Southern New England Weather
Forecast Office of the National Weather Service (SNEWFO-NWS) to bring more resources to bear
to solve this problem including more water level gauges to help the NWS improve real-time
predictions island wide. Table 10 shows the breakdown by town of STPs, both verified and
unverified islandwide.

Table 10. Verified vs. Unverified Storm Tide Pathways on Martha’s Vineyard by town.

Town Total | Verified | Unverified | % Unverified
Aquinnah 33 21 10 36.4%
Chilmark 86 40 46 53.5%
Edgartown 290 136 154 53.1%
Qak Bluffs 128 90 38 29.7%
Tisbury 99 59 40 40.4%
West Tisbury 80 19 61 76.3%
Totals 716 365 351 49.0%
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Town of Aquinnah

Field work to verify and locate storm tide pathways found in the Town of Aquinnah was conducted
in March of 2021. Based on the desktop analysis and the field verification, a total of 33 storm tide
pathways were identified in the town of Aquinnah (Figure 13). In addition, it should be noted that
10 of the STPs were not field-verified due to their location on private property, in a dynamic
setting subject to natural change, such as a coastal dune, or physically inaccessible to the field
survey team. These areas should be of interest to town managers as accurate assessments were not
able to be undertaken, due to lack of access, but our analysis indicates that further work may be
warranted.

-

A(j;iinnall

Figure 13. All 33 Storm Tide Pathways in Aquinnah. Chilmark to the east is included as flooding through these
STPs may affect Aquinnah.

Based on the Lidar data used in this study and flooding categories from the National Weather
Service, modeled for Vineyard Haven, table 11 shows approximately what the Town of Aquinnah
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can expect to experience for Nuisance (4.5 — 5.0 ft, MLLW), Minor (5.0 — 6.5 ft, MLLW),
Moderate, (6.5 — 8.5 ft, MLLW) and Major (>8.5 ft, MLLW) flooding:

Table 11. Flooding for the Town of Aquinnah based on the National Weather Service’s flooding categories. The
asterisk (*) denotes the project Storm of Record plus 1 ft (SoR +1ft), a category developed by the Center for Coastal
Studies and discussed above. Therefore, ‘Major’ flooding here refers to 8.5 — 11.5 ft (MLLW) and ‘SoR +1ft” equals
11.5-12.5 ft (MLLW).

NWS Flooding Nuisance Minor Moderate Major SoR +1ft*
Category (ft, MLLW) (4.5-5.0) (5.0-6.5) (6.5-8.5) (8.5-11.5) (11.5-12.5)
Acres Inundated 17.5 100.2 91.7 248.3 48.5

The NWS flooding categories are not binned in equal increments, which the above table reflects,
but rely on complex modeling and statistical analysis. For example, Nuisance flooding occurs
over only 6 inches, Minor, 1.5 ft, Moderate, 2 ft, in our study Major occurs over 3 ft. However, it
should be noted that a large increase in the Major range occurs at 9.0 (Figure 14, Table X). An
additional increase of 110.1 acres occurs, which is more than 4 times the average increase of
24.3 acres, in 6-inch increments, for the entire range of TWLs. This likely signifies either a
threshold of elevation, once reached initiates inundation over many broad, flat areas or a few
STPs provide access to one or more large areas of flooding.

Aquinnah
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Acres Inundated
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2.5 353453 53 65 735 &5 935 10511.512:513:514.515:516517:518:5195
Total Water Level in MLLW (ft)

Figure 14. Town of Aquinnah. Total area inundated with % ft increases in total water level (ft. MLLW). Dotted red
line is trendline.
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Analysis of the storm tide pathways throughout the study area illustrate the nature of the future
threat faced by low-lying areas. The project storm of record used for Aquinnah is the 1938
Hurricane. This study has identified 2 pathways in Aquinnah that is only 12 inches above the water
level seen during that storm. However, such a 1-foot increase in total water level is likely to flood
approximately 48.5 acres of land (Table 12). For example, from 11.5 to 12.0 ft (MLLW)
approximately 22.3 acres are flooded, while from 12.0 to 12.5 ft (MLLW) 26.2 acres are flooded.
These represent new areas of flooding that town staff may not be aware of but might want to

consider for future planning efforts.

Table 12. Aquinnah STPs by Elevation.

M;tL)W 25 /30| 35|40 45|50 |55|60|65|70|75|80]85]90]95]100]105]110
strs | 0 | o | oo |o|1]2]1]l212]ol2]2]3]o0o|1]3]3s
/Ig::'s 86 | 95 | 115 | 131 | 154 | 172 | 210 | 238 [272.1| 292 | 314 | 343 |363.8| 474 | 501 | 528 | 550 | 580
AAcres| - | 83 | 205160233175 (381 (277|344 197 |22.1|29.3]20.6 [110.1] 27.0 | 27.2 | 21.4 | 30.8
M;tL)W 115 | 12.0 | 12,5 | 13.0 | 13.5 | 14.0 | 145 | 15.0 | 155 | 16.0 | 165 | 17.0 | 17.5 | 18.0 | 18.5 [ 19.0 | 19.5

stps | 0 | 1 | 1|2 11| 2]ofloloflofololz2]2]1]0]ss3
/IE:Z'S 612 | 634 | 661 | 679 | 700 | 724 | 743 | 762 | 779 | 799 | 815 | 833 | 849 | 866 | 879 | 895 | 913 | 913
AAcres | 318 [ 223|262 | 188|208 234|107 [185] 175|108 162|175 16.3 | 16.4| 132 16.4 | 17.9] 24.3
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Town of Chilmark

Field work to verify and locate storm tide pathways found in the Town of Chilmark was conducted
in March of 2021. Based on the desktop analysis and the field verification, a total of 86 storm tide
pathways were identified in the town of Chilmark (Figure 15). In addition, it should be noted that
46 of the STPs were not field-verified due to their location on private property, in a dynamic
setting subject to natural change, such as a coastal dune, or physically inaccessible to the field
survey team. These areas should be of interest to town managers as accurate assessments were not
able to be undertaken, due to lack of access, but our analysis indicates that further work may be
warranted.

Chilmark

Figure 15. All 86 Storm Tide Pathways in Chilmark. Adjacent towns are included as flooding through these
STPs may affect Chilmark.
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Based on the Lidar data used in this study and flooding categories from the National Weather
Service, modeled for Vineyard Haven, table 13 shows approximately what the Town of Chilmark
can expect to experience for Nuisance (4.5 — 5.0 ft, MLLW), Minor (5.0 — 6.5 ft, MLLW),
Moderate, (6.5 — 8.5 ft, MLLW) and Major (>8.5 ft, MLLW) flooding:

Table 13. Flooding for the Town of Chilmark based on the National Weather Service’s flooding categories. The
asterisk (*) denotes the project Storm of Record plus 1 ft (SoR +1ft), a category developed by the Center for Coastal
Studies and discussed above. Therefore, ‘Major’ flooding here refers to 8.5 — 11.5 ft (MLLW) and ‘SoR +1ft’ equals
11.5-12.5 ft (MLLW).

NWS Flooding Nuisance Minor Moderate Major SoR +1ft*
Category (ft, MLLW) (4.5-5.0) (5.0-6.5) (6.5-8.5) (8.5-11.5) (11.5-12.5)
Acres Inundated 20.6 58.6 518.9 401.7 130.1

The NWS flooding categories are not binned in equal increments, which the above table reflects,
but rely on complex modeling and statistical analysis. For example, Nuisance flooding occurs
over only 6 inches, Minor, 1.5 ft, Moderate, 2 ft, in our study Major occurs over 3 ft. However, it
should be noted that a large increase in the Moderate range occurs at 7.5 (Figure 16, Table 14).
An additional increase of 360.8 acres occurs, which is more than 7 times the average increase of
59.7 acres, in 6-inch increments, for the entire range of TWLs. This likely signifies either a
threshold of elevation, once reached initiates inundation over many broad, flat areas or a few
STPs provide access to one or more large areas of flooding.
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Figure 16. Town of Chilmark. Total area inundated with !4 ft increases in total water level (ft. MLLW). Dotted red
line is trendline.
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Analysis of the storm tide pathways throughout the study area illustrate the nature of the future
threat faced by low-lying areas. The project storm of record used for Chilmark is the 1938
Hurricane. This study has identified 6 pathways in Chilmark that are only 12 inches above the
water level seen during that storm. Such a 1-foot increase in total water level is likely to flood
approximately 130.1 acres of land (Table 14). For example, from 11.5 to 12.0 ft (MLLW)
approximately 47.5 acres are flooded, while from 12.0 to 12.5 ft (MLLW) 82.6 acres are flooded.
These represent new areas of flooding that town staff may not be aware of but might want to
consider for future planning efforts.

Table 14. Chilmark STPs by Elevation.

MEI;W 2530|3540 | 45|50|55|60|65|70|75|80|85]|9.0)|95/10.0(105]|11.0
STPs | 0 0 0 0 1 3 0 5 0 4 9 4 2 5 6 4 1 3
::::: 145 | 162 | 209 | 242 | 277 | 298 | 317 | 336 | 356 | 374 | 735 | 794 | 875 | 945 |1,007|1,088|1,153|1,220
AcAres - | 16.4]|46.6|33.5|34.8[20.6|19.2|19.6|19.9|17.5(360.8| 59.9 | 80.6 | 70.2 | 62.5 | 80.2 | 65.4 | 67.1
M:}:;W 11.5|12.0 | 12.5 | 13.0 | 13.5 | 14.0 | 14.5 | 15.0 | 15.5|16.0 | 16.5|17.0 | 17.5|18.0 | 18.5|19.0 | 19.5| --
STPs | 3 4 2 6 1 4 3 0 0 4 2 1 4 1 0 3 1 86
::::: 1,277]1,324(1,407|1,465(1,528|1,585{1,637|1,692(1,737|1,788|1,842|1,906{1,961|2,018|2,068|2,122|2,175|2,175
AcAres 56.3 |47.5(82.6|582|62.7|57.4|52.0|54.9|453|50.7|54.2|63.7|54.6 |57.6|49.4|54.3|52.8|59.7
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Town of Edgartown

Field work to verify and locate storm tide pathways found in the Town of Edgartown was
conducted in March of 2021. Based on the desktop analysis and the field verification, a total of
290 storm tide pathways were identified in the town of Edgartown (Figure 17). In addition, it
should be noted that 154 of the STPs were not field-verified due to their location on private
property, in a dynamic setting subject to natural change, such as a coastal dune, or physically
inaccessible to the field survey team. These areas should be of interest to town managers as
accurate assessments were not able to be undertaken, due to lack of access, but our analysis
indicates that further work may be warranted.

Edgartown

= @@ s.w.-“. “F

n w "—’a. ”"

Figure 17. All 290 Storm Tide Pathways in Edgartown. Adjacent towns are included as flooding through these
STPs may affect Edgartown.

Based on the Lidar data used in this study and flooding categories from the National Weather
Service, modeled for Vineyard Haven, table 15 shows approximately what the Town of Edgartown
can expect to experience for Nuisance (4.5 — 5.0 ft, MLLW), Minor (5.0 — 6.5 ft, MLLW),
Moderate, (6.5 — 8.5 ft, MLLW) and Major (>8.5 ft, MLLW) flooding:
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Table 15. Flooding for the Town of Edgartown based on the National Weather Service’s flooding categories. The
asterisk (*) denotes the project Storm of Record plus 1 ft (SoR +1ft), a category developed by the Center for Coastal
Studies and discussed above. Therefore, ‘Major’ flooding here refers to 8.5 — 11.5 ft (MLLW) and ‘SoR +1ft” equals
11.5-12.5 ft (MLLW).

NWS Flooding Nuisance Minor Moderate Major SoR +1ft*
Category (ft, MLLW) (4.5-5.0) (5.0-6.5) (6.5-8.5) (8.5-11.5) (11.5-12.5)
Acres Inundated 234.4 466.5 603.1 1211.0 400.8

The NWS flooding categories are not binned in equal increments, which the above table reflects,
but rely on complex modeling and statistical analysis. For example, Nuisance flooding occurs
over only 6 inches, Minor, 1.5 ft, Moderate, 2 ft, in our study Major occurs over 3 ft. Of all six
towns on Martha’s Vineyard Edgartown has the most linear increases in acres inundated with
respect to total water level (Figure 18). As a first approximation this could make it more
straightforward for the Town to plan for future inundation, but close attention should be paid,
because the town also has the most STPs and land flooded by increased water levels.
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Figure 18. Town of Edgartown. Total area inundated with % ft increases in total water level (ft. MLLW). Dotted red
line is trendline.

Analysis of the storm tide pathways throughout the study area illustrate the nature of the future
threat faced by low-lying areas. The project storm of record used for Edgartown is the 1938
Hurricane. This study has identified 25 pathways in Edgartown that are only 12 inches above the
water level seen during that storm. This 1-foot increase in total water level is likely to flood
approximately 400.8 acres of land (Table 16). For example, from 11.5 to 12.0 ft (MLLW)
approximately 159.3 acres are flooded, while from 12.0 to 12.5 ft (MLLW) 241.5 acres are
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flooded. These represent new areas of flooding that town staff may not be aware of but might want
to consider for future planning efforts.

Table 16. Edgartown STPs by Elevation.

MLLW
(ft)
SstT,s | O | O | O[O O ]| 21| 2|12 |1|0]2]|2]3]o0|1]|3]3

25130 | 35|40 | 45| 50| 55|60|65|70]|75]|80]|385]|90]| 95 |10.0|105| 11.0

/Ig::'s 86 | 95 | 115 | 131 | 154 | 172 | 210 | 238 |272.1| 292 | 314 | 343 |363.8| 474 | 501 | 528 | 550 | 580
AAcres| - | 83 205160233 ]17.5(381 (277|344 |19.7]22.1 | 29.3] 206 [110.1] 27.0 [ 27.2 | 21.4 | 308
MLLW

(M) 11.5{12.0|12.5|13.0{13.5|14.0 | 14.5|15.0|15.5|16.0| 16.5|17.0|17.5|18.0| 18.5|19.0 [ 19.5| --
stps | 10 | 17 | 8 | 11 | 11 | 9 9 3 8 4 5 4 3 2 1 9 1 |290
Total 3528|3688|3929(4096(4282(4456|4629|4804|5001|5168|5339|5511|5666|5823|5968(6159(6370| 6370

Acres

A Acres | 175 | 159 | 241 | 167 | 186 | 173 | 173 | 175 | 198 | 167 | 171 | 172 | 155 | 157 | 145 | 191 | 212 (172.2
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Town of Oak Bluffs

Field work to verify and locate storm tide pathways found in the Town of Oak Bluffs was
conducted in March of 2021. Based on the desktop analysis and the field verification, a total of
128 storm tide pathways were identified in the town of Oak Bluffs (Figure 19). In addition, it
should be noted that 38 of the STPs were not field-verified due to their location on private property,
in a dynamic setting subject to natural change, such as a coastal dune, or physically inaccessible
to the field survey team. These areas should be of interest to town managers as accurate
assessments were not able to be undertaken, due to lack of access, but our analysis indicates that
further work may be warranted.

3 4 .. 3 ‘
o '™ ; L @&
Figure 19. All 128 Storm Tide Pathways in Oak Bluffs. Adjacent towns are included as flooding through these
STPs may affect Oak Bluffs.
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Based on the Lidar data used in this study and flooding categories from the National Weather
Service, modeled for Vineyard Haven, table 17 shows approximately what the Town of Oak Bluffs
can expect to experience for Nuisance (4.5 — 5.0 ft, MLLW), Minor (5.0 — 6.5 ft, MLLW),
Moderate, (6.5 — 8.5 ft, MLLW) and Major (>8.5 ft, MLLW) flooding:

Table 17. Flooding for the Town of Oak Bluffs based on the National Weather Service’s flooding categories. The
asterisk (*) denotes the project Storm of Record plus 1 ft (Sor +1ft), a category developed by the Center for Coastal
Studies and discussed above. Therefore, ‘Major’ flooding here refers to 8.5 — 11.5 ft (MLLW) and ‘SoR +1ft” equals
11.5-12.5 ft (MLLW).

NWS Flooding Nuisance Minor Moderate Major SoR +1ft*
Category (ft, MLLW) (4.5-5.0) (5.0-6.5) (6.5-8.5) (8.5-11.5) (11.5-12.5)
Acres Inundated 25.0 136.6 122.0 137.5 41.6

The NWS flooding categories are not binned in equal increments, which the above table reflects,
but rely on complex modeling and statistical analysis. For example, Nuisance flooding occurs
over only 6 inches, Minor, 1.5 ft, Moderate, 2 ft, in our study Major occurs over 3 ft. Oak Bluffs
has one of the most linear increases in acres inundated with respect to total water level on
Martha’s Vineyard (Figure 20). As a first approximation this could make it more straightforward
for the Town to plan for future inundation, but close attention should be paid, because the town
also has the 2™ most STPs and land flooded by increased water levels.
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Figure 20. Town of Oak Bluffs. Total area inundated with % ft increases in total water level (ft. MLLW). Dotted red
line is trendline.
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Analysis of the storm tide pathways throughout the study area illustrate the nature of the future
threat faced by low-lying areas. The project storm of record used for Oak Bluffs is the 1938
Hurricane. This study has identified 5 pathways in Oak Bluffs that are only 12 inches above the
water level seen during that storm. This 1-foot increase in total water level is likely to flood
approximately 41.6 acres of land (Table 18). For example, from 11.5 to 12.0 ft (MLLW)
approximately 19.1 acres are flooded, while from 12.0 to 12.5 ft (MLLW) 22.5 acres are flooded.
These represent new areas of flooding that town staff may not be aware of but might want to
consider for future planning efforts.

Table 18. Oak Bluffs STPs by Elevation.

M?fgw 25(30(35|40|45|50|55/60(65|70]|75|80]|85|9.0]|9.5(10.0(10.5|11.0
STPs | O | O | O | 1 (2 | 8 (11|12 6 |8 |5 |7 |7 ]6/|4]|3 0 4
1::2: 77 1051137162188 213|263 |302|350|382|413|441|472|497|519|542| 564 | 588
AAcres| -- | 27 |32 |25]|26 25|50 (3947 |33 [30|28|30|26|21 24|22 |24
MLLW

(f6) 11.5{12.0|12.5|13.0{13.5|14.0 | 14.5|15.0|15.5|16.0| 16.5(17.0|17.5|18.0|18.5|19.0| 19.5 | --

STPs | 6 | 4 | 1 1 {313 |3 (4|3 ]|14]3]1 1|50 1 | 128

Total 609 628|651 | 669|690 |712|733 756|791 |814|845|872|896|922|945|974 (1,008|1,008

Acres

AAcres| 21 | 19 | 23 | 18 | 21 |23 | 21 |23 |35 |23 |31 |27 |24 |26 |23 |28 | 34 (274
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Town of Tisbury

Field work to verify and locate storm tide pathways found in the Town of Tisbury was
conducted in March of 2021. Based on the desktop analysis and the field verification, a total of 99
storm tide pathways were identified in the town of Tisbury (Figure 21). In addition, it should be
noted that 40 of the STPs were not field-verified due to their location on private property, in a
dynamic setting subject to natural change, such as a coastal dune, or physically inaccessible to the
field survey team. These areas should be of interest to town managers as accurate assessments
were not able to be undertaken, due to lack of access, but our analysis indicates that further work
may be warranted.

Figure 21. All 99 Storm Tide Pathways in Tisbury. Adjacent towns are included as flooding through these
STPs may affect Tisbury.

Based on the Lidar data used in this study and flooding categories from the National Weather
Service, modeled for Vineyard Haven, table 19 shows approximately what the Town of Tisbury
can expect to experience for Nuisance (4.5 — 5.0 ft, MLLW), Minor (5.0 — 6.5 ft, MLLW),
Moderate, (6.5 — 8.5 ft, MLLW) and Major (>8.5 ft, MLLW) flooding:
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Table 19. Flooding for the Town of Tisbury based on the National Weather Service’s flooding categories. The asterisk
(*) denotes the project Storm of Record plus 1 ft (SoR +1ft), a category developed by the Center for Coastal Studies
and discussed above. Therefore, ‘Major’ flooding here refers to 8.5 — 11.5 ft (MLLW) and ‘SoR +1ft’ equals 11.5 —
12.5 ft (MLLW).

NWS Flooding Nuisance Minor Moderate Major SoR +1ft*
Category (ft, MLLW) (4.5-5.0) (5.0-6.5) (6.5-8.5) (8.5-11.5) (11.5-12.5)
Acres Inundated 20.0 94.2 98.3 82.0 24.1

The NWS flooding categories are not binned in equal increments, which the above table reflects,
but rely on complex modeling and statistical analysis. For example, Nuisance flooding occurs
over only 6 inches, Minor, 1.5 ft, Moderate, 2 ft, in our study Major occurs over 3 ft. Tisbury
appears to have slightly different rates of acres inundated with respect to total water level. A
moderate rate from 2.5 - 5.0 ft, MLLW, then an increased rate from, 5.5 - 7.5 ft, MLLW, and
then the slowest rate from 8.5 ft, MLLW and up (Figure 22). Although these rates do not change
dramatically the variations should be taken into consideration when planning to address STPs
throughout town.
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Figure 22. Town of Tisbury. Total area inundated with % ft increases in total water level (ft. MLLW). Dotted red
line is trendline.

Analysis of the storm tide pathways throughout the study area illustrate the nature of the future
threat faced by low-lying areas. The project storm of record used for Tisbury is the 1938 Hurricane.
This study has identified 2 pathways in Tisbury that are only 12 inches above the water level seen
during that storm. However, this 1-foot increase in total water level is likely to flood approximately
24.1 acres of land (Table 20). For example, from 11.5 to 12.0 ft (MLLW) approximately 10.6 acres

46




are flooded, while from 12.0 to 12.5 ft (MLLW) 13.4 acres are flooded. These represent new areas
of flooding that town staff may not be aware of but might want to consider for future planning
efforts.

Table 20. Tisbury STPs by Elevation.

MLLW
(ft)
STPs | O | O | O | 3 (10| 6 (15|11 (11| 4 | 3 |1 |5|6|1/[0]| 0|2
Total

25(30|135{40(45|50(55|60|65|7.0|75|80|85(9.0|95/10.0{10.5|11.0

97 |110]137|153|179(199|230|257|294 (322|346 |366|392 |407 | 421 |436 | 449 | 463

Acres
AAcres| - | 14 [ 26 | 16 |26 |20 |30 |27 (37 (29 (24 20|25 |16 | 13 | 15| 13 14
ME}:;W 11.5/12.0(12.5|13.0|13.5|14.0| 14.5|15.0(15.5(16.0|16.5|17.0{17.5|18.0|18.5(19.0| 19.5 | --

STPs 1 2 0 0 3 2 0 2 3 2 1 0 1 4 0 0 0 99
Total
Acres

AAcres| 11 | 11 | 13 |13 |12 |11 |14 |11 (12 |16 | 13 |13 |12 | 15| 11 |14 | 17 |[173

4741484498 | 511|523 535|549 |560(572|589|601 614|627 |642| 653|667 | 684 | 684
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Town of West Tisbury

Field work to verify and locate storm tide pathways found in the Town of West Tisbury was
conducted in March of 2021. Based on the desktop analysis and the field verification, a total of 80
storm tide pathways were identified in the town of West Tisbury (Figure 23). In addition, it should
be noted that 61 of the STPs were not field-verified due to their location on private property, in a
dynamic setting subject to natural change, such as a coastal dune, or physically inaccessible to the
field survey team. These areas should be of interest to town managers as accurate assessments
were not able to be undertaken, due to lack of access, but our analysis indicates that further work
may be warranted.
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Figure 23. All 80 Storm Tide Pathways in West Tisbury. Adjacent towns are included as flooding through
these STPs may affect West Tisbury.
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Based on the Lidar data used in this study and flooding categories from the National Weather
Service, modeled for Vineyard Haven, table 21 shows approximately what the Town of West
Tisbury can expect to experience for Nuisance (4.5 — 5.0 ft, MLLW), Minor (5.0 — 6.5 ft, MLLW)),
Moderate, (6.5 — 8.5 ft, MLLW) and Major (>8.5 ft, MLLW) flooding:

Table 21. Flooding for the Town of West Tisbury based on the National Weather Service’s flooding categories. The
asterisk (*) denotes the project Storm of Record plus 1 ft (SoR +1ft), a category developed by the Center for Coastal
Studies and discussed above. Therefore, ‘Major’ flooding here refers to 8.5 — 11.5 ft (MLLW) and ‘SoR +1{t’ equals
11.5-12.5 ft (MLLW).

NWS Flooding Nuisance Minor Moderate Major SoR +1ft*
Category (ft, MLLW) (4.5-5.0) (5.0-6.5) (6.5-8.5) (8.5-11.5) (11.5-12.5)
Acres Inundated 6.0 19.4 247.5 376.9 122.7

The NWS flooding categories are not binned in equal increments, which the above table reflects,
but rely on complex modeling and statistical analysis. For example, Nuisance flooding occurs
over only 6 inches, Minor, 1.5 ft, Moderate, 2 ft, in our study Major occurs over 3 ft. West
Tisbury has slightly different rates of acres inundated with respect to total water level. A very
moderate rate from 2.5 - 7.0 ft, MLLW, as noted in the relatively small average flooded acreage
for the Nuisance and Minor flooding categories (Table 22). Then, a large single interval from 7.0
—17.5 ft, MLLW, followed by an increased rate from, 7.5 — 11.0 ft, MLLW, followed by another
large single interval increase from 11.0 — 11.5 ft, MLLW, followed by the highest rate from 11.5
ft, MLLW and up (Figure 24). The two jumps in inundation from 7.0 — 7.5 ft, MLLW (184.9
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Figure 24. Town of West Tisbury. Total area inundated with % ft increases in total water level (ft. MLLW). Dotted
red line is trendline.
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acres) and 11.0 — 11.5 ft, MLLW (156.66) are 3-4 times greater than the average of 41.6 acres of
inundation for a 6-inch rise in TWL (Figure 24, Table 22). The town should well understand the
areas that are flooded at all water levels, but particular attention should be paid to these two
intervals and the areas and resources they represent.

Analysis of the storm tide pathways throughout the study area illustrate the nature of the future
threat faced by low-lying areas. The project storm of record used for West Tisbury is the 1938
Hurricane. This study has identified 5 pathways in West Tisbury that are only 12 inches above the
water level seen during that storm. However, this 1-foot increase in total water level is likely to
flood approximately 24.1 acres of land (Table 22). For example, from 11.5 to 12.0 ft (MLLW)
approximately 10.6 acres are flooded, while from 12.0 to 12.5 ft (MLLW) 13.4 acres are flooded.
These represent new areas of flooding that town staff may not be aware of but might want to
consider for future planning efforts.

Table 22. West Tisbury STPs by Elevation.

M?f:;w 25(30|135{40(45|50(55|60|65|7.0|75|80|85(9.0|95/10.0{10.5|11.0
STPs | O 0 0 0 0 0 0 1 2 0O | 11 | 5 2 1 5 3 5 4
12:2: 31 | 58 | 64 | 69 | 74 | 80 | 85 | 91 | 100 | 105|290 | 316|347 | 375|446 | 482 | 524 | 567
A Acres 27 | 6 6 5 6 5 6 9 6 |185|26 | 31 |28 | 71 | 36| 42 | 43
M?fgw 11.5({12.0|12.5|13.0 | 13.5|14.0 | 14.5|15.0|15.5|16.0| 16.5(17.0|17.5|18.0|18.5|19.0| 19.5 | --

STPs | 12 | 3 4 3 3 4 1 1 3 2 1 0 0 2 1 1 0 80
Total
Acres
A Acres| 157 | 63 | 60 | 55 | 57 | 62 | 57 | 61 | 71 | 62 | 62 | 65 | 57 | 58 | 54 | 65 | 75 |41.6

724 | 787 | 847 | 902 | 959 |1020(1077|1138|1209(1271|1332{1397|1454|1512|1566|1631| 1705 (1,705

Coastal Flood Threat and Inundation Mapping webpage

The SNEWFO-NWS maintains a webpage (https://www.weather.gov/box/coastal) with tide and
storm surge forecasts for numerous stations throughout southern New England. At the time of
writing the webpage was undergoing an update and was not available, but the following description
is believed to be consistent with the previous and planned versions of the webpage. As coastal
storms approach, viewers can manipulate the webpage to depict the areas and approximate extents
and depths of flooding based on the predicted tide stage and forecasted storm surge. As noted on
the webpage these layers are based on ‘static water surface elevations’ and are shown in 0.5 ft
increments. Although predicted wave heights are provided with Coastal Flood Statements, wave
modeling is not incorporated into these storm-related forecasts. Using a DEM with 5-meter grid
cell, location-specific water level data, and the results of storm surge forecasting, the webpage
provides users with forecasts of total water level (astronomical predicted tide height and the
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estimated storm surge) referenced to local MLLW and estimates of the extent of potential
inundation as a coastal storm approaches a given coastal area (e.g., Provincetown Harbor or Sesuit
Harbor, in Cape Cod Bay). The data from this project was delivered to the SNEWFO-NWS and
will be displayed on their website after their internal review is completed. As the website is not
currently available Figure 25 provides an example from the website in Provincetown Harbor and
how it visualizes potential threats with an approaching storm for a predicted Total Water Level.

NWS Boston - Coastal Flood Threat and Inundation Mapping Boston, MA
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Figure 25. Example of NWS website showing STPs and extents of inundation in downtown Provincetown that were
developed by the Center for Coastal Studies (Borrelli, et al, 2016a). It should be noted that at the time of writing the
NWS was redeveloping their webpage and these data were not available.

The range planes provided to SNEWFO-NWS by the Center for Coastal Studies are referenced to
local MLLW for Martha’s Vineyard and begin at the highest high tide of the year and increase to
an elevation equal to the project storm of record plus 8 feet in 0.5-foot increments. Previous storm
tide pathway mapping projects such as those in Cape Cod Bay (Borrelli, et al, 2016a; Borrelli, et
al, 2017; Borrelli, et al, 2021; Borrelli, et al, 2020) typically go to the project Storm of Record plus
4 ft to account for the potential effects of sea level rise on nuisance and storm flood conditions.
However, the additional 4 ft of STPs (SoR+8ft) were included due to the fact that Martha’s
Vineyard will experience hurricanes in the future and these events can deliver much larger storm
surges than extratropical storms (nor’easters). As discussed above, these data are typically grouped
into four flooding categories used by SNEWFO-NWS in its coastal forecasts: Action (or
Nuisance), Minor, Moderate, and Major.
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In the winter of 2021-2022 the Center coordinated a meeting with the Chappaquiddick Island
Association (CIA) and their partners, who wanted to install a real-time tide gauge on island, with
members of the Vineyard Commission, Center staff and Joseph Dellicarpini, Science and
Operations Officer at the SNEWFO-NWS. After this meeting a location was decided upon to
install the tide gauge and make the data available to the SNEWFO-NWS. The Center offered to
come on Island and help with the installation of the unit, particularly collecting survey grade
positional RTK-GPS data (Latitude, Longitude and Elevation), which is required for the NWS to
use these data in their total water level predictions. In March of 2022, two Center staff, Steve
Mague, and Samantha McFarland travelled to the island and collected the needed data, processed
it, and provided it to the CIA and the NWS. The real time water level data is now live on the NWS
website (Figure 26).
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Figure 26. accessed on June 26", 2022. https://water.weather.gov/ahps2/hydrograph.php?wfo=box&gage=chpm3.
The vertical blue line is the current time when the webpage is accessed, and the dotted purple line is the projected total
water level for the next 5 tidal cycles.
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Stormtides.org: A publicly accessible website

The Center for Coastal Studies, with Hansen & Dopchev Web Development, built a stand-alone
webpage to host the publicly available storm tide pathways data (Figure 27). The website is very
similar to the NWS page with storm tide pathways, inundation extents, depths, and real-time NWS
total water level predictions displayed for the study area. The stormtides.org webpage is hosted by
the Center and can be easily updated by Center staff. As discussed in more detail below, at the
time of writing, the webpage was not displaying the STP data from this project, but it is scheduled
to be available by the end of July 2022.

Storm Tide Pathways <
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Figure 27. Screenshot of stoﬁnﬁdes.org from Provincetown Harbor.

The webpage is currently being used by towns that were previously mapped to position storm
preparation and response resources (i.e., sandbags, portable flood walls, etc.), days to hours prior
to the arrival of a storm. The user can adjust the slider to the predicted total water level and
visualize the path that water will take to inundate a given area. The total water level slider can be
raised in 6-inch increments allowing a fine-scale examination of potential flooding scenarios.

The webpage can also be used as a teaching tool for students and the public. Immediately prior to
an approaching storm those interested can go to the website and raise the water level to the
projected NWS total water level elevations to view threatened coastal areas. Although not designed
for this purpose, the website can also be used, with caution, to view potential sea level rise
scenarios at the local level. Additional applications are being explored and will be developed by
Center staff, who hope to have the webpage evolve to maximize its use by first-responders, public
works professional, managers, planners, and the public.

The mapping of storm tide pathways in the manner developed by the Center for Coastal Studies
has a diverse set of applications, ranging from short term preparation for and response to
approaching storms to medium term planning for tourism and resource protection to long-term
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municipal planning and economic growth considerations with regards to rising sea level and
development pressure. These maps can be used by to better understand the dynamic nature of the
coast and the role storms and sea level rise will play in the future.

Low-Lying Roads and Infrastructure Vulnerability Assessment

The mapping of storm tide pathways, island-wide, provides us with a unique opportunity to
develop an inventory of low-lying roads and infrastructure at the same time. This close temporal
spacing of mapping STPs and conducting an islandwide vulnerability assessment improves the
quality of latter. In previous storm tide pathway mapping efforts first-responders, resource
managers and public works professionals have often requested that these data be used to aid them
in better understanding risks associated with their performance of their duties during a coastal
storm or flood event.

Due to geographic area, the functionality of Martha’s Vineyard low-lying roadway systems and
evacuation routes relies implicitly on a system of intra- and inter-municipal cooperation to protect
the health, safety, and welfare of year-round and summer populations. Confronted with recent
impacts of extreme coastal flooding events and the prospect of both more frequent coastal storms
and nuisance tide flooding of roadways, this spatial information can be used to assist with short-
term storm preparation and response and longer-term mitigation planning.

The mapping of storm tide pathways includes the development of horizontal planes to document
the ‘on-the-ground’ extent of flooding. These planes are based solely on the Lidar data used for
the project. This method, discussed above, however yields data that can also be used to conduct
assessments based for low-lying roads and infrastructure that are within the boundaries of
flooding for a given elevation. For example, if a stretch of road is within an elevation range, such
as the 5.5 — 6.0 ft MLLW plane, the road would become inundated during Moderate flooding as
per the NWS flooding categories for Martha’s Vineyard. The depth of water on the road would
depend on the elevation of the road minus the total water level for a given area. In other words, if
the above-mentioned stretch of road had an elevation of 4.5 ft MLLW, when the TWL reached
5.5 ft MLLW, there would be a foot of water on the road. It should be noted that during previous
STP mapping projects the two senior authors have observed that lidar data along paved roads,
parking lots and other similar areas consistently has an accuracy of +/- 5-7 cm rather than the +/-
15cm that is typically attributed to terrestrial lidar surveys.

It was determined during the course of the project that one useful definition of an ‘impacted road’
during a flooding event was to document when that road had become impassable by a typical
vehicle. Due to the fact that we map elevations of water in six-inch increments it was decided that
the 1-foot parameter, when a road has at least 1 foot of water on it, would be more useful in
signaling that alternative routes should be sought. Had we used the six-inch threshold a road could
have up to 5.9 inches of water on it before it even registered as inundated. Conversely, it could
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have less than an inch and still be considered inundated. The 1-foot distinction means, by
definition, that the road will have between 6 — 12 inches of water on the road before it is deemed
‘impacted’.

To further simplify the process, the ‘water depths’ (which are provided in 6-inch increments
islandwide) for a given predicted NWS TWL were then grouped into the National Weather Service
flooding categories of Nuisance, Minor, Moderate, Major, SoR +1ft. This last category is discussed
above and is used to show managers areas that have never flooded since the time of the project
storm of record (The 1938 Hurricane) but are only one foot or less from becoming inundated for
the first time since that storm. This category becomes more relevant given the projected increasing
storm intensities and sea level rise.

Ten miles of road, islandwide, will experience at least 1 foot of water during nuisance flooding,
those ten miles are spread over 36 different roads (Figure 28A-B). Eighteen miles of road are
affected along parts of 68 roads during minor flooding. Moderate flooding sees the most miles
flooded of any category at 32.9, affecting 87 roads. However, the most roads are inundated during
Major flooding at 91 with a decrease from 32.9 miles to 27.5 miles of road flooded. Perhaps, most
importantly, almost 20 miles of road are inundated during the SOR +1ft category on 58 roads, it is
critical to reiterate that the flooding in the SOR +11t category occurs in areas that have never been
flooded before. Managers islandwide should be made aware of these areas and discussions should
be had as to how to address the inevitable flooding that will occur at these locations.
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Figure 28. Low-lying roads affected by >1 ft of inundation binned by National Weather Service flooding categories
and the project ‘Storm of Record +1 ft’.
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The flooding categories developed by the SNEWFO-NWS should be well understood to maximize
the benefit to public health and safety. Major flooding for Martha’s Vineyard is stated as >8.5 ft,
MLLW. However, after STPs have been mapped and low-lying roads are being assessed more
information can add to the utility of the NWS flooding categories and real-time Total Water Level
(TWL) predictions. The Center developed the SoR +1ft (Storm of Record +11t) category to better
enable first-responders, coastal managers, other stakeholders, and the public to extract more
actionable information from the real-time TWL predictions from the NWS. The inundation of
Hariph's Creek Bridge in Chilmark is one such instance (Figure 29). Inundation at the bridge, based
solely on NWS flooding categories, can be misleading if the user is not aware of the boundaries
of the flooding categories in general, and the TWL predictions, in particular. During Major
flooding the bridge could have less than 6 inches of water on the surface of the road or up to several
feet. However, using the SoR +1ft category, we can determine when there is, at a minimum, 1 ft
of water on the road, making the bridge functionally impassable.
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Figure 29. The inundation of Hariph’s Creek Bridge in Chilmark. The extent (A) and the water depths (B) at the bridge
during the Major flooding as determined by the NWS. The extent (C) and water depths (D) during SoR +1ft of
flooding. Note: during major flooding the bridge has less than 6 inches of water (B), however during SoR +1ft there
is more than 1 ft of flooding, and the road is largely impassable.

The GIS layers for the low-lying roads are provided with the deliverables and they can used to
focus on any part of the island at varying scales to determine these types of thresholds for all the
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roads or other critical infrastructure or facilities on the island (Appendix A). Figure 29 also serves
as a vulnerability visualization to be discussed below.

Toward that end the Vineyard Commission characterized 27 sites islandwide as ‘critical
infrastructure’ (Figure 30). The Center used the STP data from this study to further assess the
vulnerability based on several criteria including: the initial ranking by the Commission; input from
a ‘ranking questionnaire’ developed by the Center and sent to representatives from all six towns
and the Vineyard Commission (Appendix A); the inherent vulnerability of the facilities based on
their elevations and proximity to one or more storm tide pathways mapped in this study.

Figure 30. The 27 critical infrastructure sites island wide provided by the Vineyard Commission.

This parcel-scale assessment was conducted at 6-inch water level intervals from the highest high
tide of the year to the storm of record + 6 ft, with particular attention to the highest high tide of
the year to the Storm of Record +1ft (SoR +1ft). This assessment compiled the relevant
available data to determine the vulnerability of particular areas. The top ten critical infrastructure
sites we’re culled from the initial list of 27 in order to provide the Commission and other entities
with guidance with regards to the assessed vulnerability as discussed above (Table 23).
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Table 23. Vulnerability Assessment.

ID Ranking Critical Infrastructure NWS Flooding
Category

1 Critical Chappy Ferry Terminal - Chappy Nuisance

2 Critical Chappy Ferry Terminal - Edgartown | Nuisance

3 Very Vulnerable | Packer Fuel Dock West Nuisance

4 Very Vulnerable | Water Street Minor

5 Very Vulnerable | Beach Rd - Tisbury Minor

6 Vulnerable Tisbury SSA Ferry Terminal Moderate

7 Vulnerable Eastville/County Rd Moderate

8 Vulnerable Packer Fuel Dock East Moderate

9 Vulnerable Beach Rd Seawall Moderate

10 | Vulnerable* Hariph's Creek Bridge SOR + 1t
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Vulnerability Visualization:

Based on the vulnerability assessment, two vulnerability visualizations are provided here. The first
is a location where 5 of the 10 and 8 of the 27 islandwide critical facilities are in one relatively
small area in Tisbury. Figure 31 shows this area at relatively low flooding categories becoming
inundated and difficult to travel in. It is understood that the town has begun work in this part of
town and these data should be of help in addressing the numerous challenges in the area.

4.0 ft (MLLW)QR - 5 4.5 ft (MLLW)

S .y 5.0 ft (MLLW)

9
S, 1A B
z |
37
E5 4 )
-
D
= 4

1 5 9 13 17 21 26 30 34 38 42 46 50 54 58 62 66 70

Distance (m)

Figure 31. Vulnerability visualization for Tisbury. The area has 8 critical facilities from the list of 27 provided by
the Vineyard Commission. 1. Tisbury Harbormaster, 2. Water Street, 3. Tisbury SSA Ferry Terminal, 4. Beach
Road, Tisbury, 5. Packer Fuel Dock — West, 6. Packer Fuel Dock — East, 7. Lagoon Pond Rd Bridge Culvert, 8.
Lagoon Pond Road. Note the A-B cross section in the bottom panel and its location in lower right panel in yellow.
The road itself is the lowest part of the cross and where water will travel first. There are many STPs in the area but
were left out for clarity.
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Often these low-lying areas are locations of commercial and residential development and as such
access to essential resources or by emergency vehicles is critical and must be planned for. The
data, images and much of the analysis herein are focused on immediate concerns such as nuisance
flooding or from the next storm, even a record storm. However, these data can also be used to plan
long term changes with regards to future development, sea level rise, etc. The spatial resolution of
the GIS data, and that of stormtides.org, will allow for the user to zoom in at a scale that is not
always available with other sea level rise viewers - the mapping of STPs was designed with this in
mind. However, it is, in part, up to the user to determine the most reasonable scale and what are
suitable decisions to be made with these data. When working in developed areas, for examples,
where the user is confident little to no change has occurred these data will continue to be useful
into the foreseeable future. In dynamic areas or new development care must be taken due to the
changes since the mapping of storm tide pathways.

Lastly, the reader should be reminded that the mapping of storm tide pathways is not the mapping
of all the places where water will flow, but the places where water will begin to flow. These lowest
of points in low-lying areas are where the focus should start when dealing with inundation. Figure
32 is the second vulnerability visualization, but rather than show another location with multiple
critical facilities as in Figure 31, we show the opposite, a single facility - the Hariph's Creek Bridge
in Chilmark. The bridge can start to be inundated from either side, but as the water levels increase
the areas that have to be addressed to stop water flow also increase. The STPs show only where
the water will start to flow at a certain elevation. As noted above, the bridge could have very little
water <6 inches or several feet because the ‘Major’ NWS flooding category is >8.5 ft. Much like
the Saffir-Simpson scale for hurricanes, a ‘strong’ category 3 hurricane can be nearly identical to
a weak category 4 storm. The opposite is also true, a ‘weak’ category 3 storm can be very different
that a ‘strong’ category 3 storm. Here we add the SoR +1ft category and coupled with the
knowledge of predicted the Total Water Level provided by the NWS, the user has a fuller
understanding of the threat. The Hariph's Creek Bridge is a critical facility as it is the only road
that connects the western part of the Vineyard, parts of Chilmark and Aquinnah, to the rest of the
island.

As water starts to flow near the road on the bridge some sandbags or portable flood walls at the
locations of STPs may suffice, however, that would be entirely insufficient for a larger scale event.
Using the GIS data from this project, or the website (stormtides.org) for these visualizations where
the water level can be increased in 6-inch increments, a plan can be developed for all possible
water levels. It should be stated that these data should not be the only information the plans are
based on, but rather to ascertain where challenges may exist. Also, the absence of a vulnerable
area in the STP data should not delude the user into thinking that such areas do not exist. Given
the dynamic nature of the coast, first-responders, managers, and the public should be ever vigilant
in monitoring changes both natural and human-made.
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Figure 32. Panel D modified fom Figure 29 above is shown in more detail here. Two STPs are shown in yellow, but
they are not the only way water will flow onto the bridge, but the first places water will flow, from either side of the
structure. Within the GIS data these types of visualizations will be possible islandwide.

Public Informational Meetings, Outreach and Education

Three informational meetings were to be held for this project. The first meeting presented by Dr.
Mark Borrelli, via Zoom, was open to the public as well as officials from the six towns and took
place on Thursday, January 12%, 2021. The talk was designed to provide an introduction to the 2-
year project and the methods to be used. During the introduction we informed the participants that
we would be soliciting feedback at the end of the talk. Many of the participants shared their
thoughts with us and notes were taken to capture those discussions. The second meeting was held
on Friday, December 17, 2021, at 9:30 am at the Martha’s Vineyard Commission Climate Action
Task Force meeting. Dr. Mark Borrelli, from the Center for Coastal Studies, presented preliminary
findings to the group that were again open to the public as well as town officials. The talk focused
on the GIS-based work of mapping storm tide pathways via desktop analysis and the fieldwork
that took place on island in March of 2021. Examples were shown of some of the pathways in
areas around the island. The last meeting is scheduled to be held in the Summer of 2021 and will
be used to present the findings of both phases of the project and demonstrate the app for the
audience which is to include the public and town officials and other managers. The webpage was
not completed in time for the end of project presentation as such the third meeting will be
scheduled as soon as is practicable in cooperation with the Martha’s Vineyard Commission.
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The Center’s education program in year one developed a curriculum to be used for 7" grade
students based on the Massachusetts State Standards: Earth and Human Activity, and Ecosystems,
Interactions, Energy and Dynamics. In year two it was anticipated that the Center’s education
program would deliver this curriculum at a middle school on Martha's Vineyard. Due to
scheduling conflicts, CCS education was not able to deliver the program at the West Tisbury K-8
school. CCS education was, however, able to work with the 6th grade class at Martha's Vineyard
Charter School in late May. It is anticipated that CCS Education will return to deliver the program
to 7th graders at West Tisbury during the 2022-2023 school year. CCS Education delivered the
program to 15 students on May 25th. Accompanying CCS Education Director, Jesse Mechling, in
the classroom was Liz Durkee of the Martha's Vineyard Commission. CCS was able to deliver
the curriculum developed in year one, and it is anticipated that this will begin a new relationship
between CCS Education and Martha's Vineyard Charter School.

In addition to the visit to Martha's Vineyard, CCS Education was able to disseminate the
curriculum in a number of different educational venues. In July 2021, CCS Education Director,
Jesse Mechling and CCS Department of Marine Geology Director, Dr. Mark Borelli delivered part
of the curriculum as part of a five-day teacher training workshop in association with the Wade
Institute entitled: Landscapes on the Move: Investigation Geologic Formations and
Processes. CCS’s Education and Marine Geology programs led sixteen middle school teachers
for one-day of the five-day course utilizing activities developed in the curriculum. During the day,
CCS gave presentations on coastal resiliency, storm tide pathways, and integrated shoreline
management. Teachers in the workshop then participated in activities related to those topics,
incorporated in the curriculum.

In March 2022, Jesse Mechling and the Wade Institute’s Education Coordinator delivered part of
the curriculum to middle school teachers at the Massachusetts Environmental Education Society’s
(MEES) annual conference. Due to feedback from participants in the Wade Institute’s summer
teacher workshop, the activities delivered by CCS proved to be very popular. Therefore, the Wade
Institute and CCS partnered to submit a talk proposal for the 2022 MEES conference. The
proposal was accepted, and the program was delivered to eighteen middle school teachers
throughout Massachusetts. The focus of the talk was an activity related to adaptive shoreline
management.

Finally, in April 2022, Dr. Mark Borrelli delivered a presentation at the annual Massachusetts
Marine Educator’s annual conference in Woods Hole on shoreline management and Storm-Tide
Pathways. The conference was attended by sixty teachers and informal educators from
Massachusetts. Due to a conflict the CCS Education Director was not able to participate, however,
an educator from Woods Hole Sea Grant presented activities from the curriculum (shared by CCS)
in an afternoon workshop with sixteen educators following the morning lecture.
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Introducing new curriculum programs into schools is always difficult and despite obstacles arising
from Covid-19, CCS Education was able to present to a school on Martha's Vineyard. CCS
education has shared the curriculum with other teachers on the Vineyard, and it is anticipated that
CCS education will reach more teachers and students during the next year. Fortunately, CCS
education was also able to introduce the curriculum through a variety of other platforms including
teacher workshops, online programming, and conferences to reach a teacher audience much wider
than originally anticipated. CCS Education and Marine Geology were able to reach over forty
middle school teachers, who have knowledge of the curriculum to use in their classrooms. The
reach of the curriculum thus will have a much greater impact in coastal and non-coastal
communities statewide.
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APPENDIX A.
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Figure A-1. Vulnerability Visualization for Beach Road in Tisbury in the Vicinity of the Packer Fuel Dock. STPs
can be added to the view and water depth polygons can be shown rather than NWS Flooding categories.
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Figure A-2. Vulnerability Visualization for the ‘Chappy Ferry’ area in Edgartown. STPs can be added to the view

and water depth polygons can be shown rather than NWS Flooding categories.
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CRID || ooy Critical Facilities o (s
Ranking ID Category
1 Chappy Ferry Terminal - Chappy 111 89 1 - Nuisance
2 Packer Fuel Dock West 124 | 296 1 - Nuisance
3 Chappy Ferry Terminal - Edgartown | 110 | 89 1 - Nuisance
4 West Basin Boat Launch 174 | 104 1 - Nuisance
5 Herring Creek 200 | 104 1 - Nuisance
6 Island Queen Ferry Terminal 76 | 221 2 - Minor
7 Hy-Line Ferry Terminal 75 | 221 2 - Minor
8 Lagoon Pond Rd Bridge Culvert 169 | 296 2 - Minor
9 Beach Rd - Tisbury 172 | 296 2 - Minor
10 Patriot Ferry Dock 78 89 2 - Minor
11 Water Street 171 ] 296 2 - Minor
12 Lagoon Pond Rd 173 ] 296 2 - Minor
13 Edgartown Harbor Master 112 89 2 - Minor
14 Dike Bridge 193 | 89 3 - Moderate
15 West Basin Rd 175 | 104 3 - Moderate
16 Tisbury SSA Ferry Terminal 77 | 296 3 - Moderate
17 Eastville/County Rd 180 | 221 3 - Moderate
18 Packer Fuel Dock East 125 | 296 3 - Moderate
19 Beach Rd Seawall 170 | 296 3 - Moderate
20 Chilmark Harbor Master 115] 62 3 - Moderate
21 Lily Pond Well 95 89 3 - Moderate
22 Dutcher's Dock 178 | 62 3 - Moderate
23 Oak Bluffs SSA Ferry Terminal 74 | 221 4 - Major
24 Tisbury Harbor Master 114 | 296 4 - Major
25 Basin Rd 179 62 4 - Major
26 Hariph's Bridge 194 62 | 5-SOR plus 1ft
27 Little Bridge 190 | 221 [ 5-SOR plus 1ft

Figure A-3. A screenshot of a ‘fillable’ PDF developed by the Center and sent in the spring of 2022 to the Vineyard
Commission and the six towns to create a subset of critical infrastructure for the low-lying roads analysis. Town Id:
Aquinnah = 104, Chilmark = 62, Edgartown = 89, Oak Bluffs =221, Tisbury = 296, West Tisbury = 327.
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