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ABSTRACT

The IPCC has identified small islands and coastaég among regions most vulnerable to
climate change. The geomorphological charactesistid®rince Edward Island (PEI), such as
highly erodible sandstone bedrock and low elevaontribute to a high degree of physical
vulnerability to climate change. The province ighly susceptible to physical impacts of
climate change including relative sea-level risé sxcreased rates of coastline retreat. In order
to assess the physical coastal vulnerability oRBeCA study area of the North Shore, PEI, a
model employing Geographic Information Systems {GhSulti-criteria evaluation (MCE),

and time step analysis is formulated. The physiaalerability of the North Shore for the year
2010 was quantified in terms of wind-wave exposumedition, morphological resiliency, and
permanent and episodic flood risk. These resutearployed as model inputs to predict the
shoreline for the subsequent time steps (2050,)2¥00ch are again analyzed to estimate
future physical coastal vulnerability. Such anrapgh allows for updated predictions in intent
to improve accuracy when compared to linear extedjpm. Finally, areas of highest priority
for adaptation measures are quantified for each stap. This physical vulnerability analysis
together with community-based and socioeconomistebaulnerability analyses will portray
the comprehensive vulnerability of the North Shoreurrent and future effects of climate
change.
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1. Introduction

1.1. Study Context

The Intergovernmental Panel on Climate Change ()FEith Assessment Report (AR5) (2013)
states there is unequivocal evidence the Eartlex@arienced warming since the 1950s that is
unprecedented for the current instrumental recbinds warming is largely attributed to an
increase of C@atmospheric concentrations. This change in cliatelead to an increase in
oceanic temperatures, a decrease in ice sheetatidl goverage, and has contributed to the rise
of global mean sea-levels. The effects of clintdi@nge are interconnected in a positive
feedback. As global Catmospherics emissions continue, the effectsimfate change will

continue to intensify.

The Intergovernmental Panel on Climate Change ()FEith Assessment Report indicates that
the global oceans have stored the largest amourgaifenergy from climate change, leading to
global (eustatic) sea-level change. The factondrimuting greatest to the change in eustatic sea-
levels are oceanic thermal expansion and the addifi melt water previously stored on land as
glaciers and ice sheets. Global sea-levels hagr gta rate of 3.2 milimeters annually from the
years 1993 to 2010. However, the magnitude ofivelatea-levels depends on local glacier
gravitational field characteristics as well as gasostatic adjustment (IPCC, 2013).

The North Shore of Prince Edward Island (PEI) igegiencing relative sea-level rise at a rate of
29 centimeters per century, calculated from tideggadata recorded since 1900 (Shaw, 2001).
Relative sea-level rise in the area is attributeglobal mean sea-level rising as well as crustal
subsidence through glacial isostatic adjustmena\{2001). According to Richards & Daigle
(2011), a total increase in relative sea-level doabch 1.08 meters by 2100 in the area. Thus,
portions of the North Shore are at risk to permamamdation through sea-level rise.
Furthermore, the study area is further at riskitnate change induced hazards including the

potential increase of episodic storm surge intgrastwell as coastal erosion.

The North Shore is experiencing a high incidencehafreline retreat largely due to sea-level rise
inundation (Webster, 2012) and a correspondingeasx size of waves reaching inshore as
relative sea-levels increase. Mean erosion rategdes the years 2000-2010 range from 0.08 to

0.46 meters annually, with the greatest erosiomwicy in the Malpeque littoral cell at 19.94
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meters annually. This is a substantial increagkerannual rate of erosion, as between the years
1968 and 2010 the coastal change rates ranged-@&r@h to 0.34 meters annually, with the
Cavendish littoral cell experiencing accretion (\&telp, 2012). Although there are extensive
sand beaches, the North Shore is limited in sediswgoply (Forbegt al.,2004). It is assumed
that these rates of erosion will increase acrosstihdy area as climate change induced hazards

continue to effect the area.

The definition of vulnerability developed in thissearch states that it is the degree of risk which
the geophysical coastal systems experience adwepsets of climate change hazards as well as
the coastal systems resiliency to the hazéing North Shore is also particularly vulnerable to
erosion due to permanent sea-level rise and egistolim surge. The region is situated on the
Gulf of St. Lawrence, a large body of water whichduces strong fetches and powerful waves
(Shaw, 2001). Furthermore, the island is comprafdughly erodible Pennsylvanian-Permian
sandstone and shale (Mathew, Davidson-Arnott, &i@tad, 2010). Observations have
indicated an increase in strong storm activityhi@ tegion with accompanying stronger storm
surges (Shaw, 2001).

The North Shore is highly vulnerable to climaterd@induced hazards due to a history of
increased rates of coastal erosion, the vulnetalofithe coast due to its biophysical state, and
an observed increase in storm activity. This vidbéity will increase over time as the effects of
climate change progress, including permanent sed-tse inundation and episodic storm surge
flooding. These effects will directly affect bottetnatural and built environments. Sea-level rise
inundation and episodic storm surge flooding hesaaly altered local ecosystems, reduced
shoreline stability, and incurred large costs mtépair of human infrastructure (Richards &
Daigle, 2011). Thus, it is necessary to quantify ttulnerability in order to assess present and

future exposure-sensitivities as well as plan der@ange mitigation and adaptation strategies.

A physical Coastal Vulnerability Assessment (CVapitool used to quantify the relative
susceptibility of the physical coast to a rangbadards, and comparatively discern the areas of
greatest risk. Criteria indicators are used toiafharepresent hazards the coast experiences or to
depict susceptible biophysical conditions; therditere cites the most frequently used criteria as

coastal geomorphology, shoreline change, mean ivaight, sea-level rise, mean tidal range,
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and slope (Dwarakish et al., 2009; Gaki-Papanastass al., 2010; Gornitet al, 1994; Kumar
et al, 2010; Kumar & Kunte, 2012; Le Cozanmtal.,2013; Pendleton, Thieler, & Jeffress,
2005; Pendleton, Thieler, & Williams, 2010; ThiekeHammar-Klose, 2000; Shaw et al., 1998;
Yin et al, 2012). The values representing the criteria an&ed in terms of lowest to highest
vulnerability, usually within a GIS where the datn be spatially represented. Each criteria is

summed together to produce an overall vulneralalsigessment.

The physical CVA produced in this work utilize ttréteria of exposure condition,

morphological resiliency, and permanent and epcstidod risk to assess coastal vulnerability.
The initial factor which governs the magnitude airéction of change in a coastal system is the
exposure condition, or the potential amount ofsstrgcted upon the coastline. The level of
morphological resiliency of the coastal system alstermines the degree of coastal change, as it
is the ability of the system to return to a stdteguilibrium following a stress event. As the
exposure condition and morphological resiliencymgti@ations did not capture the vulnerability
of the study area shoreline to storm surge andesedrise flooding, a separate vulnerability
criteria to assess flood risk was included. TheAG¥as conducted for three time steps (2010,
2050, and 2100) in order to evaluate the changelmerability the North Shore will experience
as a result of increasing climate change hazarelsvéen each time step, the coastline position
was modeled in order to accurately represent thasge through time; this has not been

incorporated in previous CVAs within the literature

The results of the CVA will identify specific logahs of highest vulnerability to climate change
along the North Shore. It will aid in the assessneépotential mitigation and adaptation
strategies as well as prioritize areas which areeed of immediate time and resources to

prevent damage to natural and human environments.

1.2. Research Goals

The fundamental goal of this research is to evaltla physical coastal vulnerability of the
North Shore to climate change for years 2010, 2860,2100 using a Coastal Vulnerability
Assessment (CVA). The following objectives achietied goal:



Quantified three criteria indicators ranked frorwést (1) to highest (5) vulnerability for

three time steps:
0 Assessed the exposure condition using the Wavedtxpdviodel and GIS
o Determined morphological resiliency using numeraad GIS modeling
0 Used GIS to identify coastal vulnerability to seadl and storm surge flooding

Evaluated, assessed, and compared the relativecphyslnerability of the coastal
system to climate change using three criteria mtdis in a CVA for the years 2010,
2050, and 2100

Utilized findings of assessment to determine acédsghest priority for adaptation

measures in terms of tourism and fisheries

1.3. Thesis Structure

This thesis is comprised of six chapters. The Girgtpter introduces the research problem as well
as the objectives utilized to address the probleme. second chapter provides additional context
and information pertaining to the research probienme form of a literature review; this chapter
reviews physical Coastal Vulnerability Assessmé@igA) from their advent and compares the
methodologies used in each. The third chapter descthe study area of the North Shore as

well as an in-depth analysis of the different regian which it is comprised of. Chapter four
outlines the methodology used to quantify the ptalstoastal vulnerability of the study area.

The fifth chapter provides the results of the pbgsCVA as well as a discussion of the
implications of these findings. Finally, the sixdhapter reviews study limitations,

recommendations for future work, and provides arsany of the research.



2. Physical Coastal System Vulnerability, a LiteratureReview

2.1. Introduction

Coastal vulnerability assessments (CVASs) are tagkddidentifying areas at risk to the hazards
of climate change. These evaluations must simpbiyplex and dynamic coastal systems. They
rely on assumptions to determine the degree araditocof future hazards and the extend of the
resulting impact on the system. There are inhareoértainties, limitations and errors with a
CVA. Thus, the use of a CVA to determine futura@@dtion and mitigation options must be
used in conjunction with historical and expert kiexalge, and the full recognition of these
limitations. Even with these drawbacks, the CVAydes an invaluable method for determining

coastal vulnerability.

This literature review is intended to provide amiwew of the methods used to assess physical
coastal vulnerability and to provide backgroundainiation important to this assessment. The
review is divided in to three sections. The firsttson provides definitions of key factors
involved in the physical CVA in order to clarifyrtes that may have multiple meanings across
the literature. The second outlines variables caugulnerability to the system. Lastly, the third
section summarizes physical CVAs through the litemand discusses issues inherent in these

assessments.
2.2. Key Definitions

2.2.1. Vulnerability

This research aims to assess the vulnerabilith@North Shore of PEI coast to future impacts
of climate change. The termulnerabilityhas a range of definitions within the literatureiath
are especially divergent between climate changenathdal hazard research communities
(Romieuet al.,2010). Furthermore, the termisk, hazardandvulnerabilityare at times used
interchangeably within the literature. Thus, a clederstanding of the termulnerabilityin the

context of this study is necessary.



The Intergovernmental Panel on Climate Change ()FEQrth Assessment Report (AR4)
(Adgeret al.,2007) definevulnerability as:

"...the degree to which geophysical, biological aoedio-economic systems are

susceptible to, and unable to cope with, advergmaats of climate change.”

While this definition is critical in the assessmehtlimate change impacts, it does not focus on
the physical impacts of climate change. Thus, &fendion of vulnerabilityin the context of this

study will be focused on the physical impacts ohete change on the coastal system.

Gornitz (1991) developed the first assessment g$iphl coastal vulnerability, and defines

coastal vulnerabilityas:
"the liability of the shore to respond adverseaathazard"
and acoastal hazaras:

"a natural phenomenon that exposes the littoralezto risk of damage or other adverse

effects.”

Thusvulnerabilityis a function of dazardand the degree to which the shore responds to the

hazard which can be termed tlexposureof the coast.
Douglas (2007) succinctly summarizaagnerabilityin terms ofhazardandrisk:

"An evaluation of the risk to an exposed elemanhfa hazardous event requires a
consideration of the element’s vulnerability, whetpresses its propensity to suffer
damage."

Thus,vulnerability of the coast is an evaluation of tfiek of impact from climate change
hazard.The IPCC AR4 definition ofisk is taken from the risk management standard ISO/IEC
Guide 73 (Halsnaa=t al.,2007):

"The combination of the probability of an event @scconsequences”

Resiliencyis defined by the IPCC AR4 (Adget al.,2007) as:



"the ability of a system to return to a predistuisate without incurring any lasting

fundamental change"

Integrating these above definitions together presithe definition of physical coastal

vulnerabilitywhich will be used in this study:

"The degree of risk which the geophysical coastaslesn experiences adverse impacts of
climate change hazards as well as the coastal sysstesiliency to the hazard.”

2.2.2. Coastal Zone Definitions

Nearshore, Foreshore, Backshore

Thecoastal zonés a dynamic area influenced by its proximitytie sea. It is comprised of three
sections: thaearshore, foreshor@ndbackshorgDavidson-Arnott, 2010). Theearshores the
seaward-most zone and extends from the high-tidakier line to the low-tide breaker line. The
foreshoreextends landward from the nearshore to includgtmgon of the coastal zone which

is exposed at low-tide. ThHeckshords the upper zone of shore between the mean spdieg
high-water line and the upper limit of coastal zpnecesses. The definitions of the coastal zone

sections are depicted Fgure 1.

Figure 1: Boundaries of the coastal zone, fromdPsata-Perott & van Proosdij (2012)

Coastal Equilibrium

Coastlines are highly dynamic by nature. A var@tyatural forces act on the coast including
currents, tides, wave action, and aeolian proce3$ese forces act to erode, entrain, transport,
and deposit sediment. The inputs and outputs offesd shape the physical profile and structure

of the coastlineCoastal equilibriums the balance of sediment inputs and outputhe@tbastal



system over a period of time. Coastline profileslargely stable over time, however large

increases in the magnitude of force acting on yiséesn can push the coast out of equilibrium.

Briggset al.(1997) defined three states of coastal equilibriihe first, steady-state
equilibrium, is described as a state where chaimgesergy occur for a short period of time and
the coast is able to quickly recover back to itginal state. Meta-stable equilibrium coastlines
usually occur after a storm event, where large tjues of sediment are often relocated. A
longer time period is necessary for the coastdover after these events. Finally, dynamic
equilibrium occurs when there is constant changmastal equilibrium. It may occur due to
large disruptive forces alter the coastlines naenailibrium, such as sea-level change or
climate change. A coastline can experience any reunmithese states of equilibrium at any

point in time.

Storm Surge Return Period

The coastal zone is effected by tides as well@sssurge. Storm surge is defined as the
difference between predicted astronomical tidesrandrded water levels. For this research, the
return periodof a storm surge is used to assess the vulndyabilthe coastal zone. Richards &
Daigle (2011) define eeturn period(T) as the mean amount of storm surge occurrencesiwhic
surpass a given threshold, for example a certainghef time. This predicted threshold is
represented as 1/T. Each return period has aniasstbeceturn-period sea level which varies
spatially based on the tidal conditions and morpgplof the coast. For example, each year has a
1% chance of a 100 year storm surge return peeatgkexceeded, which could correlate to a

sea-level of 1.4 meters (Richards & Daigle, 2011).

2.3. Vulnerability of Coastal Systems to Climate Change

The Intergovernmental Panel on Climate Change ()F&aQrth Assessment Report (AR4) has
indicated key hotpots for coastal vulnerabilityctimate change (IPCC, 2007b). Coastal
vulnerability within the study area include locatsosubject to multiple stresses (both
anthropogenic and natural), areas with significaatstal populations, and coastal areas
dependant on tourism. Increased levels of sea-tessehs well as increased frequency of
extreme storm events will lead to amplified rateésamastal change across the study area



(Mathew, Davidson-Arnott, & Ollerhead, 2010; Sha®d2). These vulnerabilities are evaluated
in the research through the assessment of longfteading through climate change-induced
sea-level rise and increased intensity of epistidaxling events through storm surge.

2.3.1. Sea-Level Change

Change in Eustatic Sea-Levels

Climate change, particularly the rise in averagigl temperatures, has been observed to alter
global sea-levels. The IPCC Working Group One (WGlthe AR4 (IPCC, 2007a) indicates the
largest contributors to eustatic (global) sea-leisa are thermal expansion of oceanic waters
and the input of freshwater from glacial and iceettmelt. The increase in average oceanic
temperature results in a significant volumetria@ase; this warmer water will subsequently
inundate coastal areas. Temperature observatiahg aicean over the last half century have
found warming in all basins, the largest beingAllantic, Pacific, and Indian Ocean basins.
WG1 assesses the steric (thermal) sea-level chaatg@ated over seven studies as 1.5 £ 0.5
millimeters annually for the upper layer of the ag&nd 1.6 + 0.5 millimeters annually for the
ocean below 700 meters. Warmer temperatures atsease the volume of water input into the
global oceans from the melt of land based gla@atsice sheets. As global temperatures
continue to rise, there will be an acceleratiothis melt and thus an increase in the water
volume input (IPCC, 2007a).

Changes in oceanic salinity through the input eslfiwater glacial and ice sheet melt have a
positive feedback effect of increasing the rateneft. Measurements of oceanic salinity have
confirmed freshening of oceanic waters worldwideisTreshening along with thermal
expansion directly results in changes to oceamlation of cool and warm water masses
through meridional transport; cooler water is mibease than warm water and thus sinks,
causing warmer water to move atop colder waters Tauses a “conveyor belt” transfer of cool
and warm water globally. As salinity and temperatdirectly affect the density of water, their
change will directly impact this global conveyoltnd alter global climates. This change in
climate will cause the increased melt rate of glecand ice sheets, which directly contributes to

continued global sea-level rise (IPCC, 2007a).



Estimations by the IPCC AR4 WG indicate averagdal rates of total sea-level rise from
1961 to 2003 at 1.8 + 0.3 millimeters annually.sTiumber has been quantified through the use
of coupled atmosphere-ocean general circulationelsgdOGCMs) and altimetry
measurements. These estimates do not include lootdm of anthropogenic factors, such as
land use and land cover change, as changes in hibehavior and its effect on global-sea level

rise are unquantified and difficult to forecast@i®, 2007a).

The IPCC AR4 (IPCC, 2007a) projected a rise of glaea level for the year 2100 at 0.18-0.59
meters relative to 1980-1999 sea levels. RecediestifRahmstorf, 2007; Rignot &
Kanagaratnam, 2006) estimate a doubling of the IBf&Qicted estimate for the year 2100 at 1.4
meters globally. This range of predictions aralaitable to deviations between regional and
global mean rises in sea-level as well as the mewtwf Earth through glacial isostatic
adjustment (IPCC, 2007a). The IntergovernmentaéPam Climate Change (IPCC) Fifth
Assessment Report (AR5) states that global sedsléawe risen at a rate of 3.2 millimeters
annually from the years 1993 to 2010 (IPCC, 2013).

Relative Sea-Level Change

Although the rising of eustatic sea-levels havenba@eserved, the magnitude of sea-level change
varies spatially. Local sea-level change will vom global sea-level rise measurements.
Relative (local) sea-level change amounts are dbp#ron eustatic change. Geographical
factors also contribute to the magnitude of chamgdrech include glacial isostatic adjustment and

melt fingerprinting as depicted Figure 2.

Glacial isostatic adjustment is the vertical movahwd Earth's crust from the redistribution of
ice sheets from the last glaciation period. Thalpestment causes a rise or fall of the Earth's
crust dependant on its proximity to the preexisto®gsheet. A rise of depressed crust on land
masses occurs in conjunction with the deepenirazeén basins. Glacial isostatic adjustment

causes variation in relative sea-level spatialljhjd@house, 2009).
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Figure 2 The combination of eustatic -level change, glacial isostatic adjustment, and
fingerprinting results in local relative slevel change

Melt fingerprinting of ice sheets is a relativelgwm concept and wasrst described b
Woodworthet al.(1999). Ice sheets are extremely large in massagate a gravitational pull ¢
nearby water bodies, causing greater relativ-levels nearer to the sheet. As melt thro
climate change occurs there is a redistritn of meltwater into the global oceans.
conjunction with this redistribution, the gravitatal mass of the ice sheet is reduced.
causes sebevels to increase further away from the ice sheetdecrease nearer to the st
Thus, relative sea-lelyehange through the addition of meltwater may tsatpr or less the
changes in global sdavels based on proximity to the sheet (Mitrovet al, 2001; Mitrovicaet
al., 2011).

Research provided by Bamber, Riva, Vermeersen, &ae@(2009) suggesthe collapse of th
West Antarctica Ice Sheet due to climate changkeraige global se-levels by roughly five
meters, however the IPCC AREates that this increase is highly unlikely (IPQQ13.
Richards & Daigle (2011) states that the Northeemidphere will experience greater relat
sealevel rise due to distance from the sheet. Thectffef this sheet collapse will not

experienced until the next century (Richards & Dgig011).

Coastal Vulnerability to Sead-evel Ris

The IPCC states withigh confidence that s-level rise is unavoidable due to climate cha
(IPCC, 2007a). The effects of -level rise are direct and indirect: directly, tloastal zone wil
be inundated and experience increased flood ragisectly, the zone will exerience ecosyste
damage, saltwater intrusion of freshwater sourslesieline retreat and erosion, change

sediment dynamics, and severe coastal infrastreiciamage (Pethick, 2001; Gornitz et al.,1¢
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Church et al., 2006). The severity which coasbales will experience these consequences will

vary spatially depending on local geomorphologarad oceanic characteristics.

2.3.2. Storm Surge

Storm surge events are sudden changes in coastl lexgels that differ from predicted
astronomical tides (Forbes al.,2004). This elevation of sea-level is attributec tdecrease in
atmospheric pressure and increase in wind speedsiaged with strong storm events. The
increase of water levels may lead to coastal flegdespecially during periods of high tides. Not
only are natural and human environments negatingbacted by flooding, but wave action and
winter ice ride-up may cause further destructiomtand areas not previously exposed.
Coastline geomorphology change my result fromnstevents, including the readjustment of
the nearshore profile, coastal erosion, and basl@nd overwash and breach (Forkesl.,

2004). Storm surge in Canada occurs typically dyeixtra-tropical cyclones (Danard, Munro, &
Murty, 2003). In the Gulf of St. Lawrence, stormigaes of 1.5 meters occur each year (Paekes
al., 1997).

If storm events intensify with global climate changncreases of wind speed could result in
larger surges (Danard, Munro, & Murty, 2003). Trertb (2005) hypothesized a relationship
between a rise in sea surface temperature andrthkfigation of hurricane intensity and

frequency. Websteast al (2005) found an increase in intensity of globdreme storm events
during the period of 1970 to 2004. The study aégmrted a positive correlation between the

frequency and duration of North Atlantic storms andlse in sea surface temperatures.

The IPCC Fifth Assessment Report (AR5) draft hasmédy concluded that there is "low
confidence" extratropical cyclones will changerntensity and it is "unlikely" the number of
extratropical cyclones will be significantly chaiggdue to anthropogenic climate change (IPCC,
2013). There is also a "lower confidence" that ogel will make a polar shift in storm track and
increase in frequency in higher latitudes (IPCC,30Hurricane intensity and rainfall amounts
may potentially increase, raising the number ofslka and 5 storms (IPCC, 2013; Mostal.,
2014). Walstet al.,(2014) note that increase of duration, intensity] requency of North
Atlantic hurricanes since the 1980s. Extreme stgroduced off the North American north
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eastern Atlantic coast, entitled Nor'easters, cpokgntially increase in intensity and make a
polar shift in storm track (Hortoet al.,2014).

Storm surge heights may increase and become meeeeseith climate change. In regions
where relative sea-levels are rising, deeper cbasiizrs will increase the height of a storm
surge. For example, as water levels rise, curr@émmehtimeter storm surges may increase to one
meter storm surges by 2050. Thus, although stoentswmay not intensify or increase in

frequency with climate change, storm surges mayitwo®a to increase in severity.

Coastal Vulnerability to Storm Surge

Storm surge is regarded as the most destructivgpgoent of an extreme storm event. Flooding
and wave action on inland coastal regions altepmaogical structures, disrupt sensitive
ecosystems, and damage human infrastructure. &oastphodynamics are altered during
storm events as storm surge raise the elevatioraeé attack further landward. Storm energy
increases current velocities which increases séteass on the nearshore, which in combination

with high sediment transport rates causes rapicethe profile change (Forbes al.,2004).

The impacts of storm surge are a function of timang the physical characteristics of the
coastline. A positive surge during high tide corddult in greater damage than compared to a
positive surge during a time of low tide (Richa&®aigle, 2011). Furthermore, relaxation time
between storm events allows the coastal systegttionrto the pre-existing state of equilibrium;
if a storm event occurs before the coastal sysseatiowed to reach an equilibrium state after a
previous event, impacts are compounded resultimxjponentially increased damage. The
shoreline orientation and geomorphology will aletedmine the coasts response to a storm
event (Forbest al.,2004; Richards & Daigle, 2011).

The geomorphological and ecological structure efdbast will affect how far flooding is able to
proceed inland. A coast characterized by high ¢lewalow erodiblity sediment, and with thick
vegetation will experience less flooding than astad lower elevation, highly erodible
sediment, and no vegetation (Hinton, 2000). Thgwwtion of these factors will influence the

vulnerability of the coast to storm surge.
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Richards & Daigle (2011) indicate that storm surgPEI can result in increased wave energy
reaching the coast, leading to increased destruofithe natural and built environment. The
maximum water level in the tide gauge record ferstudy area was observed in November
1988 at 2.14 meters with a surge of 1.28 metersb@set al.,2004). During months of sea ice,
storm surge can cause ice ride up which furtheesses damages to the PEI coast. As relative
sea-level rises along the North Shore, PEI cotmtnssurge events will become more severe.
Increased storm surge height coupled with a laggegmtage of highly erodible sandstone
coastline leads to the PEI coast being highly walble to storm surge in both the present and

future.

2.3.3. Coastal Risk to Climate Change Hazards

As stated in Section 2.2.1, vulnerability in thet@xt of this research is defined as the degree of
risk which the geophysical coastal system expeegm@clverse impacts of climate change
hazards as well as the coastal systems resilienthyethazard. The climate change hazards of
key interest to this research include sea-levelaisd the increased intensity of storm events,
respectively causing the risk of permanent andoeliesnundation of the coast. Coastline
transgression due to relative sea-level rise @cativarious rates spatially and is compounded
during periods of extreme storminess (Forbieal.,2004). Together with the geomorphological
characteristics of the coastline, secondary rigskkide the shift from coastal equilibrium and
alongshore sediment transport, the exposure dfidndaeas to wave action, and an increase in
the effect of a given storm surge due to highes.s€he hazards and risks due to climate change

are depicted ifrigure 3.
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Figure 3 Physical coastal vulnerability in the contexhaizard and ris

2.3.4. Adaptation Responses to Coastal Vulnerabilit

There are aange of adaptation options coastal communitiesrogiement in order to reduc
the adverse effects of séavel flooding. There is no prescribed technique ttan work in ever
situation —environmental and economic conditions vary spatialhd thus < do the options fo
adaptation and mitigation. Adaptation measurestdsei-level inundation and coastal eros|
include deliberate retreat from the coast (Abellet2011), hard infrastructure protection sucl
sea walls and berms, or soft struct such as floogroofing or wetland buffer zones. T
implementation of these adaptation measures mgyprethange in local policy framework a
land use plans, such as with integrative coasta¢ roanagement. Policy approaches in s
instances are aptation measures, such as when limiting future teb@®pulation ani
infrastructure growth (IPCC, 2007b; U.S. EPA 20
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2.4. Quantifying Coastal Vulnerability

Climate change will have lasting impacts on coasgatems globally. Assessing these future
consequences is of importance to policy-makersderao prepare mitigation and adaptation
strategies. A Coastal Vulnerability Assessment ($eempts to quantify the total hazards
acting on a coastal region, and comparatively distiee areas of greatest risk. For this research,
only physical CVAs were considered; although maMAE€ include socioeconomic and cultural
components, this was beyond the scope of the Widrik. section chronologically reviews

physical CVAs in order to compare methods and wé&sused across the literature.

Multicriteria Evaluation (MCE) is an integral commnt of CVAs throughout the literature. A
MCE scores the suitability of a spatial unit basadhe summation of criteria values and a
specified objective (Voogd, 1983; Zheagal.,2009). The process is used in spatial problems
which require the consideration of a number ofdectvhen determining the best alternative or
result (Jankowski, 1995). Two common methods of M@tiide Boolean Overlay and
Weighted Linear Combination (WLC). The Boolean Qagmethod assess all standardized
criteria as equally weighted, and combine thederai using logical operators (ie. AND, OR).
The Weighted Linear Combination method weighs thadardized criteria in order to increase

the importance of certain criteria in relation thers (Jiang & Eastman, 2000).

MCE provides a method of spatial evaluation fortipié options in order to allow educated
decision making in a relatively straight forwarddaimple manner. Furthermore, weighing
criteria allows for decision makers to compare éraffs and uncertainties (Jankowski,
1995).There are problems associated with the ub#&G# however. Jiang & Eastman (2000)
warn that the use of Boolean MCE may not yielddame results as WLC MCE, thus the
decision of what method to use may be dependetiieapatial location and the intended use.
Furthermore, the work cautions that the methodafdardization for criterion is not the same
for every data set. In some situations, lineardi@mation in to a data range may be more
suitable, where in others a distribution towardsntinimum and maximum values may be best
(Jiang & Eastman, 2000). With these limitationsstdared, MCE can aid decision making in a

variety of situations.
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2.4.1. Physical Coastal Vulnerability Assessments

Gornitz (1991) published the first physical coastaherability assessment, quantifying the
vulnerability of coasts worldwide to sea-level ri3@ree processes were identified as major
influencers of the coastal system: inundation,iermgsand saltwater intrusion. A vulnerable
coastline was defined as being of low elevatiomesed of erodible substrate, experiencing
historical erosion and subsidence, and receivigg Bimounts of wave and tide energy, as
outlined inTable 1 To calculate the vulnerability of the coast, timethod employed a Coastal
Vulnerability Index (CVI) of seven variables inciag elevation, lithology, coastal
geomorphology, relative sea level change, horizahtareline change, tidal ranges, and wave
heights. The variables were first standardized aoi@stal risk classes, rating each from very low
risk (1) to very high risk (5), are presented igufe 4. These classes were then input in to a

function to define a coastal segment's vulnergbaithin a GIS:

wherea;=variable and=total number of variables present.

The vulnerability index was calculated in a GI®&5 grid cells. The resulting CVI was
divided in to four equal groups with the upper dqesareceiving the class of "very high risk

coastline".

Gornitzet al.(1994) expanded on this work through the additibvasiables quantifying the
coastal risk of extreme storm events; variablekiohed annual tropical storm probability,

annual hurricane probability, hurricane frequenagmsity index, mean forward velocity, annual
mean number of extra-tropical cyclones, and meandame surge. In order to represent each
variable in terms of their associated risk to eig®sion or inundation, each variable was
grouped in to one of three factors using a priridipetor analysis. These three factors were titled
permanent inundation factor, episodic inundatiaridig and erosion potential factor, with the
permanent inundation factor receiving the greatesghting of 50%. CVI was calculated in a

GIS for the study area divided in to 0°2%id cells.
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Shawet al.(1998) utilized the methodology of Gorn{tZ991) and Gornitet al.(1994) to assess
the sensitivity of the Canadian coastlines to seallrise; the CVI was quantified using the
seven variables suggested by Gornitz (1991). Tih&eldammar-Klose (2000) also utilized the
methodology found in Gornitz (1991), however thigrkvomitted the lithology variable.

Pethick & Crooks (2000) partially diverge from tmethods outlined in Gornitz (1991) by
computing a CVI based on coastal form "relaxatioret following an extreme event. The
vulnerability index was calculated using globaladah the estimates of extreme event return
intervals, and the consequent relaxation timeheitime a coastline will respond to perturbations
from an extreme event. Coastal forms included enadiculation of the CVI included cliffs,
beaches, sand dunes, mudflats, spits, salt maesstesyies, and shingle ridges.

Following methodologies similar to preceding wo(&ornitz 1991; Gornitet al.,1994; Shaw

et al.,1998) and utilizing the same CVI variables as & Hammar-Klose (2000),
Pendleton, Thieler, & Jeffress (2005), Dwaralaslal. (2009), and Gaki-Papanastassabal. (
2010) assess the coastal vulnerability of the Goldate National Recreation Area in Northern
California, Karnataka State, India, and the ArgodilGulf of Greece, respectively. Kunedral.
(2010) follow these previous methods as well withit coastal vulnerability of the east coast of

India, but also include a variable measuring tsunaave run-up.

Pendleton, Thieler, & Williams (2010) followed preus methodologies, but incorporated an
analysis of submerging and emerging coastlineshBumnore, this work conducted a principal
component analysis to discover that 99% of the @¥€ults were dependant on only four of the
seven variables at larger spatial scales: geomtghocoastal slope, sea-level change, and

wave height.

Hansoret al. (2010) use an "outcome-driven deductive methoddltgpssess

geomorphological change of the East Anglican cads. method utilizes Bayesian analyses and
fuzzy logic to predict a most probable future cabstate while considering less possible
outcomes. The method also utilizes fuzzy logicriheo to rank the vulnerability of each criteria.
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Table 1: CVA variable ranking from very low (1)very high (5) 5, from Gornitz (1991)

Very Low Low Moderate High Very High
1 2 3 4 Risk 5
Relief (m) 30.1 20.1-30.0 10.0-20.0 5.1-10.0 0-5.0
Rock type  Plutonic Low-grade Most Coarse and/or Fine
(relative Volcanic metamor. sedimentary poorly-sorted  unconsolidatec
resistance to (lava) High-  Sandstone rocks unconsolidated sediment
erosion) medium conglomerate sediments Volcanic ash
grade (well-cemented)
metamorphics
Landform Rocky, Medium cliffs Low cliffs Beaches Barrier
cliffed Coasts Indented coasts Glacial drift (pebble) beaches
Fiords Salt marsh  Estuary Beaches
Fiards Coral reefs Lagoon (sand)
Mangrove  Alluvial plains  Mudflats
Deltas
Vertical -1.1 -1-0.99 1.0-2.0 2.1-40 4.1
movement
(RSL change)
(mm/yr)
Shoreline 2.1 1.0-2.0 -1.0-1.0 -1.1--2.0 -2.0
displacement
(mlyr) Accretion < Stable =~ -----eeeeeeeeeee- > Erosion
Tidal range m 0.99 1.0-1.9 20-40 41-6.0 6.1
(mean) Microtidal < Mesotidal =~ --------------——- > Macrotidal
Wave height 0-2.9 3.0-4.9 5.0-5.9 6.0-6.9 7.0
m (max)

A probabilistic coastal vulnerability assessmens wanducted by Bosom & Jimenez (2011) for
the northwest Mediterranean coast. Using preexgjsidireme event data, a probability function
for extreme hazards was created. The vulneralofithe coast to inundation and erosion is
guantified using predictors of storm waves andmstimduced erosion, respectively. These
predictors are compared with the ability of thestda cope with stressors. Finally, this data is
used to create the probability function, wherewhimerability of the coast is ranked from 0

(least vulnerable) and 1 (most vulnerable).

Kumar & Kunte (2012), Yiret al.(2010), and Le Cozannet al.(2013) conduct coastal

vulnerability assessments following past methodie®¢Gornitz, 1991; Gornitet al.,1994;
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Shawet al.,1998; Thieler & Hammar-Klose, 2000), but includevneariables to quantify the
CVI. Kumar & Kunte (2012) add the variable of batigtry to define the nearshore slope of the
coastal zone, and Yt al. (2012) and Le Cozannet al.(2013) include a land use variable. Yin
et al.(2012) and Le Cozannet al.(2013) also incorporated a Analytical Hierarchgd&ss
(AHP) in order to weigh each vulnerability indexiadble.

Tibbetts & van Proosdij (2013) conduct the mosergcoastal vulnerability assessment of a
macrotidal environment in the Bay of Fundy. The meblogy of this work is based on the
previous methods of the ranking of variables amduge of a coastal vulnerability matrix (i.e.
Gornitz, 1991; Thieler & Hammar-Klose, 2000). Howeuhe work includes unique variables to
better measure the vulnerability of a macrotidaliemment, such as freeboard, coastline
exposure in terms of wave energy, width of thesboge, presence of vegetation, and
morphological resiliency; also included are twoiaiales commonly used in CVAs: slope and
observed erodibility of the coast. Finally, Tiblseft van Proosdij (2013) incorporate an
innovative variable of coastal anthropogenic andina protection.

Table 2summarizes each of the variables considered iafttrementioned review of the

physical coastal vulnerability assessment litemtlihey are listed in order of instances used in
the literature; geomorphology, shoreline changeammeave height, sea-level rise, mean tidal
range, slope, and elevation are the criteria mest un the assessments. Unique variables found

in a single work are listen in chronological order.
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Table 2: Coastal vulnerability index criteria, suarined from literature

Coastal Vulnerability Index Criteria

Variable/Criteria

Work Present In

Geomorphology

Dwarakish et al., 2009; Gaki-Papanastassiou e2@10; Gornitzt al, 1994; Kumaet al,
2010; Kumar & Kunte, 2012; Le Cozanrmattal.,2013; Pendleton, Thieler, & Jeffress, 2005;
Pendleton, Thieler, & Williams, 2010; Thieler & Hamar-Klose, 2000; Shaw et al., 1998; Yin
etal, 2012

Erosion/ Shoreline Change

Dwarakish et al., 2009; Gaki-Papanastassiou e2@10; Gornitzt al, 1994; Kumaet al,
2010; Le Cozanneit al, 2013; Kumar & Kunte, 2012; Pendleton, ThielerJ&fress, 2005;
Pendleton, Thieler, & Williams, 2010; Thieler & Hamar-Klose, 2000; Tibbetts & van
Proosdij, 2013; Yiret al, 2012

Mean Wave Height

Dwarakish et al., 2009; Gaki-Papanastassiou e2@L0Q; Gornitzt al, 1994; Kumaet al,
2010; Kumar & Kunte, 2012; Pendleton, Thieler, &rdss, 2005; Pendleton, Thieler, &
Williams, 2010; Thieler & Hammar-Klose, 2000; Shetral., 1998; Yiret al, 2012

Sea-level Rise

Dwarakish et al., 2009; Gaki-Papanastassiou e2@10; Gornitzt al, 1994; Kumaet al,
2010; Kumar & Kunte, 2012; Pendleton, Thieler, &réess, 2005; Pendleton, Thieler, &
Williams, 2010; Thieler & Hammar-Klose, 2000; Shetal., 1998; Yiret al.,2012

Mean Tidal Range

Dwarakish et al., 2009; Gaki-Papanastassiou 2@10; Gornitzt al, 1994; Kumar &
Kunte, 2012; Pendleton, Thieler, & Jeffress, 2@@&ndleton, Thieler, & Williams, 2010;
Thieler & Hammar-Klose, 2000; Shaw et al., 199&) &t al, 2012

Slope Gaki-Papanastassiou et al., 2010; Dwarakish e2@09; Kumaet al, 2010; Pendleton,
Thieler, & Jeffress, 2005; Pendleton, Thieler, &lli&fins, 2010; Thieler & Hammar-Klose,
2000; Tibbetts & van Proosdij, 2013; Yét al, 2012

Elevation Gornitzet al, 1994; Le Cozannedt al, 2013; Kumar et al., 2010; Kumar & Kunte, 2012;
Shaw et al., 1998, Yiet al, 2012

Geology Gornitzet al, 1994, Le Cozannedt al, 2013; Shaw et al., 1998

Hurricane Criteria*

Gornitzet al, 1994

Shoreline Displacement

Shaw et al., 1998

Coastal Form

Pethick & Crooks, 2000

Wave Run-up

Kumaret al, 2010

Extreme Event Criteria*

Bosom & Jimenez, 2011

Bathymetry

Kumar & Kunte, 2012

Storm Surge

Kumar & Kunte, 2012

Exposure Extreme Storms

Le Cozannett al, 2013

Hydrographic Network

Le Cozannett al, 2013

Freeboard

Tibbetts & van Proosdij, 2013

Coastline Exposure

Tibbetts & van Proosdij, 2013

Width of Foreshore

Tibbetts & van Proosdij, 2013

Vegetation

Tibbetts & van Proosdij, 2013

Anthro & Natural Protection

Tibbetts & van Proosdij, 2013

Morphological Resiliency

Tibbetts & van Proosdij, 2013

Ice Cover

Pendleton, Thieler, & Williams, 2010

Land Use

Yin et al, 2012

*Group of variables are unique to study
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2.4.2. Issues in Physical Coastal Vulnerability Assessmeant

Predictive models inherently simplify complex sysge This simplification of the real world
produces errors in model results (Hanson et alLQR0/ariables of importance to real world
system dynamics may be omitted, and biased orfiecbassumptions may affect model results.
This is true when conducting physical coastal vidbgity assessments to predict future risk of a

coast to the effects of climate change.

Romieu et al. (2010) note that uncertainty of tteife impact of climate change can be
problematic when conducting physical CVAs. Many Gvallow an impact-based approach
which measures loss potential with a constant larewever, climate change will result in
these hazards no longer being constant in natndepreethodologies will need to consider how
these dynamic hazards will be modeled within theACKurthermore, a purely physically-based
CVA without the inclusion of socioeconomic variablenits the evaluation of vulnerable coastal

areas (McLaughlin, McKenna & Cooper, 2002).

Yates, Le Cozannet, & Lenotre (2011) provide a sanyrof errors in coastal hazard
assessments; these errors include oversimplificatidhe real word, model assumptions that are
unmet, and data unavailability and limitationslk&y & Cooper (2004) have summarized an
extensive list of limitations to the use of numatimodels to predict coastal change and suggest
the use of historical change rates with expert Kadge when evaluating coastal vulnerability.
Pilkey et al. (1994) note that many empirical msd#d not incorporate new methods in model
verification and validation. In conclusion, assegsoastal vulnerability to determine feasibility
of coastal engineering projects is invaluable; haavethe limitations and inaccuracies must be

fully known and assessed when using CVA resultpéidticy and adaptation purposes.

2.5. Chapter Summary

The term vulnerability has varying definitions assdhe literature; in this study, it is defined as
the degree of risk which the geophysical coaststiesy experiences adverse impacts of climate
change hazards as well as the coastal systemigmegito the hazard. The vulnerability of the
coastal system to climate change is dependent owawables: sea-level rise and extreme storm

event intensification. This literature review pneteel a review of the methods of physical coastal
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vulnerability assessment. There have been num@togscal CVAs conducted; across the
literature, the indicators of vulnerability that ieemost numerous were geomorphology,
shoreline change, mean wave height, sea-levelmsan tidal range, slope, and elevation. This
is reflected in Pendleton, Thieler, & Williams (Z)lassertion that 99% of CVI results were

dependant on four variables: geomorphology, coakipk, sea-level change, and wave height.

The next chapter of this body of work focuses mvling insight in to the study area
where the research was conducted: the North Stidterce Edward Island. This chapter will
discuss the geomorphological characteristics ofitlea, as well as discuss similarities and

differences in the regions across the North Shore.
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3. Study Area

3.1. Introduction

The North Shore study area is located along th#haor coast of the island province of Prince
Edward Island, as seenhiigure 4. This site extends from Lennox Island (46.636,888) to
Savage Harbour (46.432, -62.833) along the coasteoGulf of St. Lawrence and is comprised

of both the mainland island and a sequence ofdraslands. The area has a maritime temperate
climate, with average temperature ranging frono-8 tC in the winter and 18 to 2QC in the
summer. Midlatitude cyclones, hurricanes, and talpstorms produce the most extreme cases
of coastal change, with the most intense stormaraog between October and January

(Mathew, Davidson-Arnott, & Ollerhead, 2010).

Figure 4: Map of the ParCA Prince Edward Islandigtarea of the North Shore

The North Shore is comprised of highly erodiblefsylvanian-Permian sandstone and

shale (Mathew, Davidson-Arnott, & Ollerhead, 20X®gomorphological classification of the
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study area determined that the open coastlinasteraf bluffs and cliffs (47%), sand dunes and
beaches (31%), where as the estuaries are compbgetlands (54%), cliffs (19%), low plains
(14%) (Davies, 2011).

3.2. Geomorphologic Characteristics of the North Shore

3.2.1. Structure
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Figure 5: (a) Dune system, Cavendish Beach, MapQ#3 (b) Backshore wetland, Lennox Island;
May 27, 2014

As stated in Davies (2011); Mathew, Davidson-Arp&tOllerhead (2010); and Stephenson &
Stephenson (1954), the controlling factors whicteeine the geomorphological structure of
the North Shore coast are the elevation, type andiness of the exposed sandstone bedrock.
Davis (2011) succinctly describes the general ataristics of the PEI shoreline: the backshore
is comprised of sand dunes, plains and wetlandsiufis and cliffs as seen Figures 5a, 5b,

6a and 6h respectively; the foreshore is composed of bédroabble, or sand~{gures 7a, 7b,
and 8); and the nearshore consists of sand of varyingegsgf thickness over sandstone
bedrock Figure 9a, Figure 9.
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(a) (b)

Figure 6: (a) Backshore unconsolidated bluff, LoDarnley Beach; May 18, 2013 (b) High cliffs at
Orby Head, Cavendish; May 15, 2013

() (b)

Figure 7: (a) Foreshore bedrock, Seaview Beach; 30ayY013 (b) Cobble foreshore, Cavendish;

May 14, 2013
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Figure 8: Foreshore sand beach, Robinson's IsMay;31, 2013

In areas of cliffs and bluffs, the sandstone beklissusceptible to the effects of wind, wave,
and tidal action. The erodibility of the bedrockgas spatially; areas of greater erosion
resistance lead to low-relief headlands interspkvsith pocket beaches, for example the
headland with pocket beach seeifrigure 10. Exposed bedrock of higher erodibility produce
low relief cliffs and bluffs. Pocket beaches arpied by this eroded sediment in addition to

offshore glacial sediment moved in to the areauphowvave and tidal action.

() (b)

Figure 9: (a) Thick layer of beach sediment, Beltferovincial Park; May 26, 2013 (b) Exposed bedrock
interspersed amongst sand, Flat Rock, Cavendisi; 1822013
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Dynamic sand beach systems occur in areas of loedanock relief or along barrier islands. The
systems are comprised of quartz and feldspar saimdao medium grain size (Mathew,
Davidson-Arnott, & Ollerhead, 2010). In some imstas, beaches are beige colored where
sediment is supplied by glacial tifFigure 113); however, most beaches in the study area are

rust red in color due to erosion of sandstdfigyre 11b).

Figure 10: Headland pocket beach, Cavendish; MagQ43

() (b)

Figure 11: (a) Glacial till beach, Cavendish; May 2013 (b) Bedrock sand beach, North Rustico; May
15, 2013
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() (b)

Figure 12: (a) Embryo dune, Lower Darnley BeachyNi&, 2013 (b) Mature dune, Point Deroche; June
2,2013

Beaches are often characterized by extensive dysterss. Dune systems grow from initial

small embryo dunes through the entrapment of wmalbl sediment in vegetation along the

beach Figure 128 (Mathew, Davidson-Arnott, & Ollerhead, 2010). thar growth of the dune

is dependent on the amount of input sediment aaeddtation and amount of vegetation, with

some dunes reaching heights of over four meterseas inFigure 12b.

Degradation of the dune through erosion is depdmalethe amount of input energy from the
Gulf of St. Lawrence (Mathew, Davidson-Arnott, &l€head, 2010) and is exacerbated through
anthropogenic forcings, such as trampling. Salsimes and low plains are typically found
behind the beach and dune systems (Mathew, Dawédswoott, & Ollerhead, 2010).

Barrier islandsKigure 13) and spits are located along the majority of tloethl Shore; these
structures reduce the energy reaching the mairftandthe Gulf of St. Lawrence (Mathew,
Davidson-Arnott, & Ollerhead, 2010) and thus haguce the amount of coastal change along
the mainland coast. These barrier islands and amtsomprised of unconsolidated materials and
this exposure to high energy forces leads thesetates to be highly dynamic (Webster, 2012).
The migration of these structures over sometimealgrariods of time (annually) changes the
amount of energy which reaches the mainland cbastihcreasing the complexity of

determining where coastal change will occur.
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Figure 13: Hog Island, a barrier system, seen ftemmox Island; May 27, 2013

3.2.2. Littoral Zone
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Figure 14: Map of littoral cell units, North ShofE|

Locations of major headlands as well as shore sattiexchange processes define the littoral
cells of the North Shore (Forbesal.,2004). Five littoral cells have been identifiedviit the
study area: Malpeque, Cavendish, Brackley, Tracadlié St. Peter's§gure 14); within these
cells alongshore sediment transport generally mérees west to east with open coasts having
larger transport rates than estuaries (Davis, 20a)hew, Davidson-Arnott, & Ollerhead

(2010) concluded that increases in sediment volumaethe cells occur through aeolian and
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overwash sediment transport. Sediment sinks witiercells include estuarine flood deltas,

barrier islands, as well as coastal beach and giystems (Davis, 2011; Forbetal.,2004).

Wave activity primarily moves from the north-nortbst direction, although less severe waves
occur from the northeast and southwest. Wave aiiamore severe and frequent in the fall. Sea
ice in winter reduces the fetch distance alongiben water which consequently reduces wave
height, and summer storms are uncommon (Davis,;Z81dw, 2001).

3.3. Vulnerability of the North Shore to Climate Change

The coast of the Gulf of St. Lawrence has beerntifilethas a Canadian region most vulnerable
to sea-level rise (Shaet al.,1998), particularly due to its unique geology aedmorphology.
PEIl is comprised of erodible sandstone bedrockyweelevation, frequent incidences of
shoreline retreat, and a coastline exposed to laeye-generating fetches. These factors
contribute to the high risk coastal hazards of @asosion and coastal flooding, which are
exacerbated by climate change. Each hazard posgpseunsks to the fisheries and tourism
industry along the North Shore (Davies, 2011; Ride& Daigle, 2011). Examples of severe

coastal erosion can be seerrigure 15a and 15b

The migration of sand dunes, spits, and barriands is a natural process; however, human
intrusion in this system causes pressures whiel tile system from its natural equilibrium.
Coastal change along the North Shore can largestthbuted to anthropogenic forcings along
the coastline. Davies (2011) states that due tg-term sea-level rise, the coasts of PEI are
generally experiencing erosion rather than acanet@imate change will compound these
problems as it has been forecasted to cause selarils®; increase the intensity of extreme storm
events and associated waves and storm surge, tendha seasonal extent and duration of sea
ice (Forbest al.,2004) . Increased levels of sea-level rise as agihcreased frequency of
extreme storm events will lead to amplified ratesaastal change both along the mainland and
with barrier islands and sand spits (Mathew, DaumdArnott, & Ollerhead, 2010; Shaw 2001).
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(@ (b)

Figure 15: Severe erosion at (a) Robinson's Is{éftay 31, 2013) and (b) Cavendish Campsite (May 14,
2013)

Extreme storms can cause increased rates oftwdifich, and dune erosion based on coastal
morphology in addition to potential overwash ofrmarislands and dunes and mainland
inundation (Forbest al.,2004) Furthermore, climate change has been projecteeduce the
amount and duration of sea ice cover in the GuBtolLawrence. This decrease in sea ice will
leave the North Shore with a greater degree of &xgoto extreme storm events, thus increasing
the areas vulnerability.

The effects of climate change have been observeddigents of the North Shore. Over the past
three decades residents have witnessed a grezdgeeficy of high intensity storms (ACASA,

n.d. a). Growing seasons are longer for farmersrasidents state that winters are warmer than
in past years. Rain is occurring in January, causieeze thaw events which many species
cannot tolerate (ie. White Birch) (R. Angus, peaaommunication, May 8, 2013). Annual
precipitation is expected to increase by 10% ef1880 rates over the next century, with more
rain than snow occurring with an increase in terappge (ACASA, n.d. a) As the North Shore

climate continues to change, accounts of thesé éffizcts can be expected to continue.
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3.4. Regions of the North Shore

The study area of the North Shore is comprisedvef @00 kilometers of coastline; thus,
characteristics of the area vary regionally. Tleisti®n intends to provide the reader with a brief
introduction to six important regions of the stuaga: Lennox Island, Malpeque Bay, New
London Bay, Cavendish, Rustico, and the Eastertigpoof PEI National Park.

3.4.1. Lennox Island

2 4%/0%

Figure 16: Map of Lennox Island; LiDAR elevatioative to CGVD28

Lennox Island is located within Malpeque Bay antlasne to the Mi’kmagq people of the

Lennox Island First Nation. The island is experieg@ large degree of coastal change, with the
highest degree of erosion occurring along the meestern peninsuld{gure 17) (R. Angus,
personal communication, May 8, 2013). The causeswayecting Lennox Island to mainland
PEI has experienced overwash during storm evemf3etember 2010 a strong storm caused

structural damage from a storm surge breach. Thidarch 2013 the anthropogenic hard
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structure of riprap was added to further proteetdhusewayHigures 18a and 18p(R. Angus,
personal communication, May 8, 2013).

Figure 17: Erosion at NW peninsula; May 27, 2013

() (b)

Figure 18: a) Riprap at fisherman's wharf, May 2013 (b) Riprap at Lennox Island causeway, May 27,
2013

A fishing wharf located on the southwestern portdhe island is also experiencing erosion.
Gabian baskets and riprap were put in place inrdoddecrease coastal change along the wharf
and the adjacent cemetery. During an extreme steent the cemetery experienced a high

degree of erosion which caused grave sites to pesexi. Erosion has also caused emergency
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evacuation at a archeological site at Georgésds(R. Angus, personal communication, May
7, 2013). Issues of saltwater intrusion from seallese are causing concern for the residents of
Lennox Island as fresh water is provided by anfagusea level rise will cause further issues in
regards to a newly constructed sewage pond, a®itly 3 meters above mean sea level (R.

Angus, personal communication, May 8, 2013).

3.4.2. Malpeque Bay
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Figure 19: Malpeque Bay region of the North SharBAR elevation relative to CGVD28

Malpeque Bay is an important fishing and shellfiginvesting location. The region is home to
three provincial parks (Cabot Beach, Belmont, ange@ Park)Kigure 19) and an important
fishing wharf. The coast is protected from the watd the Gulf of St. Lawrence by a series of
barrier islands. These barrier islands are dynammature and are experiencing coastal change;
the islands are decreasing in width while lengthgrihrough accretion. The opening in to
Malpeque Bay from the larger barrier island Hognsl has been rapidly changing over the past

ten years (Webster, 2012). The area is very dynamdcexperiencing rapid coastal change. A
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moving sand dune has been annually filling in thg. @he area of Port Hill is experiencing

erosion around an archeological site (D. Jardieesgnal communication, May 8, 2013).

3.4.3. New London Bay
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Figure 20: New London Bay and surrounding areaARCelevation relative to CGVD28

New London Bay is a popular cottage location ad ashn area of farming, fishing, and

shellfish harvesting. The bay is protected from@wf of St Lawrence by a large spit and

barrier island chain characterized by a large samg system, as seen in the mapigure 20.
These dunes add further protection to the bayedent years the coast of New London Bay has
been particularly vulnerable to extreme weathero peninsulas within the area, Hebrides
residential area and Bayview, are densely populatddsummer cottages and residential
properties. The peninsulas are protected from thié & St. Lawrence by the spit and barrier
island chain. However, if further degradation o #ssociated dune systems occurs, these
properties could be at risk to direct impact fraxireme storm surge events and sea-level rise as

seen inFigures 21a and 21b
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Figure 21: (a) Hebrides, an extremely low elevatiegidential area; May 31, 2013 (b) Severe eroaion
Bayview; May 23, 2013

3.4.4. Cavendish
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Figure 22: Map of Cavendish portion of PEI NatioRalk; LiDAR elevation relative to CGVD28
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Figure 23: Damage to dune at Cavendish Beach; Magd13

Cavendish is one of PEI's most popular touristidesibns. The area is home to a portion of the
PEI National Park and is the location of Green @salttractions, as depictedrigure 22 The
seasonal influx of beach users has caused exteti@mage to the coastal system, most
particularly the Cavendish dune systefigre 23). Paul Giroux, a park monitoring ecologist
with Parks Canada, has stated the within PEI NatiBark, the most extensive damage and
change has been located at the Cavendish dunesarBa will soon be designated an official
wilderness site (P. Giroux, personal communicatMay 10, 2013). Bluff erosion is also a very
serious issue within the PEI National Park as @aigsing loss of land at the Cavendish

Campground.

3.4.5. Rustico

Important fishing and shellfish harvesting locai@re found in the region of Rustico. A highly
dynamic spit and barrier island system protecteréign of the area from the Gulf of St.
Lawrence, as seen in (Webster, 2012). The fishamgnsunity of North Rustico is highly
vulnerable to storm surge inundation and climatnge induced sea-level rise. An extreme
storm event in December 2012 inundated the towrflanded the only access road leaving the
town. The North Rustico fire department is locatethe current flood zone and is thus highly
vulnerable to inundation (ACASA, 2012). A breakwatgtending eastward into the Gulf of St.

Lawrence was constructed in order to reduce waeeggnn to the harbor and the associated
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erosion Figure 24), however erosion continues to occur along théheon coastline (Webster,
2012).

Figure 24: North Rustico breakwater extending theoGulf of St. Lawrence

Oyster Bed Bridge, which connects the major hightiagugh the region, is frequently washed
out due to storm surge and strong wave actaogufe 26a). The bridge is routinely rebuilt after
each blowout event. Recently, hard adaptation rmeaswch as riprap and gabion baskets have
been put in place (A. Fenech, personal communicakitay 9, 2013). Robinson’s Island, a
portion of the PEI National Park, is experienciegeye erosionHigure 26b). The sand spit was
once a beach day area and was connected by roael noain park in the 1930s. Over a few
decades, the spit eroded back one kilometer dtreetaddition of the roadway. In the 1970s the
beach day area and road were abandoned due t@ sFwsion. The spit is now rotating
landward (ACASA, 2013a; P. Giroux, personal commaton, May 10, 2013; R. Angus,

personal communication, May 7, 2013).
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Figure 25: Rustico Bay and surrounding area; LiD#\&ation relative to CGVD28
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Figure 26: (a) Riprap at Oyster Bed Bridge; May 2813 (b) Severe erosion at Robinson's Island; May
31, 2013
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3.4.6. Brackley-Dalvay

The region of Brackley-Dalvay is located along ¢#astern portion of the PEI National Park
(Figure 27). The area is a popular tourist destination wittkdometers of beach coastline. The
park has a history of dune and bluff degradatiom tduanthropogenic forcings caused by this
influx of visitors; the primary purpose for the at®n of the park was to control dune and bluff
damage, as seenlhigure 28a(Mathew, Davidson-Arnott, & Ollerhead, 2010). Fexample,
before strict monitoring was enacted visitors ® Itieach would climb the dune, causing a
“reverse mohawking” of the dune, increasing erosind degradation as shownHFigure 28b.
Soft adaptation techniques, such as placemenneftpees to entrap sediment and encourage
dune growth, have recently been put in to restoeedtine systems (ACASA, 2013a).
Furthermore, in 2000 beach side parking was rembveelduce beach users from walking over

dunes to reach the beach.
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Figure 27: Region of Brackley Dalvay, eastern porof PEI National Park; LiDAR elevation relative t
CGvD28
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Figure 28: (a) Bluff erosion at PEI National Paviay 16, 2013 (b) Dune monitoring, May 16, 2013
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4. Methodology

4.1. Criteria Selection

The North Shore of Prince Edward Island has his#dlsi experienced a high degree of coastal
change from forces including erosion, accretiom, p&rmanent inundation. To quantify the
physical vulnerability of the North Shore to clirmathange, three criteria were selected to
evaluate the exposure-sensitivity of the study.aféa initial factor which governs the
magnitude and direction of change in a coastakayss the exposure condition, or the potential
amount of stress acted upon the coastline. Expasundition was evaluated through the
ArcMap 9.3 extension Wave Exposure Model (WEMo)kia@r 4.0 developed by Fonseca and
Malhotra (2010). The coastal system's level of rholpgical resiliency is defined as the ability
of the system to return to a state of equilibriwthofving a stress event. Morphological
resiliency was evaluated area in terms of voluroetediment change and alongshore sediment
transport with both GIS and mathematical analysssthe exposure condition and
morphological resiliency quantifications did nopuare the vulnerability of the study area
shoreline to storm surge and sea-level rise flapdinseparate vulnerability criteria to assess
flood risk was included. These three criteria wao®rporated in a coastal vulnerability
assessment (CVA). The CVA was conducted for three steps (2010, 2050, and 2100) in order
to evaluate the change in vulnerability the Nortloi® will experience as a result of increasing

climate change hazards.

4.2. Overview of Methods

Three criteria were quantified in a CVA for thregaé steps (2010, 2050, and 2100) in order to
assess the physical coastal vulnerability of theliNShore. The three criteria included exposure
condition, morphological resiliency, and risk tampanent and episodic flooding. Each criteria
was independently quantified through the use of &1& mathematical modeling. The exposure
condition was evaluated through the input of fiagadin to WEMo, including fetch, shoreline
position, local bathymetry, top wind frequency, @op hourly wind. Morphological resiliency
was assessed through the quantification of anmlametric sediment change and sediment

budget. The risk of the shoreline to permanentemsodic flooding due to relative sea-level rise
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and storm surge was assessed utilizing estimateseain sea-level rise calculated by Rahmstorf
(2007) along with storm surge return periods edehdy Richards & Daigle (2011). An
overview of the data needs and integration profm@ssach criteria is shown figure 29.

Figure 29: Data inputs for quantification of vulakility criteria, time steps 2010, 2050, and 2100

"#$#YoW/ind-Wave Exposure Condition

The Wave Exposure Model version 4.0 (Fonseca & btadt) 2010) was used to quantify the
exposure condition of the North Shore coast. WENI@as linear wave theory to determine
wave energy and wave height, known as wind-wavesx@. Local wind generation and water
depth features are input in to the model to deteenttie energy acting on the coastal study area.
The model has two modes, the Representative WaesZ(RWE) mode and Relative Wave

Exposure Index (REI) mode. REI mode is simplifiedcomparison to the RWE mode in that it is
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a non-physical relative mode that provides dimemlsgs outputs. The RWE mode defines the
total wave energy and accounts for wave generatindissipation with wave movement
direction. This thesis utilized WEMo in the Repmaséive Wave Energy (RWE) mode to

guantify the exposure condition.

Exposure is defined as the potential of the coaststem to experience a climate change induced
hazard. Inputs of WEMo used to calculate RWE inelaathymetry DEM, wind data, a
shoreline polygon shapefile, and a point shapediigesenting the locations RWE will be
calculated. RWE mode outputs total wave energypgrwave crest width in units of J/m or
kg/(m/<)(i.e. wind-wave exposure) at the given locatioacified by the user using the point
shapefile. The greater the relative wind and waner@y reaching the coast, the greater the
vulnerability. The shoreline polygon dataset isduseclip fetch rays which are calculated by
WEMo to quantify wind generation and dissipatioheTpolygon must depict the coverage of

water, not land (Davidson-Arnott, 2010).

Bathymetric data represents the measured deptieafdean relative to a given sea level. It is
critical to know what tidal reference the data usedrder to accurately understand the outputs
of the model. Bathymetry data is utilized in WEMoarder to determine the propagation of
waves over the area of study. Changes in bathyraéielywave processes including refraction,

diffraction, shoaling, and energy dissipation, whadter the wave energy reaching the coast.

Digital bathymetry data were not available for iedy area. Thus, Canadian Hydrographic
Services (CHS) chart 4023 of the 2002 shorelinérofce Edward Island was scanned and
digitized, as seen iRigure 30. Point depths and contour depths were digitizgubiat and
polylines shapefiles respectively and fathoms veereverted into meter depths. Since CHS
Chart 4023 depicts the shoreline at mean low watemvhich is chart datum, the created point
and polyline depth shapefiles were converted to O&8/by subtracting 0.52 meters to all
measurements . This process follows a similar amtraescribed in literature (Kireg al.,

2002). The point and polyline depth shapefiles wesed in conjunction with LIDAR contours of
the shoreline to create a bathymetric DEM throdghdpatial analyst tool "Topo to Raster' in
ArcMap 9.3. The DEM represented the depths of dastl waters of the North Shore and was
used as the input bathymetry in the RWE analysis.
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Figure 30: CHS Chart 4023 of Northumberland Strait

Data for the top wind frequency and top hourly winere available from the St. Lawrence
Global Observatory (SLGO) website (St. Lawrenceb@ldbservatory, n.d.). Buoy IML 6 at
Shediac was chosen due to its proximity to theystuda (47° 47.000" N, 64° 2.000’ W). This
buoy is at a station depth of 82 meters. The datged from the years 2004-2010, however the

monthly range for each year varied.

WEMo requires the input wind data to be in .tx¢ fiype with comma separated values
specifically in the order of year, month, day, haaonth, wind speed (meters per second) and
wind direction (angular degrees). The SLGO IML ®¥pdata was thus edited to conform to

these standards.

4.2.2. Morphological Resiliency

Morphological resiliency is defined as the abilifythe coastal system to return to a state of
equilibrium after a disturbance. This resiliencwitactor of the amount of sediment supply to
the coastal system, the morphology of the systeahilze duration of time between disturbance
events. For the purpose of this research, morphadbresiliency of the North Shore study area
was evaluated through the quantification of annoeédmetric sediment change and the sediment

budget. The morphological resiliency criteria imgar to the "relaxation time" Coastal
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Vulnerability Index (CVI) component used in Peth&lKCrooks (2000). Relaxation time is
defined as the period of recovery of a coastakesysdfter a disturbance event, and is divided by
the return period of disturbance events to evaloasstal vulnerability (Pethick & Crooks,
2000).

Within this area, coast lines classified as duskeges, wetlands, or flats have a higher
morphological resiliency as they are largely sioksediment; cliffs and bluffs are typically

characterized by a low morphological resiliencyteesy are sediment sources.

Morphological resiliency is a function of volumetsediment change and the sediment budget
measures whether the unit of shoreline has thecitgiga recover after a disturbance event. In
terms of vulnerability, an area that has a posiivieimetric sediment change and a low net
potential transport will have a higher morphologiesiliency and thus less vulnerability. In
comparison, an area with high net potential longsh@nsport and a negative sediment budget
will have lower morphological resiliency and a heglvulnerability. The assumption that a lower
morphological resiliency would correlate with sedmhsources, and higher with sediment sinks
was necessary in order to mathematically quartiéyphysical vulnerability of the coast, but is
not necessarily correct in all situations. For egkana beach was assumed to be a sediment sink;
however, during periods of storm events a beachlmeagme a sediment source as wind-wave
energy erodes beach sediment and deposits itneady estuaries and bays. However, the
assumption that a beach would be an overall sedisiek is reflective of the decadal time scale

of the methodology.

The methodology described in this chapter is dependn the assumption that the
geomorphological state of the shoreline will beltrgest factor defining it's exposure-
sensitivity as well as the degree of coastal chahlis change effects the geomorphological
dynamics of the area, including the coast's exgosandition, morphological resiliency, and
potential to be flooded by nearby water bodieshérsline classification entails mapping the
physical condition of the shoreline into a GIS thatse to include data on geomorphology and
vegetation (Davies, 2011; Pietersma-Perrott & vawosdij, 2012). The shoreline classification
data by Davies (2011) was created through theititzgson of the nearshore, foreshore, and

backshore of the coast through visual assessmemttafphotos captured in 2010.
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As the Davies (2011) shoreline classification wasfield validatedshoreline classification of a
portion of the study area was conducted duringribaths of May and June, 2013. To gather this
information, a Yuma Tablet was employiedsitu to collect spatial data on the coastal
geomorphology of the North Shore. Coastline datadhe year 2010 were also downloaded and
three separate polylines were created by Greg Bakepresent the backshore, foreshore, and
nearshore of the shoreline; these polyline shagsefilere inputted in to a geodatabase and edited
in the field to reflect shoretypes classificatidrtlee coastal region. The backshore, foreshore,
and nearshore were classified by shoretype alotiyagsociated characteristics. For example,
the backshore shoretypes consisted of anthropo@emican-built structures with the purpose of
controlling coastal change), outcrop, platformffcbluff, dune, slope (clastic), slope
(organogenic), wetland (organogenic), wetland (mugenic) or waterbody; the foreshore
shoretype could be classified by anthro, outcrdégtfgrm, beach, flat, dune, wetland
(organogenic), or wetland (minerogenic); and findille nearshore could be classified as
platform, flat, or bar. In order to accurately ci&gthe North Shore of Prince Edward Island,
base data including orthoimagery, road networkd,lacation names to be used as spatial

references.

The nearshore, foreshore, and backshore polyliees vlassified based on a shoreline
classification schema first developed by Pietergtaaott & van Proosdij (2012). Once in field,
the GPS toolbar within ArcMap 9.3 on the Yuma Tahlas used to accurately define the
location of the physical coastal region with therghpolyline shapefiles. The Editor toolbar was
used to begin the classification of the shorelimgpefiles; each polyline was cut using the split
tool within the editor toolbar to create the boumemof the area being classified. The user then
walked the shoreline with the Yuma tablet in orteclassify the morphology of the shoreline
using the previously designed classification schdoraexample, if the backshore changed from
a medium height cliff to a low dune, the user wouse the split tool on the backshore polyline
to split the line between the boundary betweerdtiree and cliff, and then classify each
separately. This field work produced three polydié the classification of the nearshore,
foreshore, and backshore and was used to cal@anateal volumetric sediment change; in areas

that were not classified in the field, the Davie8X1) classification was used.
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Coastal change is defined in terms of erosion aocetion, or the change in meters of land lost
or gained for a coastal unit. GeoNet Technolodies,(2011) provided the initial calculation of
coastal change rates for the North Shore throughlitjitization of orthophotos of the years
1968, 2000, and 2010. Historical change rates k1868 and 2010, and recent change rates
between 2000 and 2010 were calculated by meastminghortest Euclidean distance between
two shorelines and determining the change in m@eryear. Webster (2012) noted that these
calculated rates of change did not always correeflgct areas of erosion and accretiositu.
Thus, areas determined to be anomalous were ghasmge rates of zero. Shoreline segments of
coastal change were labeled anomalous if the @tmlichange surpassed greater than three

meters annually of change - typically migratiorsahd spits or inundation of sea-level rise.

The coastal change rates calculated by GeoNet démies Inc. (2011) and Webster (2012)
only captures the change which the coast eitharmaatates towards or erodes away from the
water and does not incorporate the height of tleeetime unit in question. Thus, in order to
determine the sediment lost or gained to the cbasta two algorithms were defined based on
the geomorphological classification of the segmeitkier bluffs and cliffs or dunes, plains,
wetlands, and flats. The two algorithms presensgstime that the volumetric loss rate remains

constant during a given time step.

It was assumed that coastal cliffs and bluffs hepeedominantly rectangular shape as modeled
in Figure 31 Annual volumetric change for these geomorpholagimits was defined in

Equation 2 as:

Where ely, elw.:1 and ely.1 = LIDAR elevation of backshore at node in questionward node

and previous node of the coastal unit (meters)
dn-1 and gi+; = distance between N and N-1, N and N+1 respdygtive

rec = historical coastal change rate (meters/yearjifstryear of time step
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Figure 31: Method for calculation of volumetric sadnt change for bluffs and cliffs

Thus, the resulting solution defines the volumetediment change in cubic meters for the

duration of the time step.

The algorithm for coasts classified as dunes, slopetland, and flats assumed a triangular
shape as depicted iigure 32 Annual volumetric change for these geomorphoklgioits was

guantified usindgequation 3:
-#3$ T 3)

Where m = slope of the coast

d = distance between nodes

r=rate of coastal change at node

This algorithm also provides a solution in cubicteng per total years of the time step.

Alongshore sediment transport is the mechanismiwmoves sediment within a littoral system.
It is a function of oblique wave action on the sklwakpe, longshore wave-generated currents,
and seaward-moving currents; combined, these face® transport sediment along the coast in
a relatively uniform direction (Davies, 2011). Latgre sediment transport transfers suspended
material from areas of sediment sources, suchudfs laind cliffs, to depositional areas of

sediment sinks, such as deltas, spits, and bastads. A major component of the quantification
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of a coastal systems sediment budget is to deterthansystems net potential longshore
sediment transport, or the calculated amount ahseat able to be transferred along a particular

shoreline by tidal and wave forces.

\ Assumed Triangluar Volumetric

Change (V)

Historical Annual

Coastal Change

Annual Volumetric Change= (1/2) x slope x Histotica
Change2 x Distance between Nodes

Figure 32: Calculation of annual volumetric change
for dunes, slopes, wetlands, and flats

Davies (2011) calculated the net potential longstsadiment transport (Qusing the Queen's
University Expression for Sediment Transport fax #8010 PEI shoreline. This expression uses
wave hindcast data, longshore sediment transperfiedd data from the 1980s, sediment grain
size, geomorphology, and local wave climate toudate Q. Wave hindcast data over a 58 year
period is available from the Meteorological Servi¢€Canada MSC50 database and includes

information on breaking wave height and the wawglarelative to the shoreline.

Utilizing the calculated alongshore sediment trams@avies (2011) defined the littoral cells of
the coast of PEI. The littoral cell is a coastahpartment where sediment theoretically does not
leave or enter from an adjacent cell. Thus, théiadaoundaries of the littoral cell were used to

define the sediment budget of the study area.

Between each time step (2010 and 2050, 2050 an@) 21€ shoreline position was assumed to
change based on the coastal change rates calcblai®@bster (2012). This shoreline position
change was calculated within ArcMap 9.3 and Ex€eind Y coordinates of the initial 2010

shoreline nodes were first added as a field tonthae shapefile as well as the Webster (2012)
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calculate coastal change rates. As the nodes mresgments of the shoreline and thus the
main polyline, they represent different segmenthefNorth Shore coast- whether it be the main
coast or islands. The nodes were given IDs to sgmtesegments of the shoreline polyline which
are the same - for example, the main North Sholgipe and node segment would receive one
ID, where as an island polyline would receive aroib. These IDs were labelled "FID_Coast".
Areas with anthropogenic hard adaptation measwies &s riprap were also indicated in the
field "shoretype". This table was then extracte@ &SV to be input in Excel. Within Excel,
there are five columns indicating the necessarg ftateach node: X coordinate, Y coordinate,
coastal change rate, FID_Coast, and Shoretype. i@ was then offset based on the
magnitude of accretion or erosion, whether it Band or offshore. This was accomplished
through the approximation of the tangent of eaatlen®nce the tangent of the node was
guantified, the node moved perpendicular to theesbased on the degree of coastal change.

This process was repeated given the size of itie $step analysis (40 years between 2010 and

2050, 50 years between 205'//0!  ** 1+ #//-% +* ), -+ , 2 3%+ )*
+ 2+ A#'H#0-% +*- + 2 -+% % "M"15% + +%3 -3+
+%1 - ,-2, ,+* 44 I )6% 3+%, + %% ,+%
-+ + #I-% T %+ %+ %!+ 3,+++ % * * -+% %
- %, 3 ,+ 3+% + % 3%63 + Q%3 #I'T+% #I7] |, #IT] +%
#I

4.2.3. Permanent and Episodic Flood Risk

Permanent and episodic flood risk was quantifiedugh the evaluation of permanent climate
change induced sea-level rise and episodic storgesaoundation based on coastal elevation.
Through the 2010, 2050, and 2100 time steps, velata-levels were estimated to increase, and
a larger area of land received increased stormestgrn periods and heights. Vulnerability
ranking calculation assumed that the highest valmgty of 5 would be associated with
elevations that are susceptible to more frequentihg (10 year return period), that a moderate
vulnerability (rankings of 4, 3, and 2) would besasiated with elevations which experience
flooding between 25 and 100 year return periodd,ed@vations greater than the 100 year

flooding return period were of least vulnerabilitgnking of 1). The total area of the North
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Shore which would experience the five flood retpeniods increased through each timestep due
to relative sea-level rise; thus, the vulnerabiifyhe study area to permanent and episodic storm

surge increases through time.

Simply defined, storm surge is the difference laetwthe forecasted astronomical tide and the
measured water level; storm surge may raise orrlee& level. In terms of shoreline risk to
storm surge, we refer to storm surges which réisgtedicted tide. Storm surges occur during
extreme weather events due to higher than averagkspeeds and low barometric pressure.
They are most damaging during times of high tidaglvcause episodic coastal flooding
(Richards & Daigle, 2011).

Richards and Daigle (2011) estimated extreme teadér level for 2-, 10-, 40-, and 100-year
return periods for Rustico using results from tm¥iEbonment Canada Atmospheric Hazards
Atlantic Website. Using this information, total iesated return-period sea levels for the years
2025, 2055, 2085, and 2100 were guantified asuhedf the estimated storm surge height and
estimated sea-level rise based on the higher haganiow tide (HHWLT) chart datum for the
specific year, as seenTrable 3. The values included estimates of annual permasemtevel
rise, thus including risk of permanent sea-leva? to the evaluation. Estimates for permanent
sea-level rise values were extracted from Rahmg2037).

Table 3: Total change of water levels for Rustfcom Richards and Daigle (2011) (cm relative to

CGVD238)
Global Sea- Total Total
Level Rise Crustal Change Change Total
Municipality (2100) Subsidence (2025) (2055) Total Change Change
or Area (Note 1) (2100) (Note 2) (Note 3) | (2085) (Note 4) (2100)
Rustico 0.90 + 0.43 0.18 + 0.05 0.16 + 0.038 0.44+0[15 4&8.36 1.08 + 0.49

Note 1: Value of 90 cm is the central value fronhRatorf (2007) year 2100 estimates and +43 cm eaorepresents the associated range
Note 2: Total includes linear increase of crustitsidence (25%) + prorated non-linear (polynomiedjease of 100-year sea-level rise
Note 3: Total includes linear increase of crustitsidence (55%) + prorated non-linear (polynomiedjease of 100-year sea-level rise

Note 4: Total includes linear increase of crustissdence (85%) + prorated non-linear (polynonirajease of 100-year sea-level rise

To determine the areas of vulnerability within #tedy area to storm surge flooding, LiDAR
elevation measurements were utilized. Areas witiénstorm return periods were considered at

risk, and received a vulnerability ranking from maglnerable (5) to least vulnerable (1).
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When predicting future hazards of climate changgpem enhancement factor can be included
to model the proposed rise of storm intensity mlext century. This factor would increase the
water levels associated with storm surge using@ifaf 10% multiplied for 1:100 and 1:1000
storm surge flood levels. This percentage was deitexd using the most up to date
understanding of climate change science (Dasgetdh, 2011; Nichollset al.,2007; Wardet

al., 2011). This storm enhancement factor was used wheticting future vulnerability of the
North Shore for the years 2050 and 2100 in the fofmind speed increase and coastal change
rate increase. This will increase the accuracyetémnining coastal vulnerability of the North

Shore to climate change.

4.3. Time Step Analysis

As detailed in Chapter 2, coastal vulnerabilityesssnents are typically quantified through the
use of criteria indicators. These criteria représia® hazards and risks the coastline experiences.
For this work, the criteria used to evaluate thastal vulnerability of the PEI North Shore to
climate change included exposure condition, mompdio&l resiliency, and flooding risk. Each
criteria were evaluated and summed together toymethe coastal vulnerability for three years:
2010, 2050, and 2100. These three years were choseder to predict the coastal vulnerability

as climate change progresses through time.

4.3.1. Exposure Condition

Year 2010

The initial step in the assessment of the year 20d9to determine the relative wave exposure
(RWE) of the coast using WEMo. Four inputs wereuregl — bathymetry of the coast, the
coastal polygon to clip the fetch rays, top wineginency and top hourly wind, and a point
shapefile which represent the areas where the ROEB will be calculated. This point shapefile
was created from the 2010 coastal polygon, whick eeaverted in to a raster, and then a point
shapefile. The resolution of the point grid is degent on the desired number of points where
the RWE needed to be calculated. Because the atedyis quite large, a resolution of 1.5
kilometres was used. Furthermore, the WEMo inpuintmhapefile was standardized in that each
point was between 200 and 300 meters from the bher&Vith these input data the RWE was
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calculated within WEMo. The 2010 extent polygon wesated using the 2010 coastline polyline
created by Davies (2011). Line segments withinpiblgline shapefile were closed using
topological tools and the tool ‘Feature to Polygass utilized to create the final polygon. The
procedure for creating the bathymetry and wind dats outlined irSection 4.2.1The 2010

input parameters (bathymetry DEM, wind data, shioegbolygon, RWE calculation point) were
added to a new WEMo project. The Distribution ofdReand Bathymetry Interrogation Distance
settings were increased to 7,000 meters, othemwesdefault options were used.

With the RWE values calculated, these values weaéally joined to a standard 2010 node
point shapefile which was used for each of theetlw@nerability criteria in the time step. The
RWE was not calculated initially at each node a&srédsolution was too fine for a large study
area thus producing a very lengthy computation tiffiee join was accomplished through the

‘Spatial Join' tool based on nearest proximity.

The RWE vulnerability for the 2010 coastline wasugified using Jenks Natural breaks of the
initial RWE point shapefilelFigure 33is an image of the tool used to classify thisdfielnd

Table 4lists the resultant divisions. The Jenks NaturaladRs method to organize criteria data
sets was used in the creation of a Coastal Vuliléyalndex for a macrotidal environment
(Tibbetts & van Proosdij, 2013). The method is hessd for grouping non-normally distributed

data, and seeks to maximize the difference betwakes for the data range.

The 'Field Calculator’ was used to add the vulmiétavalue. Finally, with the new
vulnerability field added, this point shapefile wamverted in to a raster of 50 meter resolution
using the 'Feature to Raster' tool. This rastes thepicts the areas of the highest (5) to lowest (1

vulnerability.
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Figure 33: Natural Breaks (Jenks) classificatioRWE values for 2010 calculated in WEMo

Table 4: Vulnerability ranking of RWE for year 2010
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Years 2050 & 2100

The methodology used to determine the exposureittomaf the North Shore coast for years

2050 and 2100 was similar to that of the year 2@81GSV file containing the shoreline node

locations calculated for 2050 and 2100 was firsiveoted in to a ESRI point shapefile and then

a polyline shapefile. As the Hog Island coast ig/\dyynamic, an accurate prediction of the

coastal change for the years 2050 and 2100 wasasstble. The output of the shoreline

movement algorithm for Hog Island in the year 2@58hown inFigure 34. Thus, the Hog

Island coast was represented as the same as 20the fgears 2050 and 2100 and was merged in

to the new polylines for 2050 and 2100. Figure picts the resultant node shapefile after the

shoreline movement was undertaken, however this shdpefile was no used for the creation of

the shoreline.
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Figure 34:Unused 2050 predicted shoreline movemer
Hog Island

A polygon was created from the 2050 ¢
2100 shorelines through the extension
Geowizards. The islands of the North Sh
coast were separately converted il
polygors in order to "clip” their extent froi
the main coast polygon. This w
accomplished through the editor toolba
ArcMap 9.3.

DEM bathymetry of the North Shore coa
for the years 2050 and 2100 were created 1

used in WEMo. These DEMSs were crea

through the use of the CHS contours previouslytetealong with the new polygon of t

coastal area and the new shoreline pne. The CHS contour shapefile and the short

polyline were merged together to create a new eoatior the years 2050 and 2100. The 1

shoreline for these years was given a depth oir'@tder to represent the new coastal exter

the tool Topo tdraster, the polygon was input to represent the 2&idnt as well as the ne

Figure 35: BathymetrfpEM of 2050 North Shoi

contour shapefile. The z extent was limited
in order to accurately represent the bathym
of the 2050 and 2100 coasts, with the 2
DEM shown inFigure 35.

The next input needed in WEMo was the pt
shapefile to represent the locations where
RWE would be calculated. For the calculat
of RWE for years 2050 and 2100, the 2(
point shapefile wagsed, however edits we
made to ensure the points were only in

newly exposed water locatio
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Finally, North Shore wind data for the years 2068 2100 was created through the use of the
2010 wind data. In order to represent an increas@nd speeds through stronger storms in the
years 2050 and 2100, the 2010 wind speeds werégpiradtby 1.1 and 1.21, respectively.

Once the inputs for WEMo were completed, RWE
was calculated for 2050 and 2100. A new "water
level adjustment” was made for 2050 and 2100 to

represent sea-level rise for each year and reflect

Figure 36: 2050 ranking of 2050 RWE valuescalculations made by Richards and Daigle
(2011). The water level was increased for year

2050 by 0.44 meters and for 2100, 1.08 meters.

The 2050 and 2100 RWE values were divided at ttezvals calculated for the 2010 exposure
condition vulnerability, as seen iRigure 36. These intervals were used in order to compare the

growing vulnerability of the North Shore coast tigh the three time steps.

4.3.2. Morphological Resiliency

Year 2010

Morphological resiliency (MR) of the shoreline dktNorth Shore is assumed to be a function of
the annual volumetric sediment change (VSC) ofstigreline as well as the longshore sediment
transport (Q) of the study area. MR is assumed to equal theddithre normalized values of

VSC and Q, as shown ifcquation 4.

& ) o H

The net potential longshore sediment transport(atieic meters annually) for the year 2010 had
been quantified by Davies (2011) using a 58 yearewandcast of breaking wave height relative
to the shoreline provided by the Meterological $@rwf Canada.

Annual volumetric sediment change is a functiothefgeomorphological classification of each
shoreline segment. Calculation of annual volumeteidiment change is dependent on this
geomorphological classification, as explained iot®a 1.2.2. The initial step in calculating
annual volumetric sediment change was to claskdystandard shoreline node point shapefile as
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one of three classes2" for anthropogenic structures; "1" for dune, lapt, slope, or plain; ar
"0" for cliffs and bluffs. Tlen, variables for the volumetric sediment chandeutation were
spatially joined to each class: for class 0, LiD@lRvation and coastal change rate from Da
(2011) and Webster (2012) were joined, and fassclh coastal change rate from Web
(2012) was joined; although a slope field was avaédldm this database, errors in the sl

dataset were found. Thus, it was necessary toadest slope for the shorelil

The calculation of the 2010 coastline slope wasagished through the use ArcMap 9.3 and
Excel. First, a point shapefile representing the®0ode points moved 20 meters inland"
created. The LIDAR elevation values were then ex¢é@ at the original node point and at the
meter offset. These two shapefiles were then dly joined to create one dataset with each r
representing the original elevation and the elewa®0 meters inland. This table was then ou
as a CSMile in order to be read iExcel. Within Excel, slope was calculated basethen20
meter differege and the difference between the two elevationtpoilhis final column of slog

was then input in to ArcMap 9.

Once the slope of the shoreline was determinegdhametric sediment change was calcule

for the year 2010, which proceeded in theowing steps in Excel:

ok 4+ - 4%+ ) 6% %, 8 .9-%%. + +%
, T 3 , + - 2+ 0/0, 4 $)5 0
L:\/(XN_ XN‘1)2+(YN'YN.1)2 (R

(Yo Yol

[x‘l' x‘l-l’

Figure 37 Pythagoreatheorem used to calculate distance between |

#Ho%F4,6 L +-2+ ) 6% ) S % A% %
) %o-- 4% -**+ 6%*3+ - , 3 +- 4 $)5 O
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Ay Distance, tag'

o
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Figure 38 Calculation of avrage distance between noded ldnd N+:

o6 L, + - +) , <+ ++ 3 +!
% ) %+
% )2
6 ,+- 3 + 3
* - ++ 6, +-% =
* )2’

Y- ++ 6, +-% &

+56 ,+-%)6% %,

KK Y34+ - 3 - % +) Ny

The volumetric sediment change for each node is ¢alculated in */year, with negative an
positive change representing areas of accretioreesgion respectively. In order to normal

the values from 0 to 1, the absolute value of tkstmegative change was added to each v
Then, each value was divided by theatest value of change.

The next step in determining the MR of the studdaawas to spatially join the,values
supplied by Davies (2011) to the node shapefilthefVSC. Then, each value was normalizet
the division of each by the larges, value. The sum of the normalized values of VSC and
ranged from a value of 0.055192 to 1.897¢
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To rank the vulnerability of the coas terms of MR, two assumptions were made in terrn
VSC and Q. The first was that a negative VSC value reprasgraccretion would represent
area of higher morphological resiliency, ¢

thus a lower vulnerability. Similar is assurmr Low Value High Valua

for the net poteindl sediment transport rate

lower transport rate would assume sedimen

High MR Low MR

being transported away from the node, th P High Vuln

higher morphological resiliency and Ic

vulnerability, as seen iRigure 39. The values

() ()
N _/

of VSC and Qwere each normalized |

Potential Sediment Transport Volumetric Sediment Change

dividing each by the greatest value; howeve

a portion of the VSC values are negative, lHni?thNljﬁ HL.?,W.'TH
absolute value of the minimum numbe

added to each number. The normalized va

of VSC and Qare then added together 3. <

calculate the morphological resiliency ach

Low High
Vulnerability Vulnerability

a scale of 1 (lowest vulnerability) to 5 (high Figure 39 Quantification of vulnerability of
the coast in terms of Morphological Resilie

node point, and then ranked for vulnerability

vulnerability) (Table 5) using Jenks natural breg
(Figure 40).

Years 2050 & 2100

Morphological resiliency of each shoreline segneas assumed tomain the same through t
three time steps; although the location of the aliveg may change through time, 1
geomorphological classification would remain theneaand thus so would the longsh
sediment transport rates and annual volumetriavsea change. The VSC and, were spatially
joined to the 2050 and 2100 shorelines based @®ikss and the vulnerability was ran

using Jenks natural breaks.
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Table 5: Vulnerability ranking for morphologicakikency, year 2010

) D

A1 #$0 %
#$0 ! #'0 $
H'0! #1% 2

H1%/ ! %t..

%#.. ! %0#0. 3

Figure 40: Division of normalized 2010 MR valueséd on natural breaks
(Jenks)

4.3.3. Permanent and Episodic Flood Risk

Year 2010

The vulnerability of the study area to permanemt episodic flood risk (permaent relative sea-
level rise and episodic storm surge, respectiwebg evaluated based on local sea-level rise
estimates and the relative increase of storm swtgen period heights. In order to determine the
vulnerability of the 2010 coastline to storm sufigeding, LIDAR elevation points were

extracted to the 2010 coastal nodes shapefilevlimerability of each node was determined
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using the Richards & Daigle (2011) storm surge Baryand 100-year return period values for
the year 2010 for Rustico. Because the Richarddaigle (2011) values were in chart datum,
0.52 meters were subtracted from the extreme $etalevel values to convert to CGVD28.
Table 6displays the level 2000 extreme total sea leveh@ters chart datum for the CHS
representative site of Rustico for four return peryears. The residual column lists the annual
storm surge height calculated from estimated seal-lese and crustal subsidence; the Level
2000 column sums the higher high water low tidenwlitis calculated value.

Table 6: Extreme sea level values for Rustico 8410, developed from Richards and Daigle (2011)

%.17 19%) 1 | 411! %()! !
$317 ) &)! ! $#) 1!
3.7 HH) | IN BYE
%..17 &)!! 'O ! 1

Vulnerability ranking calculation assumed that tihighest vulnerability of 5 would be associated
with elevations that are susceptible to more fratjfleoding (10 year return period), that a
moderate vulnerability (rankings of 4, 3, and 2)wdobe associated with elevations which
experience flooding between 25 and 100 year rgiariods, and elevations greater than the 100
year flooding return period were of least vulneligb(ranking of 1) as seen ihable 7. This
vulnerability was added to a field in the node idgp. The tool "Point to Raster" in ArcMap

was then used for a cell size of 20 meters to eraaaster of the 2010 vulnerability to storm

surge flooding.

Table 7: Flooding vulnerability of year 2010; elgga relative to CGVD28

* op(+ &
%( " $H+
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Years 2050 & 2100

Vulnerability of the 2050 and 2100 North Shore th@ess to flooding was calculated similarly

to the methods used to calculate the 2010 floodigerability. LIDAR elevations were
extracted at the points of the 2050 and 2100 cbasties. These elevations were then divided
in to five criteria groups to represent those nvodiherable to flooding (5) to least vulnerable (1),
with the 2050 divisions shown ifable 8 and the 2100 iffable 9. These divisions were based
on the work of Richards and Daigle (2011) for yez3S0 Table 10 and 2100 Table 11),
respectively. Year 2055 return periods were use@®0 as they were the predicted values

nearest the time step.

Table 8: Flooding vulnerability of year 2050; elgwa relative to CGVD28

' H% +
H% " (+ #

Table 9: Year 2100 flooding vulnerability; elevaticelative to CGVD28

(4 &
("#L+
#1 "4 + #
## o+
#
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Table 10: Extreme sea level values for Rustico 2686, developed from Richards and Daigle (2011

4 $.33 $/33 5) %6
%.17 % )! & )&
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Table 11: Year 2100 Extreme total sea level repamiods for the North Shore (Richards & Daigle, 201
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4.3.4. Vulnerability Rasters

Three rasters depicting the physical coastal valmigty for the years 2010, 2050, and 2100 were
created from the input vulnerability criteria- espoe condition, morphological resiliency, and
flooding vulnerability. Each of these three rasferseach time step were added together through
the use of the Raster Calculator. The resultingeraglues ranged from a possible sum of one to
15, and these values were divided in to five vidbéity rankings using Jenks natural breaks,
with 1 representing the lowest vulnerability anth® highest. Each of the three timestep rasters
represent the physical coastal vulnerability of fweth Shore coast relative to each year.
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5. Results

5.1. Introduction

This chapter outlines and describes the resultiseophysical coastal vulnerability assessments
(CVA) of the North Shore for the years 2010, 20&@] 2100. The three criteria are used to
qguantify vulnerability, exposure condition, morpbgical resiliency, and flood risk. The criteria

are compared for each time step. Finally, the tastlCVA rasters are described and compared.

5.2. Exposure Condition

The exposure condition is the potential of the tadas/stem to experience a climate change
induced hazard. This thesis utilized WEMo in thepiReentative Wave Energy (RWE) mode to
guantify the exposure condition in RWE values ai,Jalculated through the use of linear wave
theory to determine wave energy and wave heigitwk as wind-wave exposure. The RWE

vulnerability of each coastline was quantified gsienks natural breaks.

5.2.1. 2010

The greatest vulnerability the North Shore ideatlfby the Relative Wave Exposure (RWE) in
2010 occurred exclusively along coastline exposdtié Gulf of St. Lawrence, as seen in
Figure 41 These locations included a small portion of Helgrid, Lower Darnley, Cavendish,
Brackley Beach, Stanhope Beach, Dalvay Beach, amt Peroche. The bays and estuaries of
the study area received lower RWE values and thdghtre lowest vulnerability ranking of 1.
The frequency of each vulnerability ranking wittire 2010 RWE vulnerability raster is
depicted inTable 12

The WEMo RWE outputs values ranged from 0.01 J/@0@26 J/m, with a mean of 2226.48
J/m. The greatest RWE value was experienced alen@avendish coast. The standard
deviation of the values is 7307.011 J/m. Theseeméire summarized able 13
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Figure 41: 2010 North Shore RWE vulnerability ramki

Table 12: Occurrence frequency of vulnerabilitykiags in 2010 RWE raster

Rank Vulnerability Frequency Percent Frequency
1 Low 16727 90.20%
2 562 3.03%
3  Moderate 737 3.97%
4 363 1.96%
5 High 155 0.84%

Table 13: Descriptive statistics of WEMo 2010 RW&tues

2010 RWE (J/m) 0.01 69226.28 2226.48 7307.011
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5.2.2. 2050

Figure 42: Map of the 2050 North Shore depictinglRWilnerability ranking, or Exposure Condition

The 2050 North Shore received the highest vulnéabd RWE along the coastline open to the
Gulf of St. Lawrence. Moderate vulnerability wasabbserved along the Cavendish coast and
North Rustico, as seen kgure 42 The areas of greatest vulnerability occurrechendame
locations as the 2010 RWE vulnerability, althoughme areas grew from a vulnerability of 4 to
5, the highest ranking of vulnerability. Greatesinerability increased from 0.84% of the study
area in 2010 to 3.92% of the study area in 20%Bble 14lists the occurrence of each

vulnerability ranking for the 2050 study area.

The area which received the greatest RWE valueNwath Rustico at 88,661 J/m. The
minimum RWE was 26.83 J/m. The mean of the 2050 RAI&es was 4,807.3 J/m with a
standard deviation of 12,165 J/iraple 15.
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Table 14: Summary of 2050 RWE vulnerability rankucence

Rank Vulnerability Frequency Percent Frequency
1 Low 14120 83.85%
2 841 4.99%
3  Moderate 509 3.02%
4 710 4.22%
5 High 660 3.92%

Table 15: Descriptive statistics of WEMo 2050 RWd&ues

2050 RWE (J/m) 26.83 88661.17 4807.318 12165.09\

5.2.3. 2100

Figure 43: Map of the 2100 North Shore depictinglRWilInerability ranking, or Exposure Condition

The coastline of the 2100 North Shore experienceid@ease in the highest vulnerability rank

of 5 from 3.92% in 2050 to 6.99% in 210Daple 16). The areas which received the greatest
RWE values were the open coastlines of Hog Islaadier Darnley, Seaview, French River,
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Cavendish, Brackley Beach, Stanhope Beach, Daleagl and Point Deroche, as seen in

Figure 43
Table 16: Summary of 2100 RWE vulnerability rankucence

Rank Vulnerability Frequency Percent Frequengy
1 Low 7899 52.83%
2 4375 29.26%
3  Moderate 1113 7.44%
4 520 3.48%
5 High 1045 6.99%

The maximum 2100 RWE value of 118,002 J/m was veceat Lower Darnley which is
exposed to the Gulf of St. Lawrence. The minimummRVdlue was 185.59 J/m. The average of
the 2100 RWE values was 9,641.4 J/m, an increa483#.1 J/m from 2050, with a standard
deviation of 18401 J/nir@ble 17). Figures 44a, 44b, and 44provide a comparison of the
RWE vulnerability rank frequency for the years 202050, and 2100.

Table 17: Descriptive statistics of WEMo 2100 RWdtues

2100 RWE (J/m) 185.59 118001.5 9641.388 18401.19

m'1%% + m# 1@%, + m" m71 +

Figure 44: RWE vulnerability rank frequency of 2810 (b) 2050 and (c) 2100
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5.3. Morphological Resiliency

Morphological resiliency is defined as the abilifythe coastal system to return to a state of
equilibrium after a disturbance. This resiliencwyitactor of the amount of sediment supply to
the coastal system, the morphology of the systeahilze duration of time between disturbance
events. Morphological resiliency of the area waa@ated through the raster summation of the
normalized values of annual volumetric sedimenhgeaVSC) and the longshore sediment

transport (Q) (Equation 3).

5.3.1. 2010

Davies (2011) had calculated the Qn value¥year ) for the 2010 study area coastline, and
these values were normalized through the divisidh@largest Qn value. The distribution of the
Qn values is shown ihable 18 The VSC value calculation method was evaluatasgdan the

geomorphological classification of the shorelin@gve cliffs and bluffs 3,+% 6

D T R * 4 3,+% 6 + *

) 4 44 Ol -**+ #] 6% 43 ‘< 0 , %3 +6 ,
Y% +6 - ) + % - +% % % )-+6*! %, +% %3*A
+ 6% %3/+%'l+ 2%*+ 6% % + 3 %+ +6 - o t% -
6*1 1 -6*% ,6,,2+ ++ 6* % - | *++ 6*

% 6. | %3*A,B , 6*  -Fr+, o+

33, + 4+ F*40% 49)%, - + %6 ¥ 306) %% -* X - O - -**]
-+ ,6,, +%6* 2*+ 5 %3'4*% +0+%74 +02 ,% C 5
+ *2 51

The North Shore 2010 coastline experienced theasigiulnerability due to a low
morphological resiliency at Lower Malpeque, Lowearbley, Seaview, French River,
Cavendish, North Rustico, Rustico, Rusticovilleagkey Beach, Covehead Bay and Point
Deroche Figure 45). Large portions of the coastlines of Darnley Baaid Covehead Bay had
vulnerability rankings of 5Table 20summarizes the frequency of each MR vulnerability

ranking for the 2010 coastline.
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Table 18: Frequency count of standardized 2010 &ueg

0-0.1 113080
0.1-0.2 8580
0.2-0.3 9917
0.3-0.4 11169
0.4-0.5 3881
0.5-0.6 4545
0.6-0.7 8340
0.7-0.8 2853
0.8-0.9 2700
0.9-1 3970
1-1.1 371

Table 19: Frequency count of standardized 2010 V&Qes

0-0.1 10
0.1-0.2 43
0.2-0.3 98
0.3-0.4 152621
0.4-0.5 15865
0.5-0.6 640
0.6-0.7 100
0.7-0.8 18
0.8-0.9 7
0.9-1 4
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Figure 45: Map of the 2010 North Shore depictingphmlogical Resiliency vulnerability ranking

Table 20: Summary of 2010 MR rank occurrence

Rank Vulnerability Frequency  Percent Frequency
1 Low 8 0.04%
2 12961 70.18%
3  Moderate 1662 9.00%
4 1965 10.64%
5 High 1872 10.14%

The maximum MR value occurred at French River witralue of 1.8980. The minimum MR
value was 0.0552 with a mean of 0.5509. The stahdi@viation of the MR values was 0.2649
(Table 21).

Table 21: Descriptive statistics of 2010 morphatagiresiliency values

2010 MR 0.0552 1.8980 0.5509 0.2649
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5.3.2. 2050 & 2100

Figure 46: Map of the 2050 North Shore depictingphological Resiliency vulnerability ranking

As the morphological resiliency was assumed nohinge between time steps, the 2050 and

21006 * 2*+ + 3* +%+ #/'/6* 2*+ + D% 61, +%+
% * )% +% - +% -+3 +)1 + 6* 2*+ 5 E -
, - )+6 ++ +- % + #/7/ ,#I + , *+4 $)5 0! +
3,4 ++ % * o o+0% % - %, 3 ,+ 3+% + %

3%6 3 + %3 #/'+%#/7] |, #/7]+% #]!

6. o+ 4+ o+ + * o+ percent frequency of the highest vulnerability iagkof 5
decreased in frequency from 2050 to 2100 (9.09%:88 %, respectively), this is due to the
decrease of shoreline nodes through the times&p4Q to 14,952 nodedjigures 48a, 48b,
and 48cdepict the MR vulnerability rank frequency for tyars 2010, 2050, and 2100.
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Figure 47: Map of the 2100 North Shore depictingphmlogical Resiliency vulnerability ranking

Table 22: Summary of 2050 and 2100 MR rank occaesn

Frequency Percent Frequency

Rank Vulnerability Frequency Percent Frequency
1 Low 5 0.03% 5 0.03%
2 12100 71.85% 10788 72.15%
3 Moderate 1371 8.14% 1339 8.96%
4 1833 10.88% 1492 9.98%
5 High 1531 9.09% 1328 8.88%
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Figure 48: MR vulnerability rank frequency of (€01® (b) 2050 and (c) 2100

5.4. Permanent and Episodic Flood Risk

Permanent and episodic flood risk was quantifiedugh the evaluation of permanent climate
change induced sea-level rise and episodic storgesaundation based on coastal elevation.
Through the 2010, 2050, and 2100 timesteps, rela@a-levels were estimated to increase, and
a larger area of land received increased stormeswtgrn periods and heights. Vulnerability
ranking calculation assumed that the highest valmgty of 5 would be associated with
elevations that are susceptible to more frequentihg (10 year return period), that a moderate
vulnerability (rankings of 4, 3, and 2) would be@siated with elevations which experience
flooding between 25 and 100 year return periodd,ed@vations greater than the 100 year
flooding return period were of least vulnerabilitgnking of 1). The total area of the North

Shore which would experience the five flood retpeniods increased through each timestep due
to relative sea-level rise; thus, the vulnerabitityhe study area to permanent and episodic storm

surge increases through time.
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5.4.1. 2010

Figure 49: Map of the 2010 North Shore depictintpgtability ranking to permanent and episodic flood
risk

The North Shore coastline experienced the highdsevability to flooding largely along bays

and estuaries in the year 20Higure 49). The largest proportion of high vulnerability ase

include the shorelines of Malpeque Bay, SouthwestiRRustico Bay, Covehead Bay, and

Tracadie Bay. The frequency of occurrence of eatherability ranking for flooding in the year

2010 is summarized ihable 23

The lowest elevation of the study area, and thesighest vulnerability to flooding, was 0.07
meters at the coastline of an estuary of Malpecuerigar the town of Bideford. The maximum
elevation of 33.06 meters, found along the GulBbfLawrence coast near Park Corner. The
mean elevation of the study area was 3.66 metehsangtandard deviation of the values of 3.48
meters [able 24). Values are relative to CGVD28.
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Table 23: Occurrence frequency of 2010 flood vdbéity rankings

Rank Vulnerability = Frequency Percent Frequency
1 Low 11171 60.32%
2 460 2.48%
3 Moderate 425 2.29%
4 658 3.55%
5 High 5806 31.35%

Table 24: Descriptive statistics of 2010 elevatratues in meters, relative to CGVD28

2010 Elevation (m) 0.07 33.060001 3.663101 3.480238!

5.4.2. 2050

Figure 50: Map of the 2050 North Shore depictintpgtability ranking to permanent and episodic flood
risk
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The greatest vulnerability to permanent and epestidoding grew in frequency from 31.55% in
2010 to 39.89% in 2050, as seeMable 25 Areas experiencing the greatest vulnerability
include Malpeque Bay, Rustico Bay, Covehead Bagl, eracadie Bay seen in the 2010 flood

vulnerability, but also Darnley Basin, French Rijvamd Savage HarboFigure 50).

The minimum elevation of the 2050 coastline wag Orikters at Covehead Bay and the
maximum was 33.06 meters. The mean of the elevatires was 3.91 meters with a standard
deviation of 3.58 meterg &ble 26). Values are relative to CGVD28.

Table 25: Occurrence frequency of 2050 flood vidbéity rankings

Rank Vulnerability Frequency Percent
Frequency
1 Low 8971 53.27%
2 287 1.70%
3  Moderate 351 2.08%
4 514 3.05%
5 High 6717 39.89%

Table 26: Descriptive statistics of 2050 elevatratues in meters, relative to CGVD28

| 2050 Elevation (m) 0.17 33.06 3.910115 3575274

5.4.3. 2100

The areas of greatest vulnerability to permanedtepisodic flooding of the 2100 coastline were
the same as those of the 2050 coast, as séagure 51, however, the frequency of the highest
rank grew from 39.89% in 2050 to 46.82% in 2108ble 27 summarizes the frequency of

occurrence of each rank of vulnerability to floagliof the 2100 coast.
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Figure 51: Map of the 2100 North Shore depictintnetability ranking to permanent and episodic flood
risk

Table 27: Summary of 2100 flood risk vulnerabiliagnk occurrence

I R 7 e

Rank Vulnerability Frequency Percent
Frequency
1 Low 7092 47.43%
2 227 1.52%
3  Moderate 257 1.72%
4 375 2.51%
5 High 7001 46.82%

The minimum elevation of the 2100 North Shore coastl thus the location of greatest
vulnerability, occurred at Covehead Bay with a eatdi 0.17 meters. The maximum elevation
was 33.06 meters. The mean elevation of the 2186tewas 4.08 meters with a standard
deviation of 3.63 meters. Values are relative to/D@8. Table 28outlines the descriptive
statistics of the 2100 coast elevation vallégures 52a, 52b, and 52provide a comparison of

the flood risk vulnerability rank frequency for tigears 2010, 2050, and 2100.
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Table 28: Descriptive statistics of 2100 elevatialues, relative to CGVD28

2100 Elevation (m) 0.17 33.06 4.081888 3.628866

2 #w #2 4
m'l$% + m# ;1@%, + m" m7l + #9

Figure 52: Flood risk vulnerability rank frequenafy(a) 2010 (b) 2050 and (c) 2100

5.5. Relative Physical Coastal Vulnerability Raster

The node shapefiles representing each of the rathiked criteria (exposure condition,
morphological resiliency, permanent and episodiodlrisk) were converted in to rasters. These
three rasters were summed together for each timésteroduce the relative physical coastal
vulnerability of the 2010, 2050, and 2100 North &hcoastlines.
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5.5.1. 2010

Figure 53: Map of the physical coastal vulnerapitit the 2010 North Shore

The quantification of relative physical coastalnerability was achieved through the summation
of the exposure condition, morphological resilierayd flood risk rasters for each of the years
2010, 2050, and 2100. The total physical vulnenghihster values for the year 2010 ranged
from 3 to 13. These values were divided based nksJdatural Breaks into vulnerability ranks
from 1 (lowest vulnerability) to 5 (highest vulnbiiity). The physical coastal vulnerability of

the 2010 coastline experienced the greatest vdiligygrank of 5) of 5.78% of the coastline, a
rank of 4 for 31.97% of the coastline, and a maoerank of 3 for 9.74% of the coa3taple

29). The areas of greatest vulnerability includeddbasts of Covehead Bay and Savage Harbor,
as well as the coastlines of the towns of Lowemsy, French River, Cavendish, North

Rustico, Brackley Beach, and Point Deroche. Thettioa of Malpeque Bay experienced a

majority vulnerability ranking of 4Kigure 53).
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Table 29: Summary of 2010 physical coastal vulnétalef the North Shore

Vulnerability Rank Estimated Raster Frequency Percent

Percent Shoreline  Value Frequency
Frequency Length
(km)
1, Lowest 38.22% 348.55 3 7 0.04%
4 6708 38.18%
2 14.29% 134.32 5 1070 6.09%
6 1440 8.20%
3 9.74% 90.87 7 1711 9.74%
4 31.97% 313.56 8 4730 26.92%
9 887 5.05%
5, Highest 5.78% 55.49 10 572 3.26%
11 422 2.40%
12 13 0.07%
13 9 0.05%
5.5.2. 2050

Figure 54: Map of the physical coastal vulnerapitif the 2050 North Shore
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The 2050 coastal physical vulnerability raster ealtanged from 4 to 14. The raster values were
divided into vulnerability ranks from 1 (lowest warability) to 5 (highest vulnerability) based

on the 2010 divisions. The areas of highest vubigraincluded the coastlines of the towns of
Lower Darnley, French River, Cavendish, Rustic@dBtey Beach, and Point Deroche. The
coasts of Covehead Bay and Savage Harbor alsoierped the greatest vulnerability ranking

of 5 (Figure 54). Furthermore, areas receiving a ranking of 4agvelnerability, include the

coast of Malpeque Bay, as well as Hog Island, SsavEouthwest River, North Rustico, and
Lennox Island. The percentage frequency of thedsgtulnerability ranking of 5 grew from
5.78% in 2010 to 9.47% in 2050, and the percemuieacy of the lowest vulnerability ranking

of 1 decreased from 38.22% in 2010 to 32.38% irDA0able 30.

Table 30: Summary of 2050 physical coastal vulnétalef the North Shore

Vulnerability Rank Estimated Raster Frequency Percent

Percent Shoreline Value Frequency

Frequency Length (km)
1, Lowest 32.38% 308.82 4 5453 32.38%
2 10.17% 97.96 5 729 4.33%
6 984 5.84%
3 6.22% 59.34 7 1047 6.22%
4 41.76% 401.41 8 5838 34.67%
9 1194 7.09%
5, Highest 9.47% 92.00 10 777 4.61%
11 762 4.52%
12 25 0.15%
13 13 0.08%
14 18 0.11%

5.5.3. 2100

The 2100 coastal physical vulnerability raster ealtanged from 4 to 15 and these values were
divided into vulnerability ranks using the sameisions as the 2010 coastal vulnerability raster.
The percent frequency of the greatest vulnerahisibk of 5 increased from 9.47% in 2050 to
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13.28% in 2100, while the percent frequency ofltlveest vulnerability rank of 1 decreased
from 32.38% in 2050 to 18.00% in 2100aple 31)

Table 31: Summary of 2100 physical coastal vulnétalef the North Shore

Vulnerability Rank Estimated Raster Frequency Percent
Percent Shoreline Value Frequency
Frequency Length (km)
1, Lowest 18.00% 139.62 4 2692 18.00%
2 16.50% 126.49 5 1594 10.66%
6 873 5.84%
3 4.57% 34.76 7 684 4.57%
4 47.64% 357.87 8 4078 27.27%
9 3045 20.37%
5, Highest 13.28% 99.06 10 884 5.91%
11 686 4.59%
12 302 2.02%
13 86 0.58%
14 20 0.13%
15 8 0.05%

The areas which experienced the greatest coastsigahvulnerability included the coasts of

Hog Island, Lower Darnley, Seaview, French Rivaayéhdish, North Rustico, Rustico,
Rusticoville, Brackley Beach, Covehead Bay, DalBaach, Point Deroche, and Savage Harbor.
Areas which experienced a vulnerability rankingtpbr high vulnerability, included the coasts

of Malpeque Bay, Seaview, Southwest River, NortstRo, Stanhope Beach, Dalvay Beach,
Tracadie Bay, and Lennox Islanéigure 55). Figures 56a, 56b, and 56depict the frequency

of each physical coastal vulnerability rank for glears 2010, 2050, and 2100 respectively.
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Figure 55: Map of the physical coastal vulnerapitit the 2100 North Shore

m'1%$% + m# 1@%, + m" m71 +

Figure 56: Relative physical coastal vulnerabitapk frequency for (a) 2010 (b) 2050 and (c) 2100

5.6. Shoreline Position Change
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5.7. Chapter Summary

In summation this chapter described the resulta®physical Coastal Vulnerability
Assessments of the North Shore for the years 2Z20%Y), and 2100. The physical CVAs
determined that the highest ranking vulnerability dor the physical coastal vulnerability of the
North Shore increased from 5.78% in 2010 to 13.28%d00, while the lowest rank of 1
decreased from 38.22% in 2010 to 18.00% in 2T@bke 32. Table 33depicts the range of
vulnerability raster values (3-15) after the sumorabf the three criteria indicators for each time
step. The greatest percent frequency for 2010 easaister value of 4, and for years 2050 and
2100 it was the raster value of 8.

The areas which will experience the greatest playsuinerability to climate change in the year
2050 included Lower Darnley, French River, Cavelmdigustico, Brackley Beach, and Point
Deroche as well as the coasts of Covehead Bay avaly® Harbor. In 2100 these areas of
highest vulnerability grew to include Hog Islanayter Darnley, Seaview, North Rustico,
Rustico, Rusticoville, and Dalvay Beach. Chapterl6continue to analyze and discuss the
results of the three timesteps of the physical C¥#svell as discuss the implications these

vulnerabilities will have in terms of the fishing@tourism communities.
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Table 32: Summary of physical coastal vulnerabiiitgk percent frequency for years 2010, 2050, and
2100

Rank Vulnerability 2010 2050 2100
1 Low 38.22% 32.38% 18.00%
2 14.29% 10.17% 16.50%
3 Moderate 9.74% 6.22%  4.57%
4 31.97% 41.76% 47.64%
5 High 578%  9.47% 13.28%

Table 33: Raster values of 2010, 2050, and 2108 siteps before division in to ranks

Raster 2010 Percent 2050 Percent 2100 Percen{

Value Frequency Frequency Frequency
3 0.0% 0.0% 0.0%
4 38.2% 32.4% 18.0%
5 6.1% 4.3% 10.7%
6 8.2% 5.8% 5.8%
7 9.7% 6.2% 4.6%
8 26.9% 34.7% 27.3%
9 5.0% 7.1% 20.4%
10 3.3% 4.6% 5.9%
11 2.4% 4.5% 4.6%
12 0.1% 0.1% 2.0%
13 0.1% 0.1% 0.6%
14 0.0% 0.1% 0.1%
15 0.0% 0.0% 0.1%
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6. Discussion

6.1. Introduction

The fundamental goal of this research was to etalile physical coastal vulnerability of the
North Shore to climate change for the years 200802and 2100 using a Coastal Vulnerability
Assessment (CVA). The CVA quantified three critendicators ranked from lowest (1) to
highest (5) vulnerability:

Assessed the exposure condition using the Wavedtxpdodel and GIS
Determined morphological resiliency using numeraad GIS modeling
Used GIS to identify coastal vulnerability to seadl and storm surge flooding

The approach used to quantify physical coastaleralnility is similar to assessments conducted
in the literature (i.e. Gornitz 1991; Gornéral.,1994; Shavet al.,1998; Thieler & Hammar-
Klose, 2000; Pendleton, Thieler, & Jeffress, 2004 Gaki-Papanastassietal.,2010), but is
innovative in the quantification of sediment budgetl shoreline movement within a GIS. Genz
et al.(2007) and Dolan, Fenster, & Holme (1991) both samire the published techniques used
to predict shoreline change rates; these methoddymaly on statistics (i.e. Ordinary Least
Squares, Reweighted Least Squares) to predictlgsi@movement through time. This work

attempts to estimate the movement of the shorekimegg geomorphological principals.

The sediment budget of a coastline relates thetsmgmd outputs of sediment, with a natural
balance between sediment supply and removal prometable shoreline. However, areas of
accretion or erosion occur where this budget isoatdnced (ACASA, 2013a)ncluding a
guantification of sediment budget when assessiagtabvulnerability has been noted to be
important in the prediction of future vulnerabilég the physical change of the coast will alter
the relative physical vulnerability of the coastlithrough each time step. Thus, estimating
shoreline movement through time using the estimaticssediment budget provides a more

accurate prediction of future coastal vulnerahility
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With the physical coastal vulnerability of the No&hore quantified in terms of the three criteria
indicators for three time steps (2010, 2050, arf@D®,1lthe results are evaluated, assessed, and
compared in the following chapter. This assessmwastundertaken through the comparison of
the coastal risk of permanent relative sea-lesel and episodic storm surge inundation through
the three time steps. These findings were then iesddtermine tourism areas of highest priority

for adaptation measures as identified by the higtedgtive vulnerability ranking of 5.

6.2. Areas of Physical Coastal Vulnerability

This section discusses the relative physical valoiéty of the regions and parks of the North

Shore. Full page versions of the maps shown insiision can be seenAppendix B.

6.2.1. Regional Vulnerability

Lennox Island

The region of Lennox Island has historically expeded a high degree of coastal change along
the northwest peninsula of the island (R. Angussq@®al communication, May 8, 2013), an area
of dense wetland and little encroachment of humémastructure. The vulnerability assessment
found that from the years 2010 to 2100, this aeeaived a vulnerability ranking of 4, or high
vulnerability through each time stefpidure 71). The causeway between the main island and
Lennox Island also disappeared between the tinpeadt2010 and 2050, even though the
shoreline movement algorithm explicitly allowed #orthropogenic shorelines to remain
unmoved based on annual volumetric sediment chatigg is likely due to relative sea-level

rise.

The fishing wharf at the southern most sectiorhefisland had also experienced a large degree
of coastal change, and this vulnerability is deggidihrough each time step as a vulnerability
ranking of 4, or high vulnerabilityfable 34provides the frequency of each physical coastal
vulnerability ranking for Lennox Island. The lowestinerability ranking of 1 decreased through
each time step from 42.17% in 2010 to 12.50% irD2IMe vulnerability ranking of 2 (low)
decreased from 2010 to 2050, and then increasedasuially in the 2100 time step. The
vulnerability ranking of 3 (moderate) increasedir@d010 to 2050, and then decreased in the

2100 time step. A vulnerability ranking of 4, oghivulnerability, increased through each time
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step from 46.39% in 2010 to 70.71% in 2100. Theeeavzero instances of the highest
vulnerability ranking of 5 along the Lennox Islacabst.

Figure 57: Physical coastal vulnerability of Lenrsband for year (a) 2010 (b) 2050 and (c) 2100

Table 34: Frequency of physical coastal vulnerghiinking for three time steps of Lennox Island

2010 2050 2100
42.17% 27.13% 12.50%
5.72% 3.88% 12.86%
5.72% 5.94% 3.93%
46.39% 63.05% 70.71%
0.00% 0.00% 0.00%

Malpeque Bay Region

The barrier islands of Malpeque Bay provide defeaganst wind and wave energy from the
Gulf of St Lawrence which can potentially causehhegnounts of coastal change along the
coasts of the region. These islands are very dynand move on an annual basis due to this
input energy as well as longshore sediment tramngpavidson-Arnott, R. 2010). Unfortunately,
the highly dynamic nature of barrier islands lirditee ability of this research to predict their
transgression through time, as the procedure sodeas beyond the scope of the project. The
coastline of highest vulnerability (ranking 5) dowff the town of Bayside in the year 2010

quickly recedes in time compared to other locatiorite region Figure 72).
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Figure 58: Physical coastal vulnerability of thgios of Malpeque Bay for the years (a) 2010 (b)®05
and (c) 2100

The frequency of the physical coastal vulnerabiisigkings are summarized Trable 35 these
statistics included the coastlines of Malpeque ®ethre town of Seaview as well as the barrier
islands which protect the bay. The lowest and metderulnerability rankings (1 and 3,
respectively) decreased through the years 2010Q@6.2A vulnerability ranking of 2 decreased
from 2010 to 2050, and then increased in 2100.vIieerability rankings of 4 and 5 (high and
highest) increased through the time steps, fror@48.to 64.03% and 3.37% to 6.48%
respectively. The coast of Malpeque Bay was noteDb Adam Fenech and Randy Angus as a
region of high vulnerability, and this coincideshvihe coastal vulnerability found in this study
(A. Fenech, personal communication, May 9, 2013ARyus, personal communication, May 7,

2013).

Table 35: Frequency of physical coastal vulnerghiinking for three time steps of Malpeque Bay
Region

2010 2050 2100
31.57% 24.10% 10.79%
13.41% 9.60%  13.35%

7.78% 5.61% 5.36%
43.87% 56.78%  64.03%
3.37% 3.92% 6.48%
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New London Bay Region

The region of New London Bay saw an increase irhtgkest vulnerability ranking of 5 from
1.29% in 2010 to 6.80% in 2100, as well as an emxan the ranking of 4 (high vulnerability)
from 14.43% in 2010 to 27.11% in 2100aple 36). Rankings of 1 and 3 (lowest and moderate)
decreased from 2010 to 2100. A ranking of 2 (lowetability) decreased from 2010 to 2050,
and then increased substantially in the year 2IR8.New London Bay region was estimated to
encompass the area between the town of Seavietharieginning of the Cavendish portion of
the PEI National Park.

Table 36: Frequency of physical coastal vulnerghiinking for three time steps of New London Bay
Region

2010 2050 2100
69.72% 62.79%  42.49%
9.52% 8.08%  21.32%
5.05% 3.68% 2.28%
14.43%  19.58% 27.11%
1.29% 5.87% 6.80%

The physical coastal vulnerability of the New
London Bay region from years 2010, 2050, and
2100 is depicted ifrigure 73. The area

contains to two low-lying peninsulas
characterized by a substantial amount of
tourism and residential infrastructure - Hebrides
and Bayview. These locations are potentially

areas of vulnerability to permanent relative sea-

) _ ) level rise as well as episodic storm surge. Along
Figure 59: Elevation relative to CGVD28 of

Bayview and Hebrides peninsulas, New Londo#€ Hebrides coast, the length of coastline of
Bay regiot vulnerability ranking 4 (high vulnerability)

increases from 2010 to 2050, and then from 20316® a significant length of the coastline is

ranked a vulnerability of 5, or highest vulneragiliThe Bayview coast however does not

93



receive the same high degree of relative physoastal vulnerability, and only increases fr
the lowest vulnerability of 1 to a vulnerability Bfin 2100. This is potentially due to t
peninsula of Bayview having a higher elevation al as a decrease in wi-wave exposure du
to the peninsulas lation within New London Bay relative to HebridesieTelevation of thes

two peninsulas can be seerFigure 74.

Figure 60 Physical coastal vulnerability of the region afiLondon Bay for the years (a) 2010 (b) 2!
and (c) 2100
Cavendish Region
The region of Cavendish received a substantiatiirdn percentage of the highest vulnerab
ranking of 5 in comparison to everyher region of the study areEhis is consistent with th
assertions of local stakeholders, as ge portion of the Cavendish campsite has been @
(A. Fenech, personal communication, May 9, 201%iRoux, personal communication, May :
2013). The region contains the area of the Cavendishqodf the PEI National Park to Not
Rustico. The lghest vulnerability ranking of 5 increased from88% in 2010 to 56.25% i
2100; the region with the second largest percermégevulnerability ranking of 5 for 2100 w
the Brackleybalvay region at 22.15 (Table 37). The vulnerability ranking of 4 igh
vulnerability) increased from 25.14% in 2010 to(B% in 2100. The lowest vulnerabili
ranking of 1 decreased from 2010 to 2100, and resk? and 3 (low and modera
respectively) decreased from 2010 to 2050, anditt@eased in 210
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Table 37: Frequency of physical coastal vulnerghiinking for three time steps of Cavendish Region

2010 2050 2100
5.86% 1.94% 0.25%
22.00% 2.18% 2.25%
36.14% 291% 5.25%
25.14% 45.87% 36.00%
10.86% 47.09% 56.25%

Figure 75depicts the physical coastal vulnerability of tegion of Cavendish from years 2010,
2050, and 2100. Between the years 2010 and 2@%M ibe seen that a substantial length of the
coastline increases in vulnerability to the highasking of 5. Furthermore, the Cavendish
barrier island system protecting New London Bay aisappears. This is potentially due to the
truncation of node loops during the prediction ledreline movement from years 2010 and 2050;
However, the physical basis of the eliminationhefge features can potentially be due to
permanent sea-level rise inundation, severe erpaiwhthe decrease of coastal sea ice during
winter months. Stutz and Pilkey (2011) predict thatrier island systems in the higher latitudes
of the Northern Hemisphere will begin to disapp®agr the next century. The increase of
temperatures during the winter months will limié¢ thbility of sea ice to form on barrier islands
(Stutz & Pilkey 2011). Winter sea ice buildup lisithe erosion of the barrier island through the
formation of a solid ice barrier which armors tekand from wind and wave energy (Forle¢s

al., 2004). Prince Edward Island receives the highestggnstorms during winter months
(ACASA, 2012). Thus, the reduction of sea ice cagerduring winter months could eliminate
the barrier islands of the North Shore, similawtmat is predicted to occur along the US New
England coast (Hapket al.,2011).

The elimination of the barrier island system betwte time step of 2010 to 2050 results in an
increased vulnerability of the inland coast of Nesndon Bay due to an increase of fetch length
and thus wind-wave energy entering the bay. Wlaeh @ew shoreline was estimated for the
years 2050 and 2100, the bathymetric DEM of thesitaas recreated based on this new
position. The change in energy is captured withrézalculation of RWE for the 2050 and 2100
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time steps and results in an increase in the vabilly of the coast due to the change in wind-

wave exposure condition.

Figure 61: Physical coastal vulnerability of thgiom of Cavendish Region for the years (a) 2010 (b)
2050 and (c) 2100

Rustico Region
The region of Rustico is defined as the area extegnidom the beginning of the town of North
Rustico to the beginning of the Brackley-Dalvaytpor of the PEI National Park. The region is
potentially vulnerable to the impacts of climat@acbe induced permanent sea-level rise and
episodic storm surge due to a high density of figlpiers and residential and tourism
infrastructure along a low-lying coast. The relatphysical coastal vulnerability of the area for
years 2010, 2050, and 2100 is showfigure 76; these maps show that from the years 2010 to
2050, the tributaries of Rustico Bay remain atva 1o lowest vulnerability, while the coasts
exposed to the Gulf of St. Lawrence, especiallycibeest of North Rustico, increases from a
large amount of rankings of 2 and 3, to ranking4 ahd 5. This continues in to the 2100 time
step, where the open coastlines increase in vidiigyao a higher amount of vulnerability
rankings of 5. Over the entire region, vulnerapitankings of 4 and 5 (high and highest
vulnerability) increased from 2010 to 210table 38). The vulnerability ranking of 4 increased
from 18.66% in 2010 to 34.12% 2100, and the vulniétg ranking of 5 increased from 2.07%
in 2010 to 9.21% in 2100. The lowest and low vudtdity rankings of 1 and 2 decreased from
2010 to 2100, and the moderate vulnerability ragkih3 increased from 2010 to 2050 and
decreased from 2050 to 2100. The area around CBsteBridge, a bridge that has historically

seen severe damage after storm events (A. Feperdgnal communication, May 9, 2013),
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increases in the length of coastline experiencimglaerability ranking of 4 or high

vulnerability.

Figure 62: Physical coastal vulnerability of thgioa of Rustico Region for the years (a) 2010 @@
and (c) 2100

Table 38: Frequency of physical coastal vulnerghiinking for three time steps of Rustico Region

2010 2050 2100
61.73% 52.36% 27.34%
12.23% 12.12% 25.03%
531% 6.06% 4.30%
18.66% 23.90% 34.12%
2.07% 5.56% 9.21%
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Brackley-Dalvay Region

The Brackley-Dalvay region is home to the eastemtign of the PEI National Park. The park

has experienced a high degree of coastal chantgeitadly due both to climactic and
anthropogenic forcings. The spit
of Robinson's Island is splitin to a
smaller island and shorter spit
from 2010 to 2050, and is almost
completely eliminated between the
years 2050 to 2100. The eroded
sediment from the spit would be
entrained in longshore sediment
transport and redeposited in areas
of accretion (Davidson-Arnott, R.
2010). This accretion can be seen
in Figure 77 where the spit has
eroded, however land east of the
spit (Stanhope Beach) has gained
shoreline width due to accretion.

The elimination of spits and
barrier islands during the two
shoreline movement time steps
can be due to the truncation of
loops of nodes created as the
shoreline moves inward. However,
the physical basis of the

elimination of these features can

Figure 63: Physical coastal vulnerability of thgioa of potentially be due to permanent sea-
Brackley-Dalvay Region for the years (a) 2010 @@ and (c) o , ,
2100 level rise inundation, severe erosion,

and the decrease of coastal sea ice
during winter months (Stutz & Pilkey, 2011). Theypital coastal vulnerability of the region for
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the years 2010, 2050, and 2100 can be seEigure 77. The western portion of Covehead Bay
can be seen to have a vulnerability ranking of thenyear 2010, and the length of this highest
ranking grows into the year 2100. A large fishingrps located in Covehead Bay and hard
adaptation measures were constructed in the FADD2 to protect the pier (P. Giroux, personal
communication, May 10, 2013). The coast exposealedsulf of St. Lawrence also increases in
vulnerability, with the 2100 coast experiencing@ege amount of vulnerability rankings of 4 and
5. Overall, the region had the second highest ermé of the highest vulnerability ranking of 5
(Table 39. The frequency of this ranking grew from 14.53%2010 to 22.15% in 2100. The
frequency of the second highest vulnerability ragkof 4 increased from the years 2010 to
2100, from 25.55% to 41.20%. The lowest and moderalnerability rankings of 1 and 3
decreased from 2010 to 2100. The low vulnerabilityking of 2 decreased from 2010 to 2050,
and increased from 2050 to 2100. Local stakeholdave noted multiple areas within the
Brackley-Dalvay region as experiencing extreme @ahange and flooding : these areas
include Covehead Golf Course, Covehead Bridge, kesgdBeach Complex, Robinson's Island
and Blooming Point (A. Fenech, personal commurocatMay 9, 2013; R. Angus, personal
communication, May 7, 2013 P. Giroux, personal camication, May 10, 2013). These areas
were also found to be highly vulnerable (rankingpfrom the 2010 vulnerability assessment to
the year 2100, where Covehead Bay and the Bra@dagh Complex received a majority
ranking of 5, and a majority of Robinson's Island 8&looming Point was eliminated by the year
2100.

Table 39: Frequency of physical coastal vulnerghiinking for three time steps of Brackley-Dalvay
Region

2010 2050 2100
29.64% 26.64% 13.41%
13.51% 9.60% 18.39%
16.77% 11.54% 4.84%
25.55% 32.41% 41.20%
14.53% 19.80% 22.15%
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6.2.2. Vulnerability of Provincial and National Parks

Figure 64: Physical coastal vulnerability of PElidaal Park for the
years (a) 2010 (b) 2050 and (c) 2100

100

Prince Edward Island
National Park

The Prince Edward Island
National Park is a
relatively narrow coastal
area extending along the
coast of the Gulf of St.
Lawrence. The park was
establish in 1937 in an
effort to protect the
vulnerable coastal
ecosystem (ACASA,
2013a; P. Giroux,
personal communication,
May 10, 2013). The
study area portion of the
park stretches from the
barrier islands of
Cavendish to the spit and
barrier island system of
Tracadie Bay. The park is
split in to two areas, the
Cavendish area and the
Brackley-Dalvay area, by
Rustico Bay. The park is
experiencing a high
degree of coastal erosion,

which is highly detrimental



due to the close proximity of park infrastructusehe open coast. Because of coastal erosion,
areas of the park were abandoned, such as the cammpigat Robinson's Island as well as roads
and parking lots at Dalvay (ACASA, 2013a). Mitigatitechniques have been used to reduce
coastal erosion. Hard anthropogenic infrastructaueh as rip rap and gabion baskets have been
put in place in segments of the park, as well #snsitigation techniques such as the relocation
of pathways. However, a high degree of coastali@naontinues to occur, and with relative sea-
level rise flooding expected to increase in ther igtare, the park is highly vulnerable to coastal
change (ACASA, 2013a).

Figure 78displays the relative physical coastal vulnerapif the PEI National Park for the
years 2010, 2050, and 2100. As the shoreline gb#nke progresses through the three time steps,
it can be seen that the area of both portionseptrk is substantially reduced. The coastline

across the park encroaches inland and portiortsegbark are lost.

The Cavendish spit system as well as Robinsom@adss completely eliminated. This may be
due to the inability of the shoreline movement alipon to accurately predict the relocation of

sediment of barrier islands and spits through loogs transport through each time step.

Table 40summarizes the frequency of each physical coastaérability ranking for the PEI
National Park. The park substantially increasasténhighest ranking of vulnerability from 19.67
% in 2010 to 54.99% in 2100. The ranking of 4, diigh vulnerability, increases from 24.94%
in 2010 to 39.00% in 2050, but then decreases 110%4 in 2100 likely due to the increase of
coastline designated a highest vulnerability oftse moderate, low, and lowest vulnerability

rankings each decrease from 2010 to 2100.

Table 40: Frequency of physical coastal vulnerghilinking for three time steps of PEI NationalkPar

2010 2050 2100
2.63% 0.85% 0.08%
26.18% 10.19% 7.28%
26.57% 7.64% 3.52%
24.94% 39.00% 34.12%
19.67% 42.32% 54.99%
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Cabot Beach Provincial Park

Cabot Beach Provincial Park is located along théheastern coast of Malpeque Bay and the
western coast of Darnley Basin. The beach is
characterized by a sand spit with dune system as
well as a system of backshore bluffs and cliffs
further inland. Field work conducted in May
2013 found a large degree of coastal erosion
occurring along the coast of the parigure 79
depicts a bluff system experiencing a high
degree of coastal erosion along an area of the

Figure 65: Coastal erosion of bluff system at Park exposed to the wind and wave energy of
Cabot Beach Provincial Park, May 2013 Malpeque Bay.

The physical coastal vulnerability of Cabot Beacbvihcial Park for years 2010, 2050, and
2100 can be seen igure 80. These maps show that the spit which extends Datoley Basin
is gradually shortened through the time steps.hHeamore, a significant portion of the park is
lost due to coastal erosion, as seen in the natibeaportion of the park.able 41summarizes
the physical coastal vulnerability ranking of freqay of the park for the three time steps. The
frequency of the highest vulnerability of 5 dece=safom 17.11% in 2010 to 13.51% in 2100,
possibly due to the loss of land over time. Thaenetability ranking of 4 increases from 2010 to
2100, at 6.42% to 17.57% respectively.
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Figure 66: Physical coastal vulnerability of CaBetach Provincial Park for years (a) 2010 (b) 205® a
(c) 2100

Table 41: Frequency of physical coastal vulnerghiinking for three time steps of Cabot Beach
Provincial Park

2010 2050 2100
27.81%  47.96% 4.05%
24.06% 16.33% 54.05%
24.60% 7.14% 10.81%

6.42% 15.31% 17.57%
17.11% 13.27% 13.51%

Green Park Provincial Park

Green Park Provincial Park is located on a peninsuthe northwestern portion of Malpeque
Bay. The park is characterized by extensive brackistland systems, as picturedHigure 81

The park does not have a high degree of coastsicgroccurring due to its low relief, however
there is a high potential for the park to be inuadavith permanent sea-level rise due to this low

elevation.
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Figure 67: Wetland system of Green Park Provirleaak, May 2013

Figure 82 displays the physical coastal vulnerability of yfears 2010, 2050, and 2100 for
Green Park Provincial Park. A significant segmédraind in the northern portion of the park is
lost between the time steps 2050 and 2100, likeb/td relative sea-level rise inundation.

However, the eastern portion of the park experigmoeretion and gains a segment of land.

Figure 68 : Physical coastal vulnerability of Gré&ark Provincial Park for years (a) 2010 (b) 2060 a
(c) 2100
The park does not receive a physical coastal vabiktly ranking of any segment of its coast in
the year 2010, however by the year 2100, 14.13%eo€oast is ranked with having a highest
vulnerability (Table 42). A large proportion of the park coast is rankeslith a high
vulnerability, increasing from 50.88% in 2010 ta&3% in 2100. The park only receives a
ranking 4 along any of its shorelines during than@050, with a frequency of 20.19%.
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Table 42: Frequency of physical coastal vulnerhiinking for three time steps of Green Park
Provincial Park

2010 2050 2100

43.86% 9.62% 13.04%
439%%  6.73% 0.00%
0.88% 20.19% 0.00%

50.88% 63.46% 72.83%
0.00% 0.00% 14.13%

Belmont Provincial Park

Belmont Provincial Park is situated along the setrifrcoast of Malpeque Bay. The coastline is

characterized by medium to high elevation blufféfs; and outcrops comprised of sandstone

with cobble sized sediment pocket beacliégure 83). Belmont is the smallest park located in
the North Shore study area.

The physical coastal vulnerability of Belmont
Provincial Park is depicted for the years 2010,
2050, and 2100 ifigure 84. From 2010 to 2050
the western portion of the park experiences
erosion, while the eastern portion experiences
accretion, thus losing and gaining land
respectively. The movement of the shoreline

Figure 69: Cliff and outcrop with pocket beacrtlhrOUQh each time step is based on the 2000 to
at Belmont Provincial Park, May 2013 2010 coastal change rates created by Webster
(2012), and it is assumed that the locations which
receive either erosion or accretion will continaald so with each time step. Coastal change
rates for the time step of 2050 to 2100 were asdumecrease by 1.1 times the 2000 to 2010

rates.
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Figure 70 Physical coastal vulnerability of Belmont ProvaddPark for years (a) 2010 (b) 2050 and
2100

From 2050 to 2100 the entire area comprising tHg 2&tent of the park has been elimina

This was found to be an error due to the truncaifamode loops in the shoreline movem
algorithm. The purpose of the truncation of nodgpk
was to automatically smooth the output shorelin
better represent the physical shape the shore v
transbrm into overtime. However, errors may oc
where a thin peninsula is removed if the n
representing a section of the land erodes beyaa
shoreline parallel to it. This creates a loop.dality, the

Belmont ProvinciaPark shoreline could potenlly

Figure 71 Location of node loop ¢  transform in to an island due to the erosion ngtoff
Belmont Provincial Park, whic

the "neck" of the peninsula. The ntmnhcated 210!
eliminated the peninsulz

node shapefile can be seerfigure 8&, with the
location of the two nodes eroding past one anothdg, a loop, labeled. Future work wo
include the ability of the shoreline movement aitjon to transform larger loops in to islands
similar error occurred when estimatishoreline movement for Hog Island in Malpeque E
and thus the resultant 2050 and 2100 shorelinesatigredict the movement of this hig}
dynamic area.
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The 2010 and 2050 coastlines of Belmont Provirfeak receive vulnerability rankings of 1 and
2, or lowest and low physical coastal vulnerahilie percent frequency of each vulnerability

ranking is summarized ifable 43

Table 43: Frequency of physical coastal vulnergbiinking for three time steps of Belmont Provahci
Park

2010 2050
35.29%  36.36% N/A
55.88% 60.61% N/A
0.00% 0.00% N/A
8.82% 3.03% N/A
0.00% 0.00% N/A

6.3. Climate Change Adaptation Measures

PEI has been identified as a Canadian region neosits/e to coastal erosion (ACASA, 2013a).
The coastlines are largely comprised of highly éredsandstone bedrock beneath glacial till
deposits. The North Shore is particularly vulneeadilie to the large fetch lengths across the Gulf
of St. Lawrence which produce extreme wind and wenergy (ACASA, 2013a). Coastal

erosion is most significant during extreme storrargs. Human infrastructure is densely
populated along the coasts of the study area (ACABA3b) and residents have begun to
witness the effects of climate change induced sealfrise and storm surge. Residents of the
North Shore have noticed an increase in the ineasid frequency of Nor'easter storms
(ACASA, 2012). This has been similarly withessedhi@ Northeast United States, where the
100- year return period extreme storms of the 1888s0w expected to appear once in every 60
years (Hortoret al.,2014). An increase in relative sea-level, esplctalring storm driven

swell events, will drive storm surge further inlathén historically withessed. As the greatest
loss of land through erosion is caused by stornmtsyé is imperative that the North Shore

continues to plan adaptation measures to redudestterds of climate change.

Adaptation is defined by IPCC AR5 as "the procdsadgustment to actual or expected climate
and its effects” (IPCC, 2013). Anthropogenic adaph to climate change hazards looks to

reduce the risks of climate change through humtmiantion of the natural system, while
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utilizing the potential benefits of climate char(¢feCC, 2013). A Community Vulnerability
Assessment was conducted in 2012 for the town offNRustico (ACASA, 2012) which
summarizes three categories of adaptation meth@islent along vulnerable coastlines; these
include hard protection, soft protection, and hgtmiotection. Hard protection includes man-
made structures built to reduce inland flooding eodstal erosion; examples include gabian
baskets and breakwaters. Soft protection technigtiesipt to use the natural environment to
reduce coastal erosion and flooding; techniqudsidecbeach nourishment and brush treatments
to stabilize dune systems. The hybrid techniqueeas a combination of soft and hard
adaptation (ACASA, 2012).

The 2012 Community Vulnerability Assessment of INdRustico provides examples of
accommodation adaptation techniques. These metiattaptation seek to allow use of
vulnerable land while planning for its eventualdahiie to climate change (IPCC, 2007b). One
technique recommended in the report includes thation of a municipal coastal development
setback by-law. This by-law would restrict coastevelopment close to the water's edge to limit
infrastructure damaged by coastal erosion and filmpdinother example is the update of a
town's local emergency management plan on an amasé to best handle the hazards of storm
events. These soft adaptation methods would bdibeh@ot only to North Rustico but also to

towns across the North Shore.

Parks Canada have utilized costly and ineffectewel ladaptation techniques to protect beaches
and the park infrastructure (ACASA, 2013a). Hardrshne protection can cost over one
thousand dollars per linear meter (ACASA, 2013uIRGiroux of Park's Canada states that a
concrete structure was built in the beach forestmprotect the backshore dune system at the
Brackley Beach complex of PEI National Park. Theecpment of the structure damaged the dune
through the relocation of wave energy, causingetiigee of the dune to be removed more
frequently and an increase of dune erosion ongbe/ard side. Another hard adaptation
structure at the complex destroyed a dune and ddbhsesediment to be repeatedly deposited on
a nearby boardwalk. Paul Giroux mentions that @biR Davisdson-Arnott recommends the use
of soft adaptation techniques in place of thesd Bauctures to limit these errors; for example,
vegetation such as marram grass can be used tlizetabdune due to the root structure holding
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the sediment in place. This advice was followed0d2 to help stabilize the dunes in the area.
Another successful soft adaptation technique oeduat PEI National Park with the relocation
of beach side parking to controlled parking lot®ider to reduce dune trampling by beach
visitors (P. Giroux, personal communication, May 2013). The PEI National Park
management plan now incorporates a planned retregitod of adaptation. 12.5 krof land has
been purchased since 1974 to make room for th@aciting coastline (ACASA, 2013a).

The limitations of the use of hard adaptation téghes to protect the shoreline at PEI National
Park are repeatedly documented. These technigaeshigh costs and are frequently
ineffective. The placement of hard structures yairetorporate natural coastal processes when
being designed. In comparison, soft adaptationriecies such as brush treatments and the
planting of native vegetation have proven to beaif¥e at a much lower cost (ACASA, 2013a;
P. Giroux, personal communication, May 10, 2018ksdme instances the best adaptation
approach is to abandon the coast and allow foateralization (ACASA, 2013b). The PEI
National Park has been identified by this reseascthe area of highest relative physical coastal
vulnerability to coastal erosion and flooding. Thiigss recommended for the park management
plan to focus on soft adaptation techniques tocede encroachment of the shoreline and to
protect against episodic storm surge flooding. Hmwewith permanent sea-level rise, the park
will likely need to continue the plan to retreataimd.

6.4. Potential Sources of Error

The evaluation of relative physical coastal vulbdity for the years 2010, 2050, and 2100 for
the North Shore, PEI utilized GIS and mathematicatieling techniques. The methodology
relied on the use of spatial data from a myriadafrces. Thus, the date range of the data
utilized was not always consistent with the threeetsteps chosen for this research. There is
potential error in the creation of the 2010 bathyrndEM of the study area due to the CHS
Chart 4023 used depicted the coast in 2002, andcagssned to be applicable to the 2010 coast.
However, the errors were mitigated through theaidaDAR contour data for the year 2010

with the digitized data collected from the CHS ¢hanen creating the 2010 bathymetric DEM.
Furthermore, there were anomalous high elevatistaintes in the 2010 LIDAR elevation which

were not consistent with the 2010 LiDAR contours.
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The methodology used to quantify relative physeamastal vulnerability had limitations due to
scope. The prediction of annual volumetric sedinoii@inge does not incorporate river deposits
brought to the shoreline within the sediment budgetthermore, the evaluation of coastal
change does not include an estimation of changealcieanges in sea ice over time. The
algorithm used to predict shoreline change betveaeh time step is unable to predict the
dynamic nature of barrier islands and spits and tlaes not predict their movement well.
Finally, spatial data depicting the location offanpogenic mitigation structures used to reduce
coastal change is not up to date and thus theas aray not be correctly predicted when moving

the shoreline through each time step.

6.5. Chapter Summary

The evaluation of relative physical coastal vulbdity of the North Shore for the year 2010
found the region of Brackley-Dalvay the most vulige to climate change induced with the
coastline receiving a ranking of 5, the highesteuhbility, at 14.53% the length of the region.
For the time steps of 2050 and 2100, Cavendishfovasl to be the region most vulnerable, with
the area receiving rankings of 5 for 47.95% ofdbastline in 2010 and 56.25% in 2100. These
two regions are the location of PEI National Pahiah is a popular tourism destination. The
coastline of PEI National Park received a high petage of the highest vulnerability ranking of
5, increasing from 19.67% in 2010, to 42.32% in@Qd finally 54.99% in 2100.

This research recommends that the PEI National Rarkagement plan focus on soft adaptation
techniques to reduce the encroachment of the sherahd to protect against episodic storm
surge flooding. However, with permanent sea-leigg, ithe park will likely need to continue the
plan to retreat inland. The limitations of the evééard adaptation techniques to protect the
shoreline at PEI National Park are repeatedly desued. These techniques incur high costs and
are frequently ineffective. In comparison, soft gdéion techniques have proven to be effective
at a much lower cost (ACASA, 2013a; P. Giroux, peeg communication, May 10, 2013).

Through each time step of the vulnerability assesgnspits and barrier islands migrated and in
times were eliminated during the prediction of giae movement. For example, barrier islands

protecting New London Bay disappeared between @€ 2and 2100 time step, and the spit of
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Robinson's Island was reduced in length, but gttty in width from 2010 to 2100. The
algorithm used to predict shoreline movement trtectéoops of nodes created as the shoreline
progressed landward. However, recent scientifideawe suggests that higher latitude barrier
island systems may disappear during the next cg(8iutz & Pilkey, 2011). The total volume
of coastal sea ice is expected to decrease in f#yssems due to an increase of average winter
temperatures. This ice protects barrier systenm #msion through armoring the islands from
wind and wave energy, especially during storm ev@orbest al.,2004). As the North Shore
receives the strongest storms during winter monkigselimination of sea ice could potentially

cause the barrier islands and spits to disappé¢atz(& Pilkey, 2011).

When the shoreline was estimated for the years 268100, the bathymetric DEM of the
coast was recreated based on this new positionréduttant change of inland fetch length due
to the elimination of barrier islands and spitemtthe potential energy entering inland bays.
This is captured with the recalculation of RWE tiee 2050 and 2100 time steps and the
resultant increase in the vulnerability of the ¢@hge to the exposure condition.

This research evaluated the physical coastal vaitrildly of the North Shore to climate change
for years 2010, 2050, and 2100 using a CVA. The Q¥ comprised of three criteria
indicators ranked from lowest (1) to highest (Shhemability for three time steps. These criteria
indicators included exposure condition, morpholagresiliency, and relative sea-level rise and
storm surge flooding risk. Between each time stepreline movement was predicted and new
bathymetric data was created. The addition of thantjfication of sediment budget and
shoreline movement through each time step expaoais methodologies seen in the literature
(i.e. Gornitz 1991; Gornitet al.,1994; Shawet al.,1998; Thieler & Hammar-Klose, 2000;
Pendleton, Thieler, & Jeffress, 2005; and Gaki-Raptssioet al.,2010). This component has
been noted to be important in the prediction ofifetvulnerability (Gornitzt al.,1994;
Pendleton, Thieler, & Jeffress, 2005) as the playsibange of the coast will alter the relative

physical vulnerability of the coastline through ledicne step.
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7. Conclusions

This study utilized ArcGIS to conduct a Coastal harability Assessment to quantify the

relative physical vulnerability of the North ShoRgjnce Edward Island for the year 2010. Three
criteria indicators were used to complete this sssent. The first was the exposure condition of
the study area; this criteria represents the pialeritthe coastal system to experience a climate
change induced hazard. This thesis used the opgoesprogram WEMo in the Representative
Wave Energy (RWE) mode to quantify the exposuralitmm in RWE values of J/m, calculated
through the use of linear wave theory to determmaee energy and wave height, known as
wind-wave exposure. The second criteria was theohwogical resiliency of the North Shore
study area. Morphological resiliency the abilitythé coastal system to return to a state of
equilibrium after a disturbance. This resiliencwitactor of the amount of sediment supply to
the coastal system, the morphology of the systeahilze duration of time between disturbance
events. Morphological resiliency of the area waagated through the raster summation of the
normalized values of annual volumetric sedimenngeaVSC) and the longshore sediment
transport (Q). The final criteria used to quantify the relatpteysical vulnerability of the study
area was the risk of permanent sea-level rise iation and episodic storm surge flooding.
Through the next century, relative sea-levels vestenated to increase, and a larger area of land
will receive increased storm surge return perigus@eights atop rising sea-levels. Richards and
Daigle (2011) estimated extreme total water legel¥, 10-, 40-, and 100-year return periods
including for Rustico were determined includinguaqgtification of relative sea-level rise. This

data was used to calculate the final vulnerability.

The approach used to quantify physical coastaleralnility is similar to assessments conducted
in the literature but is innovative in the quarmtdiion of sediment budget and shoreline
movement within a GIS. The sediment budget of sttioa relates the inputs and outputs of
sediment, with a natural balance between sedimgaglyg and removal promoting stable
shoreline. Coastal change occurs where this busligett balanced (ACASA, 2013a).

Estimating shoreline movement through time ushrgestimation of sediment budget provides a
more accurate prediction of future coastal vulnditgb When the shoreline movement was
estimated through each time step, the exposuratammd/as recalculated within WEMo. This

112



altered the fetch length calculated of each ndues increasing the relative RWE. Thus, the
relative vulnerability changed based on the esashatovement of the shoreline. This method
better estimates the effects of compound impactshgsical coastal vulnerability which other

studies do not include.

Previous methods in the literature largely emplayistics to predict shoreline movement. This
work attempts to estimate the movement of the simeresing geomorphological principals.
Between each time step (2010 to 2050, 2050 to 210@)osition of the shoreline was predicted
using 2000 to 2010 coastal change rates calculst&hvies (2011). Between the time step of
2050 to 2100, these rates were increased by afaiciol in order to mimic increased rates

induced by climate by climate change hazards.

The results of the 2010 vulnerability assessmemnéwsed to predict the physical vulnerability
of the study area for years 2050 and 2100. FoR@® and 2100 exposure condition criteria, a
new bathymetric DEM was created based on the pgestighoreline movement for the year. The
morphological resiliency of the study area for egelr was assumed to remain constant.
Finally, the risk of the 2050 and 2100 shorelirepeérmanent and episodic flooding were

assessed based on storm surge return periodaletdated by Richards & Daigle (2011).

This study combines geomorphological principledwtiite multicriteria evaluation methods of
past CVAs within a GIS. This combination of meth@adsvides an innovative tool to quantify
the relative physical vulnerability of a coastlifr@wrthermore, this method utilizes the estimation
of shoreline movement within the GIS in order tegict future physical vulnerability. This
methodology has the potential to be used to quapltif/sical coastal vulnerability of regions

around the globe as long as the data needs are met.

7.1. Relative Physical Coastal Vulnerability of the NowrShore

The CVA results indicated that through each ofttiree time steps, the regions containing the
PEI National Park (Cavendish and Brackley-Dalvagiares) had the highest relative physical
vulnerability than other regions of the study afEae PEI National Park was originally formed
to reduce the escalating negative effects causeshtbyopogenic and climactic forcings, such as
trampling and storm surge respectively; these presgogether caused coastal erosion and
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ecosystem disruption and loss. With climate chdragards expected to increase over the next

century the vulnerability of the park will increase

The 2010 results of the physical vulnerability asseent found the Brackley-Dalvay region as
most vulnerable to climate change, with the cosstleceiving the highest vulnerability for
14.53% the length of the coast. For the time sté¢2950 and 2100, Cavendish was found to be
the region most vulnerable, with the area receivankings of 5 for 47.95% of the coastline in
2010 and 56.25% in 2100. The coastline of PEI hati®ark received a high percentage of the
highest vulnerability ranking of 5 compared to theee other parks in the region, increasing
from 19.67% in 2010, to 42.32% in 2050, and fin&k#y99% in 2100.

When the 2050 and 2100 shorelines were predictadyrarrier island and spit systems shrank
in area or disappeared completely. This phenomasdéen witnessed and predicted for the
New England region of the eastern United Stategedisas many Northern Hemisphere
locations. The increase of temperatures duringeximtonths will limit the ability of sea ice to
form on barrier islands. Winter sea ice buildupitgnthe erosion of the barrier island through the
formation of a solid ice barrier which armors tekand from wind and wave energy. As Prince
Edward Island receives the highest energy stormaglwinter months, the reduction of sea ice
coverage could eliminate the barrier islands ofNlbeth Shore. Between the years 2000 to 2001,
three storms caused millions of dollars in damdgeeato wharf and fishing infrastructure,

tourism facilities, and residential property (Faleeal.,2004).

An assessment of coastal impacts of climate ch&orgeportion of the North Shore was
conducted by Shaw (2001). The study area inclu@ekil@meters of coast between Tracadie
Bay and Savage Harbor. Beach surveys and aeritbgtads were used to calculate erosion
rates, which were then used to estimate the vdlabarefront properties and farm lands affected
by coastal retreat. The case study found net eradithe study area, effecting coastal cottage
property, wetland systems, forests, and tourishetibns such as beaches. Furthermore, the
study estimated the flooding extent of CharlottetpREI for three flood levels using a "bath

tub" approach of raising sea levels relative to @28. This approach only forecasts flooding of
areas adjacent to open water, which omits the patesi the flooding of low-lying areas not

connected to open waters. The model produced sasudt coarse resolution, making it difficult
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for local homeowners to determine the potentighefr property to be flooded. Thus, there is a
an increased value for stakeholders to receiveenigésolution vulnerability information when
planning adaptation measures to climate changenitbod developed in this research provides

this increased detail for the North Shore.

7.2. Adaptation Recommendations

Hard adaptation protection measures such as ghbglets, breakwaters, and riprap have
historically used to protect beaches and park stifugture at PEI National Park. These methods
have been concluded to be ineffective in theirretim provide long-term protection measures to
reduce erosion and flooding, and can cost ovetloimgsand dollars per linear meter. In
comparison, soft adaptation techniques have prawvée successful and lost costly. The planting
of marram grass on vulnerable dune systems haepitovbe successful at PEI National Park.
The vegetation stabilizes the dune due to thestatture holding the sand in place.
Furthermore, the removal of beach side parkingeedwune trampling, and the addition of a
new parking lot with a single pathway through theek allowed beach visitors to park their
vehicles, while reducing the traffic across thealagstems. The PEI National Park management
plan also has chosen to plan retreat of the patikeashoreline encroaches of the next century.

Due to the limitations of hard protection, thiseash recommends that not only the PEI
National Park management plan focus on soft adaptsgchniques, but also regions across the
North Shore. In some instances the best adaptagiproach is to abandon the coast and allow
for re-naturalization. Local policy measures cavodle enacted to reduce the risks of climate
change. The 2012 Community Vulnerability Assessnoéiorth Rustico recommends the
creation of a municipal coastal development setlgelaws. This by-law would restrict coastal
development close to the water's edge to limiastiucture damaged by coastal erosion and

flooding.

7.3. Future Research

The methods provided in this research can be furdimed in order to reduce errors and
automate the process of assessing physical coatrability. The shoreline movement

algorithm used in this work has limitations; thethwal is unable to predict the movement and
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relocation of barrier islands and spits. The inooagtion of statistical methods utilized in other
literature may provide a reasonable method to ptekis relocation. Forbext al. (2004)

indicate a need within the literature to improvergine change prediction. Furthermore, the
CVA process could potentially be automated in gsan either Python or R, however this was

beyond the scope of this work.

A important component of the assessment included@omorphological classification of the
study area shoreline. Although a portion of thelgtarea was characterizedsitu, time
constraints limited the classification of the eatiegion. Davies (2011) remotely classified the
nearshore, foreshore, and backshore of the caasigih visual assessment of orthophotos
captured in 2010, but was completed remotely withield verification. Thus, further field work
to complete the geomorphological classification ldancrease the accuracy of the assessment's
results. Furthermore, geospatial data locatingraptigenic adaptation structures across the
study area was limited. An updated database inofuttis information would not only produce
more accurate shoreline movement results, but catiibe used to illustrate a scenario of
managed retreat adaptation. For a certain time steshoreline could be predicted with the
placement of these structures, where it was asstimeshoreline did not move, and with the
structures, where it was assumed the shore movedreBultant magnitude of land loss and the
relative value of this land could be compared i price of anthropogenic structures to

evaluate the cost and benefit of their use.

A number of methods of verification and validatioay be undertaken in order to assess the
veracity of the vulnerability assessment results.dxample, coastal change rates for the study
area from 1968 to 2000 could potentially be injpuioi the model barring the availability of other
necessary data (year 1968 bathymetry, shorelissi@ization, alongshore sediment transport
rates, etc.). The resultant vulnerability predidi@dyear 2000 could be compared with locations
of greatest coastal transgression and inundatioet&Ermine whether the outputs reflect what has
actually occurred. Furthermore, many CVAs incorporaeightings to the criteria indictors used
to calculate the relative vulnerability rankingtbé study area. The weightings are used to
reduce the potential of one criteria dominatingrésults of the CVA. The weightings are
calculated through statistical methods (i.e. ANO\WARd to compare the relative impact each
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criteria has on the result. The product can be tse@termine whether which criteria, if any,

had the greatest impact on the resultant physidakvability.

The use of the vulnerability assessment resultkldoelp demonstrate the potential adverse
effects climate change will have on the communitiethe North Shore. Expanding upon the
current scope of the project could further illumethe damage potential of climate change. As
the greatest impacts of climate change are pretitoteccur after the final time step of this
assessment (2100), continuing the methodology thagear 2150 could potentially yield
drastic, but interesting, results. The resultat@®tulnerability could potentially produce
extreme cases of coastal transgression and seseiegl rise and storm surge flooding.
Furthermore, if the necessary input data existethi® entirety of Prince Edward Island, the
physical vulnerability assessment outlined in tesearch could be applied. This assessment
would provide a more realistic and higher resolufpoediction of potential change than current
assessments have supplied for the province dueetim¢orporation of real world
geomorphological principles. For example, Shaw (3@&sesses the flooding potential of
Charlottetown for three return periods, but doesimmorporate hydrological flow of water

through the system nor the geomorphology of thetcaad its effects on coastal flooding.

Shoreline classification was assumed to remairsdnee through each time step of the
morphological resiliency methodology. It could besgpible to predict the shoreline classification
change based on the estimated movement of thelisieof@nd thus the resultant change in fetch
length) as well as the use of hydrological moddtswever, this prediction may be difficult due
to the degree which humans impact the coast. Wndldnydrological and geomorphological
principals which contribute to the evolution of sélne classification is mathematically and
conceptually difficult, the anthropogenic factorkigh contribute to this reclassification are
nearly impossible to predict. For example, a dystesn may be eliminated after a storm event
and transformed in to a wetland if permanent flagdyccurs. This may be predicted if the dune
system was noted to be vulnerable to erosion. Hewelune systems are highly vulnerable to
anthropogenic disturbance, such as dune tramplihgeh could cause the elimination of the

dune and reclassification of the shore segments,While it may be possible for the
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reclassification of the shoreline through hydrodyiaand geomorphological modeling, it would

be difficult to incorporate anthropogenic forcings.
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Appendix A: Shoreline Change Maps
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Figure 72: Map of 2010 and 2050 shorelines, MalpeBay area
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Figure 73: Map of 2010 and 2050 shorelines, Kensimgrea
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Figure 74: Map of 2010 and 2050 shorelines, NewdoonBay area
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Figure 75: Map of 2010 and 2050 shorelines, Rufti@p area
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Figure 76: Map of 2010 and 2050 shorelines, CowIB=gy area
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Figure 77: Map of 2010 and 2050 shorelines, TracBdy area
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Figure 78: Map of 2010 and 2050 shorelines, Satgbor area
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Figure 79: Map of 2050 and 2100 shorelines, MalpeBay area
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Figure 80: Map of 2050 and 2100 shorelines, Kensimgrea
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Figure 81: Map of 2050 and 2100 shorelines, NewdoonBay Bay area
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Figure 82: Map of 2050 and 2100 shorelines, Rufti@p area
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Figure 83: Map of 2050 and 2100 shorelines, Cowe:lB=gy area
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Figure 84: Map of 2050 and 2100 shorelines, TracBdy area
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Figure 85: Map of 2050 and 2100 shorelines, Sattsgbor area

141



Appendix B: Regional Physical Vulnerability
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