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Assessing Relative Coastal Vulnerability in a Macrotidal Environment 

to the Increased Risk of Storm Surges due to Climate Change 

By: Jeremy R. Tibbetts 

Abstract 

Historically, there has always been a close relationship between Atlantic Canadians and 
the ocean; however, under climate change this relationship is evolving. In collaboration 
with the Atlantic Climate Adaptation Solutions (ACASA) project, the overall purpose of 
this research was to develop a tool which determines the vulnerability of a macrotidal 
coastal environment, such as those found in the Bay of Fundy, to the increased risk of 
storm surges associated with climate change, based on several physical and 
anthropogenic parameters. 

In order to achieve the goal of developing a vulnerability assessment tool, two main 
objectives were defined. First, a conceptual framework was designed which outlined the 
variables to be used in the analysis and to illustrate the relationship among them. The 
variables used in this analysis are: freeboard, observed erodibility, coastal slope, width of 
foreshore, the presence of anthropogenic or natural protection, the presence of vegetation 
and coastline exposure (fetch length, dominant wind direction, and significant wave 
height) and morphological resilience. 

Second, the guidelines set out in the framework were used to develop a custom Python 
programming script, within a geographic information system (GIS), in order to calculate 
coastal vulnerability. The analysis was performed for four coastlines, backshore, upper 
foreshore, middle foreshore and lower foreshore. The results of the analysis, which 
highlight areas of concern in regards to the risk of storm surge, allow for coastal 
managers and other stake holders, to make informed decisions for adaptation solutions. 
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Chapter 1 

Coastal Vulnerability Assessment in a Macrotidal Environment: An 
Introduction 

1.0 Introduction 

Communities throughout Atlantic Canada, and all over the world, are experiencing 

the effects of climate change, and it is assumed that these effects will increase. In Atlantic 

Canada, most of the human population, infrastructure and resources are found at or near 

the coast. In order to limit the negative effects of climate change, policy makers and 

managers need to understand the processes happening at the coast (Vasseur et al., 2008). 

The physical, economic and social relationship Atlantic Canada has with the ocean is 

evolving under climate change. In order to develop a foundation of information to assist 

community members, decision-makers, managers and all other stakeholders, throughout 

this evolution, the Atlantic Canadian Adaptation Solutions (ACASA) project was formed 

in 2009 (Atlantic Canadian Adaptation Solutions Association, 2012) 

In collaboration with the ACASA project, the overall purpose of the research 

presented in this thesis is to develop a globally applicable tool that determines the 

vulnerability of a macrotidal coastal environment, to the increased risk of storm surges 

associated with climate change, based on several physical and anthropogenic parameters. 

This project aims to give communities in Atlantic Canada the necessary information to 

make informed decisions and policies concerning coastal management. The ACASA has 

four main outcomes (Atlantic Canadian Adaptation Solutions Association, 2012): 
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• Improve the resilience and adaptive capacity of vulnerable Atlantic coastal and 

inland communities. 

• Build on existing knowledge and modify tools to better meet community needs. 

• Mainstream climate change adaptation considerations into provincial and 

municipal land-use planning and development. 

• Promote meaningful regional collaboration, coordination and sharing of good 

practices on integrating climate change into policy planning. 

There have been several methods developed for assessing vulnerability to climate 

change-related risks (Aboudha and Woodroffe, 2010; Boruff, Emrich and Cutter, 2005; 

Dolan and Walker, 2003; Garmendia et al., 2010; Gornitz et al., 1994; Klein and 

Nicholls, 1999; McLaughlin, McKenna and Cooper, 2002; Ozyurt and Ergin, 2010; 

Pendleton, Thieler and Williams, 2010; Theiler and Hammar-Klose, 1999) However, 

none have been developed specifically for coastal environments with an extreme tide 

range. The need to have an assessment method which emphasizes tide elevation is due to 

its influence on storm surge potential. Having an assessment tool for a macrotidal 

environment is important to the ACASA project because many coastal communities, 

especially in the New Brunswick and Nova Scotia portions of the Upper Bay of Fundy, 

are subject to the effects of very large tides, which range up to up to 16 m in that region. 

This thesis is divided into four chapters; this chapter outlines the rationale and 

purpose behind this research before going on to define key terminology and the 

objectives of this study. It is important to understand and define these concepts in order to 

accurately illustrate the type of vulnerability being assessed. Chapter 2 outlines the 

development of a conceptual model intended to illustrate the interactions of physical 
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characteristics and processes within a macrotidal environment, and how these interactions 

can be used to determine coastal vulnerability. Chapter 3 details the application of the 

globally applicable vulnerability tool, developed within a Geographic Information 

System (GIS), as tested within the Cornwallis River Estuary in the Bay of Fundy, Nova 

Scotia, Canada. The final chapter integrates results of chapters 2 and 3, with a goal to 

develop recommendations for integrated coastal zone management within the study area. 

Chapters 2 and 3 have been written as stand-alone manuscripts formatted for publication 

in specific journals. Chapter 2 is to be submitted for publication to Sustainability Science 

while chapter 3 is to be submitted for publication to the Journal of Coastal Research. 

1.1 Rationale 

This study aimed to produce a globally applicable tool that determines coastal 

vulnerability of a macrotidal environment. Due to the objectives of the ACASA project, 

and the influences of climate change in this region, the Bay of Fundy is the area of 

interest throughout this research. Even without the influences of climate change in the 

Bay of Fundy, intense storm surge events have occurred and will continue to occur over 

time. A study by Desplanque and Mossman (1999) investigated extreme storm surges 

that coincided with high tides in the Bay of Fundy; these events are known as storm tides. 

The strongest Fundy storm tides occur every 18 years (due to the Saros cycle), when 

anomalistic, synodical and tropical monthly cycles align. When storms occur during this 

peak, significant surges can occur. Three such storms were described by Desplanque and 

Mossman, the most destructive being the Saxby Gale in 1869. The Saxby Gale resulted in 
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significant flooding in the upper Bay where all the dykes were exceeded, resulting in 

extensive damage to infrastructure, resources, livestock and human life. 

Due to the fact that storm surge threats exist, and will only continue to increase in the 

future with climate change, a procedure needs to be put in place that will limit these 

negative impacts; this is the overall goal of ACASA. However, before climate change 

adaptation planning can begin, analyses such as coastal vulnerability assessment must be 

performed. Understanding the needs of each coastal zone will allow for decision and 

policy makers to discuss options for the best solution. 

As described previously, there have been many coastal vulnerability methods 

developed; however, none were designed specifically for a macrotidal environment. The 

important concept when developing a method for assessing macrotidal environments is 

the current tide elevation. Previous studies did not include tide elevation as a variable 

within their assessment, nor was it the most influential variable. As shown in Greenberg 

et al. (in press) and Desplanque and Mossman (2004), if a storm surge occurs at high tide, 

there is potential for a greater amount of impact on both the physical and socio-economic 

characteristic of the coast, than if the same surge occurs at low tide. The development of 

a vulnerability assessment method that not only includes current tide elevation as a 

variable, but emphasizes its influence on storm surge potential, is important to the 

ACASA project, because many communities found along the Bay of Fundy are subject to 

macro level tides. 
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1.2 Key Terminology in Coastal Vulnerability Research 

1.2.1 Coastal Vulnerability 

It is important to understand the types and magnitudes of potential changes that 

could occur within a coastal zone due to climate change. For this research, there are two 

main target coastal zones: backshore and foreshore. The nearshore zone has not been 

included in this research. The definition of these zones is found in Table 1 of chapter 3 of 

this thesis. In order to identify the options available to limit the impact of climate 

change, a coastal vulnerability assessment is conducted. However, assessing coastal 

vulnerability is not an easy endeavor. In combination with data collection, processing, 

and validation, the assessment is compounded by the confusion surrounding the multiple 

definitions and applications of the term 'vulnerability'. Vulnerability is specific to a 

given location, at a given time, to a certain group or sector (Hinkel and Klien, 2006). As 

the conditions change within the coastal zone, the level of vulnerability will also change. 

Therefore, there is no single or all-inclusive method for determining or understanding 

vulnerability. 

This study does not assume that there is an over-arching, all-inclusive, 'correct' or 

'best' definition of vulnerability that will describe all situations equally. There are many 

conceptualizations and definitions of vulnerability because there are many disciplines, 

hazards and contextual situations in climate change research (Fussel, 2007; Kasperson et 

al., 2005). In order to develop efficient and accurate solutions to climate change and its 

impacts, several disciplines need to work within a cohesive environment. Climate change 

researchers, planners, engineers, economists, biologist, geologists, and geographers must 
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work together to create meaningful adaptive solutions for climate change. However, 

conflicting or confusing terminology within these different disciplines will cause 

problems and slow down the process. The initial step when assessing vulnerability in 

climate change research is to define vulnerability within the context of the research, along 

with the goals and the necessary objectives to obtain them. In the field of coastal 

management, this is called a 'terms of reference'. 

As defined by Cutter (1996, p. 532) 

"Vulnerability is the likelihood that an individual or group will be exposed to and 

adversely affected by a hazard." 

As defined by Turner et al. (2003, p. 8074) 

"Vulnerability is the degree to which a system, subsystem, or system component 

is likely to experience harm due to exposure to a hazard." 

As defined in Downing and Patwardhan (2004, p. 78) 

"The degree to which a system is susceptible to, or unable to cope with, adverse 

effects from climate change, including climate variability and extremes. 

Vulnerability is a function of the character, magnitude, and rate of climate 

variation to which a system is exposed, its sensitivity and its adaptive capacity." 

As defined by Adger (2006, p. 268) 

"Vulnerability is the state of susceptibility to harm from exposure to stresses 

associated with environmental and social change and from the absence of capacity 

to adapt." 
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The core concept developed from analyzing these definitions is that vulnerability is 

the current state of the coastline, and that state will determine the level of harm the 

coastline will experience from exposure to a hazard. This state or level of vulnerability 

does not remain constant, but will change over time. An important factor in this change 

of vulnerability state is the ability of the coastline to cope with the exposure to a hazard. 

As defined for this research, vulnerability is the degree to which a coastline will be 

adversely affected by (e.g. erosion and inundation) and be unable to cope with exposure 

to a hazard, due to an increase in climate change events such as coastal storms. 

1.2.2 Hazard 

Vulnerability can only be meaningfully understood when discussed as the 

'vulnerability of a specified system to a specified hazard' (Brooks, 2003). In other words, 

in order to have an accurate account of vulnerability, the target coastline needs to be 

specified (backshore, upper, middle or lower foreshore) and a hazard or range of hazard 

needs to be determined. A coastal zone could be highly vulnerable to storm surge, but the 

same location might not be vulnerable to increased precipitation. 

As defined by Brooks (2003, p.3) 

A hazard is... "A physical manifestation of climatic variability or change, such as 

droughts, floods, storms, episodes of heavy rainfall, long-term changes in the 

mean values of climatic variables, potential future shift in climatic regimes and so 

on." 
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As defined by Cardona, found in Birkman (2006, p. 462) 

"The probability of occurrence, within a specific period of time, in a given area, 

of a potentially damaging natural phenomenon." 

As defined by the European Spatial Planning Observation Network, found in 

Birkman (2006, p.462). 

"A hazard is a potentially damaging physical event, phenomenon or human 

activity, which may cause the loss of life or injury, property damage, social and 

economic disruption or environmental degradation. Hazards can be single, 

sequential or combined in their origin and effects. Each hazard is characterized by 

its location, intensity and probability." 

As defined by Fussel (2006, p.6) 

"A hazard is understood as some influence that may adversely affect a valued 

attribute of a system. A hazard is generally but not always external to the system 

under consideration." 

Consistent throughout the literature is that a coastal hazard is a physical event or 

series of events which could negatively affect the coastal zone, within a specified time 

period. Therefore, as defined for this research hazard is a physical event, or series of 

events, such as storm surge or flooding, induced by climate change, which causes 

damage to a specified coastline, during a specified temporal range. The temporal range 

of analysis will differ depending on the frame of reference established in the research. 

The main effort of this research is determining coastal vulnerability based on change in 
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tide elevation; therefore, the temporal range is restricted to one tidal cycle and does not 

include synergistic effects. 

1.2.3 Exposure 

A coastline's vulnerability is directly related to its exposure to a hazard. The 

coastline's exposure to a hazard will determine the level and type of stress it receives. In 

other words, if the exposure to the hazard is low, the vulnerability of the coastline to that 

specific hazard will be low as well. For instance, a coastline characterized with 

protection, shallow water depth and short fetch lengths will have a less of an exposure 

than one with no protection, deep water depth and long fetch lengths. 

As defined by Turner et al. (2003, p. 8075) 

"Exposure... the manner in which the coupled system experiences hazards." 

As defined by Luers (2005, p. 217) 

"The characteristics of forces that could stress the system, (e.g. storm waves) such 

as magnitude and frequency." 

As defined by Nicholls and Klein (2005, p. 206) 

"Exposure defines the nature and amount to which a system is exposed to climate 

change." 

As defined by Adger (2006, p. 270) 

"Exposure is the nature and degree to which a system experiences environmental 

or socio-political stress. The characteristics of these stresses include their 

magnitude, frequency, duration and areal extent of the hazard." 
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In this research, exposure is defined as the level of potential stress a coastline could 

experience from a storm surge event. The level of exposure is related to the magnitude of 

the hazard (e.g., storm surge height), physical characteristics of the coastline, and most 

importantly, tide elevation. If the tide level is below the elevation of the coastline, 

exposure will be greatly reduced. 

1.2.4 Risk 

If a coastal zone has the potential to be exposed to a hazard or a range of hazards, the 

coastal zone is at risk. The following definitions were used to determine the definition of 

risk for this research. 

As defined by Hori et al. (2002, p. 1) 

"The risk associated with flood disaster for any region is a product of both the 

regions exposure to a hazard (natural event) and the vulnerability of objects 

(system). It suggests three main contributions to a region's risk: hazard, exposure 

and vulnerability." 

As defined by Crichton, in Brooks (2003, p. 7) 

"Risk is the probability of a loss, and this depends on a hazard, vulnerability and 

exposure." 

As defined by Cardona, found in Birkman (2006, p. 470) 

"Risk is the potential loss to the exposed subject or system, resulting from the 

'convolution' of a hazard and vulnerability". 
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As defined by Rashed and Weeks (2003, p.550) 

"Risk indicates the degree of potential losses ... due to ... exposure to hazards 

and can be thought of as the product of vulnerability of hazard occurrence and the 

degree of vulnerability." 

As defined for this research, risk is the degree of potential loss a coastal zone may 

experience from exposure to a hazard. The assessment tool designed for this research 

illustrates the vulnerable locations, but are there sections of the coast that are more at risk 

than others? For example, a coastline that has valuable infrastructure and high human 

population will be more at risk than a coastline with no infrastructure and minimal 

population. 

1.2.5 Resilience 

As discussed previously, vulnerability reflects the degree to which a coastal zone can 

be negatively affected by a hazard. Resilience describes the coastline's stability and 

ability to return to an equilibrium state following exposure from a hazardous event. 

Throughout the literature, terms such as response capacity, coping capacity and resistance 

have been used as synonyms for resilience. 

As defined by Klein and Nicholls (1999, p. 184) 

"Analysis of coastal vulnerability always starts with the notion of the natural 

system's susceptibility to the biogeophysical effects of sea level rise [or some 

other hazard event] and its natural capacity to cope with these effects." 
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As defined by Holling (1973) in Klein (2002, p. 16) 

"A measure of the ability of [a] system to absorb changes and still persist." Pg. 16 

As defined by Pimm (1984) in Klein (2002, p. 16) 

"The speed with which a system returns to its original state following a 

perturbation." 

As defined by Adger (2006, p. 268) 

"Resilience refers to the magnitude of a disturbance that can be absorbed before a 

system changes to a radically different state as well as the capacity to self-

organize and the capacity for adaptation." 

Resilience, for this research, is used in the sense of morphological resilience. 

Morphological resilience is the ability of a coastline to return to a state of equilibrium or 

original form following a hazardous event. As described by Klein et al. (1998), this type 

of resilience can be thought of as a measure of the ability to withstand a high degree 

'potential coastal dynamics'. The ability to withstand a high degree of potential coastal 

dynamics would mean that the coastline would have a high morphological resiliency. For 

example, a gentle sloping ramped coastal feature can be subjected to large scale 

morphological changes, and return to an equilibrium or original state. If a cliffed feature 

is subjected to large morphological changes, it cannot return to an original state in its 

original position and therefore has a lower morphological resiliency. 
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1.2.6 Adaptive Capacity 

The vulnerability state for a coastal zone, whether high or low, is dynamic. 

Adaptation measures, solutions and strategies can be put in place in order to limit the 

exposure a coastline could face from a hazard. Instituting such measures, reduces the risk 

associated with climate change hazard, and therefore reduces the system's overall 

vulnerability. The ability to put in place adjustments to limit the impact of climate change 

hazards is known as adaptive capacity. 

As defined by the International Panel on Climate Change, found in Birkman (2006, 

p. 454) 

"The potential or ability of a system, region or community to adapt to the effects 

or impacts of climate change, enhancement of adaptive capacity represents a 

practical means of coping with changes and uncertainties in climate. 

The degree to which adjustments in practices, processes or structures can 

moderate or offset the potential for damage or take advantage of opportunities 

created by a given change in climate." 

As defined by Fussel (2006, p. 10) 

"Ability [of a system] to adapt to long term climate change" pg. 10 

As defined by Smit and Wandel (2006, p.287) 

"Adaptive capacity is similar to or closely related to a host of other commonly 

used concepts including adaptability, coping ability, management capacity, 

stability, robustness, flexibility and resilience. The forces that influence the ability 

of the system to adapt are the drivers or determinants of adaptive capacity." 
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For this research, adaptive capacity is defined as the potential or ability a coastal 

zone has to adapt to climate change and its impacts. The ability to adapt to climate 

change has many potential influences, including political and socio-economic conditions. 

Although the assessment tool designed for this research is bio-physical in focus, the 

socio-economic influences are not ignored. Spatial analysis within the GIS, allows for the 

socio-economic data (infrastructure, census information) to be compared with vulnerable 

locations. Assessing vulnerable populations or valuable infrastructure, located at these 

vulnerable locations, allows for more precise prioritization when installing climate 

change adaptation solutions. 

1.3 Climate change within the Bay of Fundy 

As described previously, this research aimed to produce a globally applicable 

vulnerability assessment method for macrotidal environments. Due to the objectives of 

the ACASA project and the influences of climate change in this region, the Bay of Fundy 

is the macrotidal environment of interest throughout this research. The following section 

aims to describe the conditions of climate change within this region, and the expected 

level of influence of climate change on an increase in storm surge potential. This is to 

further emphasize the necessity for an assessment tool, specifically designed for a 

macrotidal environment. 

Tides in all oceans are the result of astronomical effects, such as the distance between 

the Moon and Earth, and influenced by non-astronomical effects, such as continental 

shelf width, water depth and the shape of the coastline (Desplanque and Mossman, 2001). 

In general, the defined limit of 'macrotidal' is when the tide range exceeds 4 m (Davies, 



1980; Masselink and Short, 1993). This is best illustrated by the tides found within the 

Bay of Fundy, between New Brunswick and Nova Scotia. The tidal range in the head of 

the Bay of Fundy reaches 16 m (Desplanque and Mossman, 2001) and is therefore 

classified as a high or hyper-macrotidal environment (Desplanque and Mossman, 2004). 

Research by Shaw et al. (1998) suggests that 67% of Canada's coastline has a low 

sensitivity to sea level rise. However, Atlantic Canada is a region which is susceptible to 

the adverse effects of sea level rise, more specifically, the upper Bay of Fundy; due to the 

extensive dykelands found throughout this region, characterized by significant low lying 

environments. A study by Greenberg et al. (in press) aimed to illustrate the change in sea 

and tide level in the Bay of Fundy. The analysis of long term sea level records shows that 

the sea and tide levels in the Bay of Fundy are rising due to a combination of climate 

change factors, tidal range expansion and isostatic rebound. High water in the Bay of 

Fundy is projected to rise to 1 m above current levels by 2100 (Greenberg et al., in press, 

Richards and Diagle, 2011). 

As well, many studies have attributed the change in sea level to non-anthropogenic 

causes. Past research has shown that sea levels along the shores of Atlantic Canada have 

been rising throughout the late Holocene in response to isostatic crustal movements. 

Studies by Gehrels et al. (2004) and Donnelly (1998) indicate the depression of the 

lithosphere and displacement of the mantle by the Laurentide ice sheet (ice loading) in 

the late Pleistocene is thought to have created a peripheral forebulge. Glaciers centered in 

Hudson Bay caused the middle of the continent to depress, tilting up the margins out to 

the edge of the continental shelf (Gehrels et al., 2004 and Donnelly, 1998). The migration 
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and collapse of the bulge following deglaciation, has resulted in uplift in regions 

depressed by the ice sheet and subsidence in regions near the extent of the ice sheet. The 

upper Bay of Fundy is one such region now experiencing subsidence. 

Other studies such as Shaw, Gareau and Courtney (2002), Liverman (1994) and Grant 

(1970), all suggest similar reasons for submergence of Atlantic Canada and resulting sea 

level rise. Prior to the industrial revolution, postglacial isostatic adjustment was the main 

contributor to sea level rise within this region. However, since the industrial revolution, 

climate change and corresponding sea level rise have been accelerated due to increased 

greenhouse gas concentrations in the atmosphere attributed to the burning of fossil fuels 

and other human induced emissions; not only within in this region, but on a global scale 

(BPCC, 2007; van Aalst, 2006; Milly et al., 2002). Whether the climate change is 

attributed to natural causes, or human induced global warming, the end result is the same 

and adaptation strategies need to be put in place in order to help resolve any potential 

issues. 

A storm surge is an observed rise in sea level, differing from predicted (astronomical) 

tide elevation, associated with a coastal storm event. A direct result of sea level rise is 

more frequent coastal flooding events, in relation to existing coastal features and 

structures. Sea level rise increases the risks associated with storm surges because, over 

time, current adaptation measure, such as dykes, will become ineffective in protecting the 

coast. From the Canadian perspective, storm surges occur primarily on the Atlantic coast, 

but have occurred on all three. In many cases, it is the storm surge that causes the greatest 
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