Building Coastal Resilience at the Gay Head Cliffs

Integrating Tribal Knowledge, Monitoring, and Modeling to Support Long-Term Stewardship
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Project Motivation and Goals

I PROBLEM STATEMENT

The Gay Head Cliffs are culturally significant, physically dynamic, and exposed
to erosion-driving climate stressors like storms and groundwater processes

| PROJECT GOAL

Integrate community knowledge, longitudinal data, and slope stability modeling to
support WTGHA-led stewardship and resilience planning

KEY OBJECTIVES
Develop a portfolio of interventions to
Establish a robust foundation for support the long-term resilience and
Q understanding this complex, evolving @ stewardship of the Cliffs by combining
coastal system community priorities with advanced

modeling tools



Historical Perspectives: Clifford Kaye, 1972
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Historical Perspectives: Clifford Kaye, 1972
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Historical Perspectives: Clifford Kaye, 1972

AARTRENY 08 T INTEROK

UNITED STATES GOl SEVEY ¥
EXPLANATION
gt yargr
T Gry o P Gy Post Albecemercas e
= = 3
= = L] £3 )
i e om Dot e
it et 311 o o ' Tiatato-
Omtaceom Tertiney e e opr. Gl
- o ot o
— P~ AN st s Nalflx
Clmietmtinte  Wrwiflstion  CUS fme  Toformel
Tt comred itk of momeogtAc  of Levklvden
Atrnd o e
o o)
it Shets

1 fnch = 30 fowe, Dectaeneal and vertical
GEOLOGIC PROFILE OF GAY HEAD CLIFF, MARTHA'S VINEYARD, MASSACHUSETTS
(AS T APPEARED 1Y 1939) ST
ST

Y
et A. Ky
190



Recent Evolution: 15-Year Time Series
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Interconnected Work Streams

Sim%

Longitudinal
data analysis

o Historical texts, reports, articles
® Remote sensing, weather hindcasts

-
al

Tribal visioning &
data governance

®
L

® WTGHA-led project priorities
® Respecting sensitive knowledge

Physics-based
modeling

® Modeling bluff instability
e Simulating stressor-driven failure




Tribal Visioning & Data Governance

Four-Tier Data-Access Structure

e Tier 1: Highly restricted identifiable data (protected knowledge).

e Tier 2: De-identified analytical data for authorized research access.

e Tier 3: Aggregated project findings and synthesized insights.
e Tier 4: WTGHA-approved public products and open reports.

Community Engagement

e  Ongoing monthly meetings with island and Tribal team members
e On- and off-island group discussions with Tribe members

e Targeted surveys & focus groups within Aquinnah

Reflecting on the Aquinnah Cliffs

This survey is part of a research partnership between
WTGHA and Tufts University about the Aquinnah Cliffs
Participation is voluntary, The survey may take 5-10
minutes. Your responses will help us understand
community memaries of the Cliffs and potential ways to
help protect them. You may skip questions o stop at
any time. By responding to these questions, you are
providing your consent to participate in this survey.

Before beginning, please confirm:

3 1 have read the information above, | am at least 18 years old, and | voluntarily agree to 5
participate in this survey. )
[ 1am an enrolled member of the Wampanoag Tribe of GayHead/Aquinnah

Thank you for sharing your memories and ideas about the Aquinnah/GayHead Cliffs. Please share
as much or as little as you wish. You may skip any question.

1. How have you experienced the Aquinnah Clifs in your life, such as in your childhood?
Please select any/all that apply.
1 have lived near the Cliffs and/or have spent/spend time there regularly
11 have visited the Cliffs when | visit Aquinnah
D1 have rarely or did not interact with the Cliffs
[ 1 experienced the Cliffs in a different way
2. What one word best describes what the Cliffs mean to you?

3. Is there a story you were told about the Cliffs that you would like to share?




Ongoing Community Engagement

2026 WTGHA Powwow

Celebrating Wampanoag culture, identity, and community
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v' Ongoing meetings, discussions & engagements with Tribe

v' Tribal knowledge & priorities inform the technical approach
and ultimately drive the adaptation portfolio




Longitudinal Data Analysis

Historical Data Compilation - More than 60 references spanning all aspects of the Cliffs

Reviewing books, white papers, local articles, maps,
parcel assessments, engineering reports, etc.
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Environmental & Geophysical

Ecological

Cultural and Historical

Climate & Future Scenarios

Economic & Infrastructure

Governance & Policy
Social & Community

Participatory & Visual

1. Introduction

The Aquinnah CIffs, also referred 1 as the Gay Head CIIfT, are among the most geologically,
culturally, and bistorically significant cosstal landscapes |n Massachusents. Located on the
westem end of Noepe (Martha's Vineyard), the CIifls hold deep importaice 1o the Wampanoag
Tribe of Gay Head (Aquinnah) [WTGHA] and have lung beea recognized for their distinctive
exposed clay formations, dynamic coastal processes, ecological features, and enduring role in
ishand life. Over centuries, the CIifts and surrounding shoreline have experienced continual
ehange through erusion, landsliding, sediment transport, wave sction, groundwater processes,
storms, and Tang-term coustal evolution. These processes bave dravwn scientific, governmental,
and community attention 13 concerns surrounding sca-level risc, shoreline retreat and intensificd
storms continue 10 grow,

This Historical Data Compilation (HDC) was developed 15 part of the broader WTGHA
and Tufts University collaborstive project focused on widestanding the past, peesent, and
polential futire changes affecting the Clfls. The purpose of this document is 1o compile and
synthesize existing information relevaat o the CIiffs and surrounding landscape, drawing from
archival matesials, scientific literature, govemment reporls, maps, imagery, observatianal
reconds, and other available sources. Tt aims to provide a non-exbaustive but thorough
background resoarce to support and inform ongoing and upcaming project activities, including a
values pssessment, remole sensing analysis, blufl seability modeling, and bluff resilience
planning.

report is organized around a series of thematic categories that together help
contexmualize the Aquinnah CIiffs within broader cavironmental, historica, ecological, cultural
social, and infrastructural systems. These categorics include cnviroamental and geophysical
conditions, ecological systems, community and cultural information, governance and cconomic
context, and climate and fuure scenarios. We do not atiempt o provide a complete or final
ierpretation of community perspectives or CHIF processes. Rathes, the HDC serves as a
structured compilation of existing knowledge and observed change across muliiple timescales
and disciplincs.

The HDC also contributes to the ongoing development of a repasitory of information
concerning the Aquinnsh Cliffs for WTGHA educational, archiv planning purposes. As
described throughout his report, information related to the CIifts exists in many forms, including
published  scientific studies, historical maps, photographs, oral histories, community
abservatians, ‘manitoring. and
in this report are publicly available, while others may remain private or restricted at the direction
of WTGHA in accordance with Tribal data govemance peioritics.

Ultimately, this document establishes a baseline understanding of the Chffs and
surrounding environment by folding diverse forms of historical and contemparary information
into a single synhesized refercace dosument, In doing 5o, the HIDC supports firure phases of the
WTGHATufts project while slnwlum:wi\y docum:mmg environmental and cultural context
tor a landscape of tthe W

45 Climate & Future Scenarios
Relative to other parts of the country, the portheaster United States has experienced unususlly
g coastal warming. Karmalkar and Horton (2021) identify the coastal nostheastern United
St 1 the s Norhwes A Shlf warming hotspots. Their analysis found that
coastal notheastem surface air temperature warming since 1902 has been exceptional at boch
contineatal and hemispheric scales, with some coastal areas experiencing more than 2°C of
‘warming. Unlike many mid-latitade regions, where winler warming dominates asnual trends, the
coastal portheast has experienced strong warming in summer as well as winter. The study links
this enhanced constal b (v selatod drivers: sea-Surface Tempersture warming on the
Northwest  Atatic associsted with weakening Atlastic Meridionsl Overtuming
Noth
A Ol KR, Sl okl ) Tl ol o i o '
Viney: use the island lics within the coastal partheastern region where land and ocean
warming are closely coanccted. The adjacent Northwest Atlanic Shelf has warmed rapdly (o
recent decades, and the shelf’s warming pattern is spatialy linked 1o the coasta ai-temperature
patier observed over tand. This means that future climate conditions on Martha's Vincyard
should not be undersiood only through inland aie-temperature projections, but aiso through

Regional ocean warming s also useven at finer spatial scakes. Yu and Yang (2022)
exarmined sea-surface tempersture treeds in Cape Cod waters and found that the New England
Contineatal Sbelf has warmed at a rate two o three times faster than the global open ocean in
receat decades. The broader warming trend varics seasonally and peaks in late summes, with
reported warming near 1.0°C per decade in July thiough September and a lengthening of the
sumaer season by approximately 0.6 o 15 per year (Yu and Yang. 2022). These broad
shelf trends provide regional context for Martha's Vineyard, bat the study also shows that waters
near the Cape and Islands do not wam wniformly. Using & fine- mmnm sea-surface
temperature peoduct, they also identified both  “warm spor” and a  in pearby waters.
The warm spot occurs in Nantucket Soand, sheltered by Mariba' »...mm and Nastucket,
where summer sea-sarface temperature maxima increased by 3.1 1.0°C and the summer season
lengthencd by 20 4+ 7 days over the 2006-2020 study period. I contrast, the cokd spot occurs
over Nantucket Shoals, where strong tidal mixing s associated with cooling during June through
August, reducing sumeer sea-surface lemperature maxima by 25 + 1.2°C and shoricning the
warm scason by 32 4+ 11 days. Away from these localized features, the broader shelf warming
was associaed with a forward shift in the annual emperature cycle, especally from August

Nantucket Sound. Vineyard Sound,
‘and the open shelf do not respond identically to climate forcing. The presency
of both sirong warming and localized cooting near the Cape and Islands suggests that futare
‘marine conditions may be highly pisce-specific, influenced by tidal mixing, wind foecing, and

10



Longitudinal Data Analysis

Remote Sensing Establishes a Baseline for Bluff Deformation from 2015-2026

Sentinel-1 SAR Data: The analysis utilizes Synthetic
Aperture Radar data from ascending and descending
geometries, coregistered at a spatial resolution of ~3 x
10 meters.

TerraSAR-X Constraints: The methodology incorporates
constraints from TerraSAR-X observations to resolve line-
of-sight displacement into slope-parallel and slope-
perpendicular ground motion.

Hotspot Identification: Spatially detailed time series
identify localized deformation hotspots and areas
showing persistent or accelerating motion to evaluate
potential slope instability.
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01. Identify Loss Rates 02. Slice DEM Profile 03.Trace Bluff Slope
Line of sight velocity via remote sensing Import coordinates to slice 2D profile of DEM Trace slope from behind crest to beyond toe

LOS velocity (mmiyr)

Line-of-sight (LOS) velocity in mm/year. Larger bubble = lower uncertainty
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Physics-Based Modeling

Land-Climatic Interaction & Forcing

e Transient Hydrodynamics: Seepage and slope stability models simulate pore-water
pressure variations and infiltration dynamics driven by long-term transient

environmental forcing.

Seepgae Model with LCI - pore-water pressure distribution stabilizes at drone site over 5-year period
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DEM /LiDAR /
UAV / survey

°di-

Boreholes /
lab tests / literature

O.H‘O.E_’

Rain gauge /
weather records

%41,

Buoy / wave hindcast /
tide gauge

i

Land cover / NDVI/
field survey

Physics-Based Modeling

MODEL
TS L

Bluff geometry
* Bluff profile

« Foreshore slope
N—————
—_—
Material properties
* Strength

* Hydraulic properties
* Initial water table

. B S
Rainfall

* Rainfall record

| —

- %

Waves

* Wave height

* Wave period
| S—

Vegetation

* Root reinforcement
* Root-water uptake
« Canopy interception

o 1. Hydrologic response

Infiltration + Suction

¥

(@ 2 stabilty analysis

FS + Critical slip surface

“

o Factor of safety
FS(t)

9 3. Geometry update
Wave-driven toe retreat

Choose crest-update approach

7

© Crestand toe retreat

D \ »
\ l \ \
k-’ 5 - \\’\‘v

\

' % 4
A. Approach 1 B. Approach 2 i A

Failure-informed Parallel o Support Iong-term retreat

crest update crest retreat
J % T S

; g g W

Updated bluff profile —
X J

—_—
Next event
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Physics-Based Modeling

| 1. Hydromechanical model
| Wave-induced Rainfall
| infiltration infiltration
|

Stability & Reduced-Order Modeling b v

|

|

|

Root-water p(a]\ |

. Root cohesion i

e Long-Term Evolution: A parallel reduced-order |
model simulates overall coastal bluff retreat and =
=N e |

thickness Suction stress. |

I

profile transformation across decadal and
centennial timescales.

Root reinforcement

Hydromechanical
strength
contributions

I 2. Log-spiral LEM stability model

e Nested Dual Time-Scale Configuration: = roo-mo--2

| 3 Geometry evolution model

|
Effectively couples continuous, gradual bluff | ii’ia?‘ =3 = i
evolution with episodic, event-driven erosion / i““mmg,mmi
caused by major storm surges and rainfall Wareroson —————m———— = |
triggers. ‘“’mi e

Concave
face k ™

£ slip

& surface k
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Physics-Based Modeling

Approach 1. Failure-Informed Crest Update

Stage 1 Stage 2

— Initial bluff profile
Local failure 5
Major failure G,

— - Maijor failure G

---= Final bluff profile G,

30 1 1

110 180

220
x (cm)

Wave-flume experiment observations:

Initial bluff profile

Failure wedge

Local failure Sy, Stage 1
Major failure G, Stage 2
—-— Major failure G, Stage 3

Final bluff profile Gy,

120

z(cm)

Approach 2: Parallel-Retreat Crest Update

Stage 1 Stage 2

— Initial bluff profile
Local failure S
Major failure G,
— Major failure G,
-=== Final bluff profile G;
30 1 1

110 180
x (cm)

Model results:

Concave face Log-spiral slip surface

Stage 1 - — - Stage 1
— Stage 2 - — — Stage 2
—— Stage 3 - — — Stage 3

220
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From Science to Resilience Planning

Integrated Modeling and Monitoring Support Long-Term Coastal Resilience Pathways

@ Engineering Models

Building Toward Actionable Strategies
Baseline analyses and physics-based models provide
the foundation for evaluating long-term coastal
resilience strategies for the Gay Head Cliffs.
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Next Steps:

e Scenario Pathways Development

e Comprehensive Risk Assessment

e Adaptation and Nature-Based Solutions Portfolio

8 | e
Vegetation restoration Runoff management Adaptive monitorlng'

~~—~—~—Informed by Tribal priorities. ~~—~——
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Potential Measures to Evaluate

Developing an Adaptation Portfolio

Evaluating a Range of Adaptation Measures to Support WTGHA-Led Stewardship

Nature-Based Approaches

Water Management

Nature-based approaches: Native
vegetation, habitat restoration, and
erosion control.

Water management: Surface runoff and
groundwater management.

Targeted protection: Site-specific

measures to address wave attack and toe [ .
erosion. | 7

Adaptive management: Monitoring, L T A J
intervention triggers, and phased L Ecilggicanmpact;- Tribal Priorities ,

im P | ementation. WTGHA-Informed Adaptation Portfolio

(

-
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A Partnership Built Through Resilience

The funding changed; the partnership and shared commitment continued

Early 2024
Partnership begins

Tufts reaches out to
WTGHA to partner on a
NASA proposal on equitable
resilience to geohazards.

|

Apr. 2025
Unexpected
setback

NASA project is terminated
following changes in federal
priorities.

Late 2025
A new opportunity

WTGHA leads a new
proposal to Massachusetts
CZM, with Tufts as a
technical partner.

o
l

Aug. 2024
NASA project
funded

A multidisciplinary team
begins the work with a
shared vision and strong

2025
Partnership
continues

WTGHA and Tufts keep the
collaboration moving
forward using internal

—

Today
A stronger
partnership

Community knowledge,
monitoring, modeling, and
adaptation planning now

momentum. resources. come together.
A project about resilience has itself had to be resilient
Resilience is not only about coastlines and infrastructure - it is also about relationships 18
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