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Abstract 

The Bay of Fundy system in the Atlantic Ocean is a highly dynamic environment characterized by the 

highest tidal range in the world. The area contains a wide range of coastal environments and structures 

including salt marshes and protective dyke systems. These systems are at risk of being altered due to future 

climate change, with likely increases in mean sea level and storm intensity, and proposed installation of in-

stream tidal power extraction devices. To assess the vulnerability of the Bay of Fundy to hazards, large-

scale and small-scale investigations are completed using available field observations and the hydrodynamic 

model Delft3D. The large-scale investigation composed of examining the effects of hurricane induced 

storm surge in the Gulf of Maine and Bay of Fundy using a depth-averaged model and two connected model 

grids. Hurricane Arthur (2014) is used as a test storm to validate the model before varying input conditions 

were used including modelling the Saxby Gale of 1869, a devastating storm that impacted the Bay of Fundy. 

Model results suggest that the combined effects of wind driven waves and storm surge could overtop dyke 

systems in the Minas Basin if the storm coincides with the high tide of a perigean spring tide. The small-

scale investigation is focused on Kingsport Marsh, Nova Scotia, an intertidal salt marsh in the Minas Basin, 

using a three-dimensional model and four connected model grids with increasing resolution. The goal of 

this study is to gain insight to the hydrodynamics and morphology of the marsh channels and mudflats. 

Observational results over a 7-year time period suggest that the bed is slowly accreting in the marsh and 

that the networks of creek channels are migrating. Model results are validated at the two instrument sites 

and the model is used to spatially analyze the intertidal hydrodynamics. Spatial model results display a 

dynamic environment during the flood and ebb tides with bed shear stresses sufficient to initiate sediment 

resuspension. Overall, this research contributed to a better understanding of the coastal processes in a highly 

dynamic macrotidal environment, by aiding in the understanding of the complexity of tidal marsh 

environments as well as assessing the risk involved in storm surge interactions to local dyke systems, 

needed to accurately predict future responses to storms, climate change and proposed infrastructure 

development. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

The Bay of Fundy is connected to the gulf of Maine in the Atlantic Ocean, shown in Figure 1.1, 

and is a highly dynamic coastal environment characterized by the highest tides in the world with 

a tidal range of up to 16 m (Garrett, 1972) . The large tidal range generates depth-averaged currents 

of 3-5 m/s in some locations (Karsten et al., 2008) Sediments and ecological processes have 

adjusted to a wide range in physical conditions, however are sensitive to changes over short- and 

long-time scales. Short-term events that can disrupt the system include major storms such as 

hurricanes and extra-tropical storms. Recent hurricanes, including Arthur (2014) and Teddy 

(2020), propagated across the north Atlantic Ocean and impacted the Bay of Fundy. These storms 

can generate water level changes called storm surges that interact with tides to create the highest 

total water levels and can lead to catastrophic flooding that can devastate land and infrastructure 

(Baradaranshoraka et al., 2017, Irish et al., 2008). An example of this was the Saxby Gale of 1869, 

a hurricane that combined with a low pressure system to create a powerful storm that impacted the 

Bay of Fundy (Ruffman, 1999). This powerful storm also occurred during a perigean tide, when 

the moon is in the closest proximity to earth and water levels are highest (Pugh, 1987) subsequently 

overtopping dykes and causing massive flooding.  

The non-linear interactions between tides and storm surge has not been studied within the Bay of 

Fundy and remains an important research topic to evaluate the relationship between water levels 

and existing protective dyke systems. The evolution of hurricanes and the storm surge generated 

by these strong winds (Kohno et al., 2007) occurs rapidly over days yielding little time for 
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emergency preparation. The potential for short-term events, such as hurricanes, to disrupt the 

balance within the Bay of Fundy is exacerbated by climate change, which may include both 

increasing intensity of storms and elevating the mean water levels with sea level rise (Bender et 

al., 2010, Greenberg et al., 2012).  

Long-term events, while not an immediate hazard, also have the ability to alter the natural 

processes within the Bay of Fundy. Climate change and proposed large infrastructure projects such 

as farms of tidal current turbines in the ocean may upset the balance of processes in the Bay of 

Fundy (Ashall et al., 2016a, Wu et al., 2016). The macrotidal system has vast areas that flood and 

dry on a daily basis, with mudflats and intertidal salt marshes that are dynamic environments and 

are highly susceptible to change (Davis, 2012). Figure 1.2 displays a macrotidal marsh in the Minas 

Basin used as the study site for this investigation. Figure 1.2a and Figure 1.2c show instruments 

deployed in the marsh during the May 2019 study period. Figure 1.2d and Figure 1.2e show the 

mudflat and main channel respectively during low tide and Figure 1.2b depicts the main channel 

filling with water during flood tide. Improved understanding of morphological change and current 

flows is needed to accurately predict future responses to storms, climate change and proposed 

infrastructure development. Understanding the range of environmental changes to existing 

processes of the Bay of Fundy is important because it will aid in establishing better management 

of coastal areas in this region. 

1.2 Importance of Research  

The Minas Basin is a semi-enclosed bay within the upper Bay of Fundy shown in Figure 1.1 is an 

extremely dynamic and sensitive environment. Dyke systems protect water levels from flooding 

into local agricultural and populated regions but many are at risk of overtopping in the future with 

increasing water levels from sea level rise (van Proosdij et al., 2018). However more immediate 
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short-term events such as storm induced surge could occur. The Minas Basin also contains many 

marshlands that are exposed to intertidal flooding. These environments contain complex 

geological (O'Laughlin et al., 2013), environmental (d'Entremont et al., 2018) and hydrodynamic 

(Ashall et al., 2016b) processes that are sensitive to change from external forces. The Bay of Fundy 

is currently facing an increase in activity that has the potential to jeopardize the equilibrium of 

these dyke and marsh systems. Tropical storms have been steadily increasing in intensity in recent 

years with the ability to travel to higher latitudes due to a warming atmosphere and ocean caused 

by climate change (Bender et al., 2010). Hurricane induced storm surge in conjunction with the 

high tides in the Bay of Fundy have the potential to overtop local dykes that may be damaged or 

under designed. In addition to climate change, proposed in-stream tidal current turbines could 

destabilize processes involved in the Minas Basin, particularly at the intertidal flats. Tidal flows 

and sediment transport may fluctuate due to these changes, altering the dynamics of the marshes.  

 

1.3 Thesis Objective and Outline 

The main objective of this thesis is to analyze storm induced coastal hazards in the Bay of Fundy 

and to gain a foundational understanding of tidal hydrodynamics utilizing a three-dimensional 

hydrodynamic model called Delft3D-SWAN to enable response to future changes. In particular, 

the objectives are: 

1. Construct and validate a large-scale coupled hydrodynamic and surface wave model of the 

Bay of Fundy/Gulf of Maine system using Hurricane Arthur as the test storm; 

 

2. Compare the effects of storm induced surge and wave heights against local dyke elevations 

in the Minas Basin using various varying input conditions including increased tidal 
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elevations and storm intensity, corresponding to the strongest storm on record (the Saxby 

Gale in 1869); 

 

3. Construct and validate a small-scale high resolution hydrodynamic model of the Kingsport 

marsh, an intertidal flat within the Minas Basin, with a series of model grids for increased 

resolution of the channel networks; 

 

4. Evaluate the long-term (month – year) morphological changes and short-term (hours – 

days) intertidal hydrodynamic processes in different parts (channel and mudflat) of an 

intertidal area.  

 

These objectives are addressed in the following two chapters. Chapter 2 presents research on 

modelling surface waves and tide-surge interactions leading to enhanced total water levels. 

Chapter 3 presents research on modelling the spatial and temporal variability in tidal currents and 

bed shear stress at a macrotidal salt marsh channel and mudflat. Conclusions and recommendations 

for future work are provided in Chapter 4.  
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Figure 1.1: Map of the study region showing the Gulf of Maine, Bay of Fundy and the Minas 

Basin in the upper Bay of Fundy. Grey shaded areas indicate land and white areas indicate water. 
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Figure 1.2: Site photos at the Kingsport marsh taken during the May 2019 site visit a) GPS surveying 

equipment on the marsh platform; b) Main channel flooding during flood tide; c) Instrument setup at 

the mudflat channel location; d) view of the mudflat from the marsh platform; e) view of the main 

channel from the marsh platform. 

a) 

e) 

d) 

c) b) 
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Chapter 2 

Modelling surface waves and tide-surge interactions leading to enhanced 

water levels in a macrotidal bay 

Abstract 

Large waves and storm surge generated by powerful storms such as 

hurricanes and tropical cyclones can have detrimental impacts on coastal 

areas. The Gulf of Maine and Bay of Fundy system in the Atlantic Ocean 

is a particularly dynamic environment where water surface elevations 

driven by storm surge can synergistically combine with the large tides 

caused by tidal resonance to yield serious impacts on protection of low-

lying coastal settlements. In the current investigation, storm impacts 

generated by Hurricane Arthur in 2014 in the Gulf of Maine and Bay of 

Fundy system were investigated using available wave and water level 

observations and numerical simulations using the coupled hydrodynamic-

wave model Delft3D-SWAN. The results indicated that Arthur generated 

significant wave heights up to approximately 5 m in the Gulf of Maine and 

storm surge elevations of up to 1 m in coastal areas in the Upper Bay of 

Fundy, however this surge occurred during the neap tide with no associated 

flooding. Additional simulations were completed to examine the 

theoretical impacts of storms occurring during times with higher tides, 

including a typical spring tide and perigean spring tide, to investigate the 

potential overtopping of dyke systems that could cause coastal flooding in 

the Minas Basin. A historically important event, the Saxby Gale of 1869, 
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was also simulated. This was a powerful storm that occurred during a 

perigean tide, and the model results indicate wave heights of over 10 m 

and storm surge that caused significant flooding of the Bay of Fundy coast. 

The results of the simulations indicate that a well-timed tropical cyclone 

occurring during a high spring tide has the potential to create a storm surge 

that would overcome existing dyke systems, causing extensive flooding 

and damage to local infrastructure and human life. Overall, the findings of 

this investigation highlight the need for improved coastal defenses in the 

Gulf of Maine and Bay of Fundy system, especially in a future 

characterized by increasing sea levels and intensifying tropical storms. 

2.1 Introduction 

Earth’s warming climate over the past several decades has yielded an environment favorable for 

larger, more intense tropical cyclones (Bender et al., 2010). Elevated water levels from storm surge 

during these intense weather events can lead to catastrophic flooding of coastal regions (Irish et 

al., 2008) and causes significant damage to infrastructure, especially in low-lying coastal 

settlements (Baradaranshoraka et al., 2017) due to the difficulty in predicting storm surge. 

Typically storm surge is only fully realized after the event occurs, for example, Hurricane Ike 

(2008) made landfall in Texas with a maximum storm surge height of 5.4 m while Hurricane 

Katrina (2005) caused a maximum storm surge of 10 m along the Mississippi River (Fritz et al., 

2007, Rego et al., 2010b). Both storms resulted in high death tolls and billions of dollars in damage. 

Hurricane storm surges can also significantly impact wetland bays. For example, Hurricane Gustav 

(2008) led to detrimental sediment erosion and transport within the Terrebonne and Barrataria Bay 

along the Gulf of Mexico coast (Liu et al., 2018). Similarly, tropical cyclones that form over the 
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eastern Pacific Ocean, known as typhoons, have significant effects on coastal shores. Typhoon 

Haiyan (2013) made landfall in the Philippines and produced a storm surge that was amplified to 

5 m in the Leyte Gulf and San Pablo Bay that caused an estimated US $802M in damage (Mori et 

al., 2014).  

When hurricanes and tropical storms travel northward in the Atlantic Ocean along the east coast 

of North America, Canada’s Maritime provinces (Nova Scotia, New Brunswick, Prince Edward 

Island) can be impacted (Mulligan et al., 2008). Storms in this region can also reach Europe 

(Guisado-Pintado et al., 2018). Over the past ten years several hurricanes including Hurricane Bill 

(2009), Andrea (2013), Arthur (2014) and Teddy (2020) have impacted eastern Canada. The 

intensity of storms that propagate to higher latitudes could increase with Earth’s warming climate 

and the warming North Atlantic Ocean (Bender et al., 2010). These storms can drive surges that 

interact with the tides, particularly in basins such as the Bay of Fundy, which has a high tidal range 

due to natural resonance. This resonance creates the largest tidal environment in the world with a 

maximum tidal range of 16 m (Garrett, 1972), and the combination of a powerful storm surge 

coinciding with a high tide could be devastating to coastal areas in the Bay of Fundy. This 

destructive combination occurred in 1869 during the “Saxby Gale” where a storm that was later 

estimated to be a Category 2 hurricane struck the Gulf of Maine (GOM) and the Bay of Fundy 

(BOF) during a very high (perigean) spring tide, producing storm surges up to 2 m at high tide 

(Ruffman, 1999) that caused widespread flooding along coastal settlements in the Bay of Fundy. 

This large coastal system is shown in Figure 2.1 and is particularly susceptible to flooding from 

high storm surges due to the failing dyke systems, particularly in the Upper Bay of Fundy that 

includes Minas Basin (van Proosdij et al., 2018). 
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The interaction between storm surge and the astronomical tides is a non-linear process that depends 

on the amplitude and phase of the tidal constituents and the storm (Irish et al., 2008, Sebastian et 

al., 2014, Weisberg et al., 2006). While the wind stress primarily generates the storm surge (Kohno 

et al., 2007), the location of the storm track and the forward-moving velocity of the storm as it 

approaches the coast can have a major influence. For example, faster moving storms can yield a 

higher surge on ocean coasts and slower moving storms tend to result in higher flooding in 

estuaries (Thomas et al., 2019).  The conditions of the impacted locations are also important factors 

in generating storm surge, such as local bathymetry and tidal phase (Dean et al., 2004, Rego et al., 

2010a). Storm surge affects shallower areas greater compared to deeper bathymetry areas that are 

subject to the same winds, due to the increased effect of bottom stress. Additionally, tidal phase 

influences storm surge with a high neap tide, experiencing a greater surge than a high spring tide 

(Park et al., 2012). The combination of these factors suggests that tide and surge cannot be 

numerically modelled independently and linearly added, rather, they must be coupled within a 

numerical model to obtain accurate results and account for non-linear interactions. While storm 

surge generated from extra tropical storms would also potentially drive high total water levels in 

the BOF, in this study we focus on tropical cyclones to gain insight into tide-surge interactions 

that created the ‘perfect storm’ that was the 1869 Saxby Gale.    

Numerical models are commonly utilized to simulate hydrodynamics in large and complex bodies 

of water such as the GOM and BOF. The GOM has been extensively studied during hurricane 

conditions, with previous research focused on the impacts of hurricanes on sediment transport 

(Warner et al., 2008) and wave-surge interactions (Xie et al., 2016). Research within the GOM has 

also been conducted to assess the impacts of non-storm conditions, with studies focused on the 

tidal dynamics of the region (Chen et al., 2011). However, these studies do not typically focus on 
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the hydrodynamics in the Upper BOF, where tidal water level elevations are the highest. Recent 

studies in the BOF have investigated the coastal impacts on tidal water level elevations (Dupont 

et al., 2005), sea level rise due to climate change (Greenberg et al., 2012), seasonal variabiliy in 

suspended sediments (Tao et al., 2014), changes in sediment dynamics due to future tidal power 

extraction (Ashall et al., 2016a), the influence of marsh vegetation of tidal flows (Ashall et al., 

2016b), dykeland flooding (van Proosdij et al., 2018) and seasonal changes in suspended sediment 

concentrations (Mulligan et al., 2019). However,  there remains a gap in research associated with 

potential extreme storm surge and surface waves associated with hurricanes in the Upper BOF. 

The potential for hurricane-induced storm surge in combination with large astronomical tides 

could result in catastrophic flooding of areas with inadequately designed coastal protection, 

highlighting the need for further research on the hydrodynamics of these storms. In this study, the 

coupled numerical modules Delft3D-FLOW (Lesser et al., 2004) and Delft3D-WAVE (also known 

as the SWAN wave model) (Booij et al., 1999) were used to simulate the hydrodynamics of a 

recent storm event (Hurricane Arthur, 2014) that passed through the GOM and BOF. Detailed 

validation of the coupled modelling system was completed using available wave and water level 

observations for Hurricane Arthur, and the model was then applied to evaluate potential flooding 

risks by simulating other scenarios including the Saxby Gale, a more powerful historical hurricane. 

The regional model was used to develop a better understanding of the combined tide and surge 

components of the total water level elevations in the Upper BOF (specifically the Cobequid Bay 

region in eastern Minas Basin), with dyke elevations that may locally be too low and under-

designed for the potential future storms coinciding with high tide.  

2.2 Observations and Methods 

2.2.1 The Gulf of Maine and Bay of Fundy System 
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The GOM and BOF system is located on the Atlantic Ocean on the east coast of North America 

(Figure 2.1). The GOM encompasses an area of 9.3×104 km2 and is bordered by the coasts of 

Massachusetts, New Hampshire and Maine, USA. The BOF is connected to the GOM and covers 

an area of 1.6×104 km2 that is bound by the coasts of New Brunswick and Nova Scotia, Canada. 

At the eastern end of the Upper BOF is the Minas Passage that connects to the Minas Basin (Figure 

2.1) with the highest tides occurring in the eastern end of Minas Basin in Cobequid Bay. 

This system experiences the largest tidal range in the world due to the strong semi-diurnal tidal 

resonance in the BOF. The large tides are generated due to the similarity in the natural oscillation 

period of the Bay and the period of the M2 lunar semi-diurnal tidal constituent (Garrett, 1972). 

These near identical periods cause a resonance within the BOF, yielding the large tidal range and 

exchange of over 160 billion tons of water twice daily and, therefore, very strong tidal currents 

(Greenberg, 1983). The BOF area is surrounded by 241 km of constructed dykes that protect 160 

km2 of agricultural marshland mostly in the Minas Basin region. Many of these dykelands have 

been shown to be at risk of overtopping from high water level elevations in the near future due to 

sea level rise and storm surge (van Proosdij et al., 2018) associated with global warming.  

2.2.2 Hurricane Arthur (2014) 

Hurricane Arthur formed as a tropical storm off the coast of Florida on July 1 and caused 

significant storm surge along the coast, including over 2 m of storm surge in North Carolina 

estuaries (Cyriac et al., 2018) as a Category 2 hurricane before continuing northward toward 

Atlantic Canada. Arthur then gradually weakened into a tropical storm and crossed over the GOM 

(Figure 2.1), impacting the BOF from July 6-7 before eventually dissipating on July 10 (NOAA, 

2015). Hurricane Arthur was selected as the model storm due to its track into the GOM-BOF 

system and availability of buoy observations. Observations were collected with sensors mounted 
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on floating buoys  made available online by the National Oceanic and Atmospheric Administration 

(NOAA). The instrument sites are shown in Figure 2.1 and details are listed in Table 1. The 

observations include meteorological data (wind and atmospheric pressure), wave data (wave 

spectra, significant wave height, direction and period) and water level elevations. All associated 

errors between model and observations referenced below are shown in Table 2. Wave sensors on 

two observation buoys (44030, 44032) were damaged and offline during Hurricane Arthur.  

An ocean wave buoy (44037), located in the central part of the GOM, captured the passage of 

Hurricane Arthur as the storm track crossed over the GOM (as shown in Figure 2.1). Observations 

from this site are shown in Figure 2.2. The maximum wind speed (|U|) reached 20 m/s, the peak 

significant wave height (Hs) reached 4.3 m, and the peak wave period (Tp) ranged from 5-11 s. 

Water levels were measured using several tide gauges along the coast of the GOM as indicated in 

Figure 2.1. The variability in tidal amplitude and phase across the mouth of the GOM is shown in 

Figure 2.2d by the difference in water level elevation () time series at Chatham, MA, and 

Yarmouth, NS. Hurricane Arthur impacted this region during a time period with neap tides. 

2.2.3 Rapid Refresh Model (RAP) Wind Model 

Spatially-varying maps with hourly wind components collected during Hurricane Arthur are 

shown in Figure 2.3. These wind fields were obtained from the Rapid Refresh Model (RAP), an 

hourly updating assimilation system using in-situ data sources (observation stations, satellite 

imagery) to generate winds on a grid with 13 km resolution at the 10 m elevation above the sea 

surface (Benjamin et al., 2016). The RAP wind field resolution allows for an accurate 

representation of the spatial variability and asymmetry of the hurricane (Rey et al., 2021). The 

winds are shown at selected times with a time interval of 6 hours in Figure 2.3. The RAP wind 

fields were spatially converted from the Lambert conformal map projection and interpolated to 
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hourly temporal resolution and higher spatial resolution on the rectangular input grids used for 

model input in this study. The strong asymmetry of the hurricane wind field is shown in Figure 

2.3 with maximum wind speeds reaching 25 m/s and radius to maximum winds of approximately 

100 km over the GOM. Additionally, the rapidly evolving wind field is indicated by the different 

times, with the location of the eye of Hurricane Arthur and wind directions that enable the 

generation of storm surge in the BOF (Figure 2.3c,d). The intensity of Hurricane Arthur reduced 

as it crossed the relatively cold ocean water in the GOM, and it transitioned from a Category 2 

hurricane (Figure 2.3a) to a tropical storm (Figure 2.3d) on the Saffir-Simpson scale. Comparisons 

of the u and v wind components for the RAP wind model and the buoy observations are shown in 

Figure 2.4. Overall, very good data/model agreement was observed with most buoy wind 

components (u,v) achieving a correlation coefficient (R2) greater than or equal to 0.8 with root 

mean square error (RMSE) values averaging less than 1.9 m/s, indicating the applicability of the 

RAP winds for input to coupled numerical models to investigate storm surge and surface waves. 

 

2.3 Coupled Numerical Model 

2.3.1 Flow Model  

The hydrodynamic model Delft3D-FLOW (Lesser et al., 2004) was implemented in 2D (depth-

averaged) mode using a system of connected grids in spherical coordinates. Delft3D solves the 

unsteady shallow water equations resulting from boundary forcing (tides) and meteorological 

forcing (wind, pressure). In the present study, the model was set up with default settings. Bottom 

roughness was calculated using the Chezy roughness formula with a bottom drag coefficient of 65 

m1/2/s, a uniform background horizontal eddy viscosity was used with a value of 1 m2/s and Fredse 

(1984) was used to simulate stress formation due to wave forces. The model was run using a time 
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step of 6 s for a duration of 4 days from July 4-7, 2014, equivalent to Year Day 185 - 188 (where 

Year Day (YD) is defined as the day of the year starting from January1).   

The model domain covers the GOM and BOF, with an open boundary that extends from Chatham 

on Cape Cod MA to Yarmouth NS, as shown in Figure 2.1. Two computational grids with different 

horizontal resolutions were used. These two grids, both in spherical coordinates, were connected 

to each other using a two-way nesting technique called domain decomposition. The coarse grid 

encompasses all of the GOM and most of the BOF, with resolution of approximately 1000 m. The 

fine grid covers the BOF in Chignecto Bay and the Minas Basin, with horizontal resolution of 

approximately 500 m. Bathymetry data was obtained from the Canadian Hydrographic Service 

(NONNA-100) (Canadian Hydrographic Service. 2020) and ETOPO1 (Amante et al., 2009). 

NONNA-100 is a compilation of all validated bathymetric data collected from the Canadian 

Hydrographic Service with a common resolution of 100 m. ETOPO1 is a global relief model with 

resolution of 1 arc minute, equivalent to roughly 1.35 km at the latitude of the present study. Water 

depths were defined in relation to the Mean Sea Level (MSL) vertical datum. Boundary conditions 

for the FLOW model were developed using observations from the tidal water level stations at 

Yarmouth and Chatham, as shown in Figure 2.2d. The 6-minute observations at each tidal station 

were spatially interpolated between the two points to create a continuous boundary condition along 

the open ocean boundary shown in Figure 2.1. These tidal boundary inputs were defined according 

to the MSL vertical datum. At Yarmouth, with available observations related to the local Chart 

Datum (CD), the WebTide (Fisheries and Oceans Canada. 2009) tidal prediction model was used 

to determine the offset between local CD and MSL, and thus to convert the water level elevations 

to the MSL vertical datum.   

2.3.2 Wave Model 
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The WAVE module is the third generation spectral Simulating Waves Nearshore (SWAN) model 

(Booij et al., 1999) capable of simulating the generation and evolution of random, short crested 

waves using the discrete spectral action balance equation. This approach simulates the rate of 

change of wave action density with respect to time, geographic space, frequency and direction 

balanced against local sources and sinks of energy density. Previous studies have validated SWAN 

as an accurate predictor of hurricane wave conditions on the continental shelf and in coastal bays 

(Bennett et al., 2017, Mulligan et al., 2008, Hope et al., 2013). Wave model coefficients were kept 

mostly consistent with default settings: the (Battjes et al., 1978) model was used to simulate depth-

induced wave breaking with default coefficients ( = 1,  = 0.73) and bottom friction was 

parameterized using the JONSWAP method (Hasselmann et al., 1973) with a coefficient of 0.067 

m2/s3. Whitecapping was modelled using the van der Westhuysen (2007) formulation, and a first-

order upwind difference numerical scheme was used to increase computational efficiency and 

enhance model stability (Holthuijsen et al., 1989). The wave model frequency range was f = 0.05–

1.00 Hz with 24 logarithmically-spaced bins, and the directional resolution was 10o. To simulate 

the waves from the spatially varying hurricane winds, the model was run in non-stationary mode. 

Computations in non-stationary mode allow SWAN to capture the time-dependent wave response 

to wind changes, particularly in larger domain models, and can result in more realistic predictions 

compared to stationary mode (Rogers et al., 2007). The same model grids and bathymetry used in 

the FLOW model were also used in the WAVE model, however, to avoid unrealistic flows 

generated by waves at the boundary into the GOM (Figure 2.1), the wave boundary terminates in 

a depth of 30 m at each end and does not extend into shallow water near the coasts, but was allowed 

to extend to the shallow waters onshore elsewhere in the model. The sources of wave energy in 

the model domain are waves generated from the wind field input from the RAP model (Figure 2.3) 
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and time-varying waves entering through the open boundary across the mouth of the GOM. This 

wave boundary condition was developed using output from WaveWatch III (Tolman, 2009), a 

third-generation ocean wave model that solves the random phase spectral action density balance 

equation using wind inputs from the Global Forecast System. The point WW3 shown in Figure 2.1 

is the location where output data from WaveWatch III was obtained for input to the SWAN model. 

Coupling of the FLOW and WAVE models in a dynamic two-way simulation of wave-current 

interactions was included, with the models communicating every 30 minutes.  

 

2.4 Model Results 

2.4.1 Wave Hindcast 

The spatial variation in significant wave height and peak wave direction are shown at selected 

times during Hurricane Arthur in Figure 2.5, with winds at the corresponding times shown in 

Figure 2.3. As the strong 20-25 m/s winds near the eye of the hurricane entered the GOM and 

continued over the BOF, the large waves with Hs = 4-5 m were directed into the Atlantic Ocean 

and out of the model domain (Figure 2.5a,b) due to the offshore wind direction at that time, 

highlighting the importance of hurricane track with respect to wind generated wave direction. As 

Arthur continued northward, strong winds of approximately 20 m/s were sustained over the BOF 

and generated waves with Hs = 3-4 m. The model results suggest that waves generated within the 

GOM and lower BOF do not propagate fully through the Minas Passage. Wave heights are reduced 

to Hs = 2-3 m through the Minas Passage (Figure 2.5c,d), and in the semi-protected Minas Basin 

wind waves were generated with Hs = 1-2 m from the 10-15 m/s local winds. The potential for 

wave-driven contribution to total water levels is evident along the coast of Southern Nova Scotia, 

with up to 4 m waves impacting the shores. Comparatively, waves generated within the Minas 
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Basin are fetch-limited and are less than 2 m, resulting in smaller wave-related contributions to 

total water levels. The time series of predicted and modelled significant wave heights are shown 

in Figure 2.6 over 2 days from YD 186-188 with peak values of Hs reaching 2.79 m at 44027 and 

3.43 m at 44037, the instruments in closest proximity to the hurricane track. Near the center of the 

GOM, the model results at 44005 are in good agreement with the observed significant wave heights 

with an R2 value of 0.84 and an RMSE value of 0.18 m. Closer to the eye of the storm where Hs 

values are larger (44037 and 44027), the model results follow the general trend of the observed 

data with R2 values of 0.85 and 0.84 respectively, as well as RMSE values of 0.31 m and 0.45 m 

respectively however, Hs values are underpredicted at the peak of the storm, particularly at buoy 

44027. This discrepancy could be related to errors associated with missing data from the wave 

buoy or could be a consequence of the model inaccurately capturing swell waves entering the 

model domain from the Atlantic Ocean. To investigate this, the wave spectra at 44027 are shown 

at three selected times and the results indicate that the model did not accurately simulate the lower 

frequency swell (f < 0.10 Hz) that propagate in from the Atlantic Ocean on the eastern side of the 

GOM-ocean boundary. Instead, the model only captured the higher frequency wind waves 

generated within the model domain (Figure 2.7b,d,f). Comparatively, model results from 44005 

(Figure 2.7a,c,e) captures two spectral energy density peaks at f = 0.11 Hz and f = 0.18 Hz 

generated by the incident swell and locally generated wind-sea.  

As Arthur enters the GOM and propagates north along the western shore of Nova Scotia, the 

counter-clockwise winds are directed to the southeast and offshore into the Atlantic Ocean (Figure 

2.3b, Figure 2.5b). The output from WW3 at the point shown in Figure 2.1 was used as the input 

boundary condition to SWAN, and these offshore-directed waves therefore mean that swell energy 

does not enter the model domain at this time, likely contributing to the modelled significant wave 
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height at 44027 being lower than observations. A possible solution to this issue would include 

expanding the domain farther into the Atlantic Ocean to more accurately capture the lower 

frequency swell waves propagating into the GOM. However, this would significantly increase the 

computational cost with current simulation times spanning 2 days and, more importantly, change 

the water level boundary conditions, thereby compromising the ability to use the tides and storm 

surge observed at water level gauges at Yarmouth and Chatham as boundary forcing for the model. 

While wave-related contributions to total water level such as wave setup and runup are evident in 

the GOM, these contributions are small within the BOF and therefore weren’t examined in detail. 

As the present investigation is primarily focused on storm surge and water levels generated in the 

upper BOF, it is most appropriate to keep the location of the boundary at the location shown in 

Figure 2.1.  

Additional results shown in Figure 2.6 include observations at wave buoys 44033, 44034 and 

44098, with these wave buoys located farther from the hurricane track (Figure 2.5) contributing to 

smaller waves. Buoy 44033 has the lowest correlation factor of 0.28, likely a consequence of this 

buoy being protected near the coastline by islands that the WAVE model could not resolve at the 

current resolution. Model results and observation of Hs are in general agreement in the GOM, with 

R2 ≥ 0.8 at four of the six sites, suggesting that the wave predictions in the BOF (e.g., Figure 2.5d) 

are accurate, however no wave observations exist in the BOF during this time period. As the storm 

propagates over the BOF, the wave heights are smaller compared to the GOM due to reducing 

wind speed and fetch in the bay, however the total water levels from both the tide and storm surge 

increase dramatically. 

2.4.2 Water Level Hindcast  
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The spatial variability of total water level elevations in the GOM/BOF system are shown in Figure 

2.8 at selected times over two tidal cycles. The lowest water levels (Figure 2.8a,c) and the highest 

water levels (Figure 2.8b,d) occur in the upper BOF in the Minas Basin with the macrotidal range 

due to tidal resonance. Time series of the observed and modelled water levels are shown at three 

sites on the GOM in Figure 2.9. Overall, the simulated water levels are in very good agreement 

with observed data and scatter plots of the water levels have most points located on or close to the 

1:1 line, with all R2 ≥ 0.95 and RMSE values averaging 0.2 m. The increase in tidal amplitude 

from Boston (1.38 m, Figure 2.9a) to Cutler (2.05 m, Figure 2.9e) is apparent, and the amplitude 

in the upper BOF is significantly higher with total water levels of up to approximately 8 m in 

Minas Basin (Figure 2.8d), however the dominant signal is the astronomical tide with no surge 

immediately visible. 

2.4.3 Storm Surge Hindcast 

The storm surge during Hurricane Arthur was determined by calculating the residual water levels 

throughout the model domain, the difference between two model runs: the tides with storm run 

(Figure 2.10) and a run with tides only. This method was selected to account for the non-linear 

surge interactions. The results are shown in Figure 2.10. Prior to the storm, a negative storm surge 

of up to -0.18 m occurs as the winds are directed out of the Minas Basin and BOF accompanied 

with up to 0.05 m of positive surge in the GOM (Figure 2.10a,b). As the local wind direction shifts, 

directing wind into the BOF, positive storm surge extends into the Upper BOF and Minas Passage 

(Figure 2.10c). The maximum surge in the Minas Basin is shown in Figure 2.10d, with a total 

maximum water level reaching 7.62 m with storm surge accounting for 0.47 m of the total water 

level. Similar to how the surface waves depend on the track of a storm, the model results indicate 

that surge is also highly dependent on storm track. When the eye of Hurricane Arthur is north of 
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the BOF and the winds are directed into the Minas Passage (Figure 2.3d), a positive storm surge 

is generated in the Minas Basin (Figure 2.10d). 

The total water levels and storm surge at selected sites in the model are shown in Figure 2.11. In 

the GOM and BOF (Figure 2.11a,b) the storm surge is negligible. Inside the Minas Basin (Figure 

2.11c,d) the surge reaches  = 0.45 m and  = 0.47 m at MB (Minas Basin) and CB (Cobequid 

Bay) respectively, and occurs during flood tide (3 hours before high tide). Figure 2.11d shows that 

drying of the intertidal area occurs at  = -3.5 m at CB at low tide.  

Hurricane Arthur was not an exceptionally damaging storm; it did not cause flooding in the Minas 

Basin due to the combination of intensity, track, and timing with respect to the tidal cycle. 

However, the model results for this storm generate an interesting question: if the timing of the 

storm were changed would the storm surge be high enough to overtop local dyke systems and 

cause widespread flooding? To answer this question, an important historical event with a greater 

winds, a different track, and timing coincident with high tide is investigated.  The Saxby Gale of 

1869 was a Category 2 hurricane that struck the Maritime Provinces, generated a major storm 

surge, and had significant impacts on coastal areas.  

2.5 The Saxby Gale (1869) 

The Saxby Gale began as a Category 2 hurricane off the coast of Florida before traveling along 

the east coast of North America until making landfall at Cape Cod and crossing the GOM from 

October 4-5, 1869. The gale collided with a low pressure system moving west, fueling the storm 

as it continued across land (Ruffman, 1999), creating a ‘perfect storm.’ The colossal devastation 

associated with the gale was due to the concurrence of the storm with an abnormally large perigean 

tide. Perigean tides occur during a spring tide when the moon is in the closest proximity to Earth 
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(Pugh, 1987). Although spring tides occur regularly approximately every 14 days, perigean spring 

tides occur approximately every 200 days. The combination of the simultaneous storm and large 

tide events resulted in extremely high total water levels, with the Canadian Hydrographic Service 

reporting water levels reaching over 10 m with respect to geodic elevation, suggesting a maximum 

2 m storm surge (Ruffman, 1999). The devastation caused by the Saxby Gale was primarily caused 

by the overtopping of dyke systems in the Minas Basin and Chignecto Bay areas. The resulting 

flooding drowned hundreds of livestock, flooded thousands of acres of farmland and caused 

approximately 74 casualties.   

To assess the storm surge that was likely generated by this strong storm event, the Delft3D-FLOW 

and SWAN models were applied using the same grid and bathymetry configuration as in the case 

of Hurricane Arthur but with modified forcing corresponding to the 1869 Saxby Gale. These 

modifications include different tidal water levels at the open boundary and a different wind field. 

The tidal boundary conditions were developed from measured water level elevations at the 

Yarmouth NS and Chatham MA observation stations, corresponding to the perigean tide that 

occurred in January 2014. The wind field was constructed using the Holland (1980) parametric 

hurricane wind model using the storm parameters estimated from the North Atlantic hurricane 

database (HURDAT) from the US National Hurricane Center (Landsea et al., 2013). The RAP 

wind model, used to generate Arthur’s wind field, was not used because the model data only 

extends back to May 2012. The Holland model uses the tropical cyclone parameters (eye location, 

maximum wind speed Umax, radius to maximum winds Rmax, minimum central pressure Pmin, and 

ambient atmospheric pressure Pamb) to produce a large-scale cyclonic wind field. Hurricane 

asymmetry was added to the model by including forward-moving velocity to the gradient wind 

speed equation and pressure profiles (Bennett et al., 2017, Mulligan et al., 2015). There is very 



 

23 

 

limited information on the meteorology of the storm, however the report by Ruffman (1999) has 

track and intensity information and Landsea et al. (2013) describes some meteorological 

parameters of the Saxby Gale. From these sources and other assumptions based of storms of similar 

size and magnitude, the best track parameters were estimated (Umax = 30-46 m/s; Rmax = 100 km; 

Pmin = 950-980 kPa; Pamb = 101.5 kPa) to represent the storm as it transitioned from hurricane to 

tropical storm.  

The resulting wind field is shown in Figure 2.12a, and the model results using these best estimates 

of wind and tidal forcing are shown in Figure 2.12b-d. The winds generated significant wave 

heights of up to 10 m in the GOM (Figure 2.12b). The total water levels exceeded 10 m in Minas 

Basin (Figure 2.12c), due to the combination of the perigean spring high tide that occurred at the 

same time as the storm surge of over 1 m in the Minas Basin (Figure 2.12d).  

Due to differences in the track and intensity of each storm, the Saxby Gale generated much larger 

waves than Hurricane Arthur. In the GOM, the significant wave height reached 10 m during the 

Saxby Gale (Figure 2.12b) and would have had major impacts along the shoreline of Maine that 

were much greater than the impact of storm surge that only reached 0.2 m in this area (Figure 

2.12d). In comparison, Hurricane Arthur generated smaller significant wave heights up to 5 m in 

the GOM (Figure 2.5b).  This is due in part to the track on the east side of the GOM, that resulted 

in predominantly offshore directed winds and waves. In Minas Basin, the storm surge generated 

by the Saxby Gale was also larger than that of Hurricane Arthur, reaching upwards of 1 m in the 

Minas Basin (Figure 2.12d). With a storm track across the west side of the GOM and a larger 

radius to maximum winds, winds were directed into the upper BOF over a longer distance, 

resulting in a higher surge that was funneled from the GOM into the Minas Basin (Figure 2.12d).  
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2.6 Combining Storm Surges and Tides 

The combined effects of storm surges and tides can lead to a range of possible total water level 

elevations.  To explore the range of possibilities, we focus on applying the coupled hydrodynamic 

and wave models to run ten simulations and evaluate five storm scenarios and determine the 

maximum associated water levels in the upper BOF at site CB (location shown in Figure 2.1). 

These scenarios include: Hurricane Arthur, Hurricane Arthur simulated with time adjusted by 3 

hours such that the storm surge peak occurs at the time of high tide, Hurricane Arthur simulated 

with higher tides corresponding to the peak of a spring tidal cycle, Hurricane Arthur simulated 

with large tides corresponding to the perigean tide from January 2014 and the Saxby Gale 

simulated using the Holland (1980) wind model and large tides corresponding to a perigean tide 

from January 2014. The results are shown in Figure 2.13, with the blue bars representing the cases 

with tide-only, the orange bars representing the storm surge in tide+surge model runs indicating 

the total water levels due to the combination of these processes, and finally the yellow bars that 

represent the wave amplitude (significant wave height divided by two) to illustrate the portion of 

the wave height above the total water level. The results are compared to local dyke heights in close 

proximity to model point CB, which range from a minimum height of 9.26 m to a maximum height 

of 10.46 m, both in relation to MSL. This range was estimated from a dyke vulnerability 

assessment by van Proosdij et al. (2018) and is indicated in Figure 2.13 by the grey shaded region. 

The first scenario shown in Figure 2.13a is Hurricane Arthur, with the spatial variability shown in 

Figure 2.8 and the temporal variability at this site shown in Figure 2.11d. The combined tide, storm 

surge and waves that occurred during Hurricane Arthur did not overtop the dykes and therefore 

did not cause flooding because the maximum storm surge occurred three hours before high tide. 

The second scenario represents the case of Hurricane Arthur if the maximum storm surge had 
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occurred three hours later and coincided with the high neap tide. As shown in Figure 2.13b, the 

storm surge is larger and the total water level is higher and reaches 7.97 m MSL with 0.39 m of 

wave amplitude extending beyond total water level. These water levels did not exceed the dykes, 

since the dyke systems are typically designed for higher tides. But what if Hurricane Arthur had 

occurred at high tide during a spring tide or an even higher perigean spring tide?  These scenarios 

are shown in Figure 2.13c and Figure 2.13d, reaching elevations of 10.14 m and 10.50 m MSL, 

respectively, with both experiencing 0.39 m of wave amplitude extending beyond total water 

levels. The total maximum water levels both exceed the minimum height, but only if Arthur had 

occurred at the perigean spring tide would it have resulted in exceedance of the maximum dyke 

crest height and likely resulted in flooding. However, when including wave amplitude both 

situations have water breaking maximum dyke crests. Therefore, a storm similar to Hurricane 

Arthur occurring during a spring tide could potentially result in total water levels that could surpass 

local dyke elevations. The last scenario shown in Figure 2.13e is the case of the stronger Saxby 

Gale that occurred during a perigean spring tide, with the spatial variability of this storm shown in 

Figure 2.12c, and it reaches the highest total water level elevation of 10.92 m MSL with 0.48 m 

attributed to wave amplitude. In this case the combined storm surge and tide clearly overtop the 

maximum height of local dykes in the area and from written records it is known that this storm 

caused devastating flooding. 

In the interpretation of the results of the five model scenarios, it is important to consider limitations 

of the model grid. The present regional grid is too coarse to resolve individual dykes, and therefore 

a much higher resolution grid is needed in future studies to resolve overtopping of dykes and 

flooding of land.  The total water level results in this study are obtained from an offshore point in 

Cobequid Bay (in Minas Basin) at CB as shown in Figure 2.13. Thus, the results of the five 
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scenarios are only intended to provide estimates of the large-scale response to the interaction 

between tides and the winds from Hurricane Arthur. With this in mind, the following key 

observations can be drawn. First, the complexity of non-linear storm surge interaction means that 

higher tides or stronger storms do not necessarily compound into higher surge and total maximum 

water levels. This is evident in scenarios two through four (Figure 2.13b-d). These three scenarios 

were conducted using consistent meteorological inputs during Hurricane Arthur with increasing 

tidal inputs, however the surge associated with the maximum water levels does not increase 

linearly. Rather, scenario three (Figure 2.13c) experiences the largest surge, associated with 

maximum total water level, followed by scenario two (Figure 2.13b) and scenario four (Figure 

2.13d). These findings reinforce the notion that increasing the water level inputs in the system will 

not guarantee higher surge levels. Secondly, the track of a storm is important when examining 

storm surge in the Minas Basin. The location of the storm dictates if and how long offshore winds 

are forcing water through the Minas Passage from the GOM and BOF. The Saxby Gale generated 

the largest surge of all scenarios due in part to the track of the storm relative to the bay. The third, 

and possibly most important, finding from this study is how tidal phasing affects storm surge in 

the Minas Basin. The total water levels from scenarios one and two (Figure 2.13a,b) are both 

significantly lower than the dyke crest elevations, demonstrating that storms impacting this area 

will have little chance of overtopping dykes unless they occur during a high spring tide. The effects 

of a powerful storm coinciding with a perigean tide are evident with the last two scenarios (Figure 

2.13d,e). Both simulations show a perigean tide below the maximum threshold of local dyke 

elevations, but in combination with storm surge and wave amplitude, they exceed maximum dyke 

crests. Interestingly, the maximum total water level experienced during Arthur at perigean tide 

(Figure 2.13d) is nearly equivalent to Arthur at a regular spring tide (Figure 2.13c) with a 
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difference of only 0.36 m. This is an important finding because it suggests that a storm does not 

need to occur during the rarity of a perigean tide (approximately every 200 days) but could be 

almost equally as damaging during a spring tide (approximately every 14 days).    

 

2.7 Summary and Conclusions 

Hydrodynamic model simulations of Hurricane Arthur (2014) and the Saxby Gale (1869) 

demonstrate the potential for tropical storms to generate large waves and storm surges in the Gulf 

of Maine (GOM) and Bay of Fundy (BOF) system. The model results suggest that storm track and 

timing with respect to the tidal cycle are the most important influencing factors of storm surge and 

can affect the potential for dyke overtopping and flooding. The flood risk associated with storm 

surge is higher with storms occurring during spring or perigean spring high tides. In the North 

Atlantic Ocean, many hurricanes and tropical storms weaken over cool water or follow a more 

eastward track without directly impacting the GOM/BOF system. However, other recent events 

such as Tropical Storm Andrea (2013) and Hurricane Teddy (2020) have had impacts but it is rare 

for the occurrence of a major storm to coincide with a perigean spring tide with this tide only 

occurring approximately every 200 days. Recent research in climate change suggest that these 

storms are likely to increase in intensity, leaving coastal areas increasingly vulnerable to flood 

hazards due to sea level rise (SLR). The Canadian Maritime region is highly susceptible to the 

effects of SLR compared to other Canadian coastal regions, with projections between  0.75 – 1 m 

increase by 2100 (Sweet et al., 2017). Although the superposition of tides, surge and SLR is not a 

linear process, the increase in water levels will still contribute to the increase risk of overtopping 

dyke systems. 
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The results of the present investigation indicate the potential for flooding from total water levels 

that exceed dyke heights due to the combination of storm surge, large tides and wave amplitude in 

the GOM and BOF system. The model results suggest that an exceptionally devastating storm 

during a rare tidal event, like the 1869 Saxby Gale, is not necessarily needed to overtop current 

dyke systems within the BOF but rather a tropical storm occurring during a regular spring tide 

could have the potential to overtop the dyke systems.  

Future research would also benefit from long-term observations of waves and water levels, 

particularly in the Upper BOF such as in the Minas Basin and Cobequid Bay, since climate change 

may cause more intense storms. Additionally, the study of tide-surge interactions generated by 

other types of storms (e.g., extratropical storms) in this area is recommended. Higher resolution 

numerical models could be used to simulate the hydrodynamic conditions on small scales specific 

to local dyke systems and predict overtopping sites and flood extent, and other storm impacts. 

Finally, a statistical analysis of the probability of the storm and tidal components occurring 

together is recommended to explore the realistic possibilities of these two factors occurring 

concurrently.  
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Table 2.1: Observation stations in the Gulf of Maine and Bay of Fundy in July, 2014 

Instrument 

Name 

Measurements 

 (U,Hs,η)a  

Sampling Interval, 

min 

44005 

44027 

U,Hs 

Hs* 

60,60 

60 

44030 U, Hs** 10,30 

44032 U, Hs** 10,30 

44033 

44034 

U, Hs 

U, Hs 

10,30 

10,30 

44037 

44098 

U, Hs 

Hs 

10,30 

30 

Boston η 6  

Portland η 6 

Bar Harbour η 6 

Cutler η 6 

Eastport η 6 

Wells η 6 

Yarmouth η 6 

Chatham η 6 

 

aWind data (U), wave height data (Hs), water level elevation data (η)                                             

*Wave sensor was damaged during storm, therefore wave data is incomplete, but usable                                 

**Wave sensor was damaged during storm, therefore wave data is incomplete and unusable 
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Table 2.2: Associated error between observed and modelled wind components, water level 

elevations, and significant wave heights 

Instrument 

Name 

Parameter  R2  

Value 

RMSE  

Value 

44005 

 

 

 

44027 

u 

v 

Hs 

 

Hs  

0.81 

0.88 

0.84 

 

0.84 

 

1.95 m/s 

2.03 m/s 

0.18 m 

 

0.45 m 

44030 u 

v 

Hs  

0.72 

0.86 

N/A 

1.66 m/s 

1.68 m/s 

N/A 

44032 

 

u 

v 

Hs  

0.70 

0.88 

N/A 

1.91 m/s 

1.59 m/s 

N/A 

44033 u 

v 

Hs  

0.71 

0.86 

0.28 

1.65 m/s 

1.94 m/s 

0.33 m 

44034 

 

u 

v 

Hs  

0.81 

0.85 

0.52 

1.83 m/s 

1.81 m/s 

0.28 m 

44037 

 

 

 

44098 

 

Boston 

 

Portland 

 

Bar Harbour 

 

Cutler 

 

Eastport 

 

Wells 

u 

v 

Hs 

 

Hs 

 

η 

 

η 

 

η 

 

η 

 

η 

 

η 

0.81 

0.86 

0.85 

 

0.76 

 

0.95 

 

0.97 

 

0.99 

 

0.99 

 

0.99 

 

0.96 

2.57 m/s 

1.98 m/s 

0.31 m 

 

0.23 m 

 

0.20 m 

 

0.16 m 

 

0.19 m 

 

0.21 m 

 

0.26 m 

 

0.18 m 
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Figure 2.1: Map of the Gulf of Maine (GOM) and Bay of Fundy (BOF) system showing 

bathymetry (colour contours), instrument sites, storm tracks, and model grid boundaries. 
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Figure 2.2: Key storm observations during Hurricane Arthur (grey zone) from sites near the 

boundary of the Atlantic Ocean and the Gulf of Maine: a) wind speed at 44037; b) significant wave 

height measured at 44037 (black) and simulated at WW3 (red); c) peak wave period measured at 

44037 (black) and simulated at WW3 (red); d) water level elevations at Yarmouth NS (red) and 

Chatham MA (green). 
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Figure 2.3: Hurricane Arthur winds over the GOM-BOF system at selected times with wind speed 

(colour contours) and wind direction (vectors) from the RAP model: a) as the eye of the storm 

enters the GOM (YD 186.25); b) as the eye enters the BOF (YD 186.50); c) maximum winds over 

the BOF (YD 186.75); and d) maximum winds over Minas Basin (YD 187.00). The pink line 

indicates the storm track, and pink dots indicate the location of ocean buoys (the last 2 digits are 

shown). 
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Figure 2.4: Comparison of observed winds with RAP model winds at buoys listed in Table 1. The 

surface horizontal u (left) and v (right) wind components are shown. 
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Figure 2.5: Significant wave height (Hs, colour contours) and peak wave direction (black vectors) 

at selected times during Hurricane Arthur: a) as the eye of the storm enters the GOM (YD 186.25); 

b) as the eye enters the BOF (YD 186.50); c) time of maximum winds over the BOF (YD 186.75); 

and d) maximum winds over Minas Basin (YD 187.00). The pink line indicates the storm track, 

and pink dots indicate the location of ocean buoys (the last 2 digits are shown). 
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Figure 2.6: Comparison of observed and modelled significant wave height at selected wave buoys: 

a) buoy 44005; b) buoy 44027; c) buoy 44033; d) buoy 44034; e) buoy 44037; f) buoy 44098. The 

vertical dashed lines represent time steps shown in Figure 7. 
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Figure 2.7: Comparison of observed and modelled spectral wave energy density at 44005 (left) 

and 44027 (right) at selected times that are indicated by vertical lines in Figure 6. 



 

38 

 

 

 

 

 

Figure 2.8: Water level elevations due to combined tides and storm surge at selected times over an 

18 hour period during Hurricane Arthur: a) as the eye of the storm enters the GOM (YD 186.25); 

b) as the eye enters the BOF (YD 186.50); c) maximum winds over the BOF (YD 186.75); and d) 

maximum winds over Minas Basin (YD 187.00). The pink line indicates the best track and yellow 

triangles indicate water level gauge locations. The black line indicates the boundary between the 

coarse and fine grids. Red indicates positive and blue indicates negative mean water level elevation. 
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Figure 2.9: Water level elevation time series and scatter plots comparing observations at selected 

water level gauges and model results: a)-b) Boston MA; c)-d) Portland ME; and e)-f) Cutler ME. 
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Figure 2.10: Residual water level elevations due to storm surge induced by Hurricane Arthur at 

selected times: a) as the eye of the storm enters the Gulf of Maine (YD 186.25);  b) as the eye 

enters the Bay of Fundy (YD 186.50); c) maximum winds over the Bay of Fundy (YD 186.75); 

and d) maximum winds over Minas Basin (YD 187.00). Red indicates positive and blue indicates 

negative mean water level elevation. 
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Figure 2.11: Simulated water level elevations for tide-only and tide+storm model runs and the 

residual storm surge during Hurricane Arthur at selected locations indicated in Figure 1, with the 

maximum value of storm surge at each site: a) -0.03 m at GOM; b) 0.06 m at BOF; c) 0.45 m at 

MB; d) 0.47 m at CB. 
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Figure 2.12: The Saxby Gale storm of 1869 during the time of peak storm surge: a) wind field 

generated from the Holland (1980) model and storm parameters estimated from Ruffman (1999) 

and Landsea & Franklin (2013); b) significant wave height and peak wave direction; c) total water 

level elevation during the perigean tide; d) residual storm surge. The green line indicates the storm 

track. 
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Figure 2.13: Maximum water level elevations at site CB in the upper BOF shown in Figure 1 for 

three simulations of each scenario. This includes tide-only (blue bars), tide+surge (orange bars) 

and tide+surge+waves (the lower number on each bar indicates the tide-only elevation, the middle 

number gives the value of storm surge above the astronomical tide and the upper number gives the 

wave amplitude Hs/2 above the tide and surge water level). The simulations are: a) Hurricane 

Arthur; b) Hurricane Arthur simulated with time adjusted by 3 hours such that the storm surge 

peak occurs at the time of high tide; c) Hurricane Arthur simulated with higher tides corresponding 

to the peak of a spring tidal cycle; d) Hurricane Arthur simulated with large tides corresponding 

to the perigean tide from January 2014; and e) the Saxby Gale simulated using the Holland (1980) 

wind model and large tides corresponding to a perigean tide from January 2014. The range of dyke 

elevations in Minas Basin (van Proodsij et al., 2018) are shown by the grey region. 
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Chapter 3 

Modelling spatial and temporal variability in tidal currents and bed shear 

stress at a macrotidal salt marsh channel and mudflat 

 

Abstract 

The Minas Basin in the Bay of Fundy contains intertidal mudflat and salt 

marshes that are highly dynamic and sensitive to possible future changes 

from climate change and built infrastructure. In this study the short-term 

hydrodynamics and long-term morphology of the macrotidal Kingsport 

Marsh were investigated with field observations and a 3D numerical 

model. Long-term aerial images from 2012 and 2019 were compared to 

investigate the local bed level changes in the tidal channels and mudflat. 

Observations suggest that bed accretion over the 7 year time period ranges 

from 0.06-0.15 m, with greater changes to the tidal drainage channels that 

migrated 3-10 m. Short-term observations using in situ current profilers 

over 6 days were compared to a numerical model (Delft3D) with a system 

of connected grids that achieves 5 m horizontal resolution with 18 vertical 

layers in the marsh and mudflat region. The model simulations were 

validated using the observations in the main channel and mudflat and 

spatially analyzed over a typical tidal cycle. The results show an active 
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environment during flood and ebb tides with current velocities and bed 

shear stresses that can exceed the threshold for resuspension of intertidal 

muddy sediments on ebb and flood tide. The findings of this study are an 

important step towards understanding the complexity of physical processes 

active in intertidal marsh channel and mudflat systems.  

 

3.1 Introduction  

Salt marshes are coastal environments exposed to flooding and drying from tides and represent 

some of the most dynamic and sensitive geological, biological and hydrodynamic marine areas 

(Davis, 2012). Topographically, salt marshes form along mid- to high latitudes in areas that are 

sheltered from large wave intensity and consist of complex tidal channels that connect to expansive 

tidal flats (Allen, 2000). Channels and flats typically have fine bed sediments and contain little to 

no vegetation but are commonly surrounded by vegetated marsh platforms (Allen, 2000). Salt 

marshes are favourable environments for high concentrations of suspended sediments resulting in 

high levels of accretion and erosions in the channel and flat networks (Stumpf, 1983). The Minas 

Basin is located within the Bay of Fundy (BOF), connected to the Gulf of Maine (GOM), and has 

salt marshes along the areas of the coast. The basin experiences the largest tidal environment in 

the world with water levels that can exceed 16 m (Garrett, 1972), and therefore has broad intertidal 

areas. In this macrotidal setting, many oceanographic and intertidal studies have been conducted. 

Sediment transport has been studied in the Minas Basin including research on individual marsh 

systems (O'Laughlin et al., 2013) and numerical modelling of tides and sediment transport has 

been conducted over the entire basin (Tao et al., 2014, Mulligan et al., 2019, Wilson et al., 2017). 

Vegetation has been studied in the Minas Basin to interpret its effects on marsh flows (Ashall et 
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al., 2016b) as well as how vegetation could aid in the restoration of marshes (d'Entremont et al., 

2018). Tidal power extraction is an important research topic in the Minas Basin due to the high 

velocity flows in the Minas Passage (Karsten et al., 2013), with additional research focusing on 

potential effects of in-stream tidal current turbines (Ashall et al., 2016a, Wu et al., 2016). Climate 

change is another important research topic within the Minas Basin because of the sensitivity 

between possible future increases of water levels (Greenberg et al., 2012) in the basin relative to 

the elevations of the existing protective dyke systems (van Proosdij et al., 2018).  

Past research focusing on the Minas Basin, for both the large scale basin and small scale marshes, 

exemplify the dynamics and complexity of the geological, environmental and hydrodynamic 

processes in this system. In conjunction with increasing water levels and the potential changes due 

to tidal power extraction, this highlights the importance for further study of hydrodynamics in the 

Minas Basin, specifically related to the intertidal regions which are very sensitive to change.  

Understanding the tidal flows in salt marshes is key to predicting how the system’s sediments and 

hydrodynamics may fluctuate with future alterations in the greater Minas Basin and BOF. Previous 

studies of sediment dynamics has also focussed on suspended sediment transport concentration 

(Poirier et al., 2017) grain size distribution (Law et al., 2019) and settling velocity (Law et al., 

2021). Spatial variability in the sediment flux, generated by local hydrodynamics, causes bed 

elevation changes and creates the intricate and sensitive network of channels and flats within a 

marsh system.  

In the present study, an intertidal area is analysed using a three-dimensional hydrodynamic model 

called Delft3D to simulate current flow and bed shear stress at a major channel network and 

mudflat with greater emphasis on morphological change and bed shear stress in comparison to 

previous studies conducted in this location. The goal is to examine the local elevation changes in 
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a salt marsh using aerial imagery, a commonly used technique in the BOF region to asses flood 

mapping (Webster, 2010) and elevation patterns (Millard et al., 2013), over a time scale of years 

and simulate the tidal hydrodynamics over a time scale of days to investigate spatial and temporal 

variability in tidal currents and bed shear stress. This paper provides an overview of the study area, 

with both aerial and in situ observations in an intertidal salt marsh, as well as an overview of the 

numerical model (Section 2), an analysis of model results compared to field observations and 

spatially varying model results (Section 3), and a discussion of tidal hydrodynamics in the salt 

marsh (Section 4).  The study is concluded by focusing on the importance of studying long term 

sediment evolution in an intertidal salt marsh (Section 5).   

 

3.2 Methods 

3.2.1 Study Area  

The GOM and BOF system is located on the Atlantic Ocean on the coasts of the eastern United 

States and Maritime Canada (Figure 3.1). The combined area of the system is 1.09 × 105 km2, and  

at the eastern end of the BOF is the Minas Passage, a region with fast moving tidal currents up to 

5 m/s which connects to a wider bay called the Minas Basin. This system experiences the highest 

tidal range in the world because of the near identical resonance between the natural oscillation 

period of the system and the M2 lunar semi-diurnal tidal constituent (Garrett, 1972).  This 

synchronization of periods yields tidal water level elevations up to 16 m high in the Minas Basin. 

The large tidal range has resulted in macrotidal salt marshes in coastal areas surrounding the Minas 

Basin with an area of 360 km2  (Ashall et al., 2016a). The Kingsport marsh is a macrotidal marsh 

located within the Cornwallis estuary, part of the Southern Bight of the Minas Basin, shown in 

Figure 3.1.  
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3.2.2 Observations and Morphological Change 

In this study, the Kingsport marsh is investigated with field instruments deployed at three locations 

(Figure 3.2) and these sites are referred to as the main channel (MC), mudflat (MF) and mudflat 

channel (MFC) sites. Continuous in situ hydrodynamic data of water levels, current velocities and 

suspended sediment concentrations were collected from April 24– June 24, 2019, corresponding 

to YD 114 – 175 where YD refers to the day of the year from January 1. Observations were 

collected using oceanographic instruments, including high-resolution Acoustic Doppler Current 

Profilers (Nortek Aquadopps), and pressure and turbidity sensors (RBR virtuosos, RBR duets). 

The Aquadopps were setup to measure the vertical profile of current velocity in the water column 

located above them in 28 equal 0.8 m bins. The instruments had a sampling rate of 8 Hz and were 

active for 10 minute bursts over 60 minute intervals. The virtuosos are turbidity loggers that 

collected samples every 5 minutes. The duets were used for wave and water level measurements 

and sampled at a rate of 8 Hz. Aquadopps, virtuosos and duets were installed at MC and MF, and 

virtuosos and duets were deployed at MFC. Meteorological data was collected using a CR300 data 

logger to measure local wind velocities and precipitation with a sampling interval of 60 minutes. 

Topographic and bathymetric data of the Kingsport marsh was collected using Light Detection and 

Ranging (LiDAR) in a November 2012 survey with a resolution of 1 m. Two recent surveys of the 

Kingsport marsh were collected in November 2019 using Phantom 4 Pro drones and measured the 

inter tidal topography over a smaller area with a resolution of 0.1 m. The first drone survey 

(October 30, 2019) covers the lower elevation mudflat region (MF and MFC) and the second 

survey (November 11, 2019) covered the higher elevation marsh and channel region (MC). The 

topographic and bathymetric data sets were georeferenced to the CGVD28 vertical datum. 
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Figure 3.2 show the contour lines derived from the 2012 LiDAR survey, with the entire marsh 

spanning an elevation change of roughly +8 m from -22 m near the opening to the lower mudflats 

to -14 m at the road embankment. Within the marsh, sandy mudflats and channel systems vary in 

elevation between -22 m and -20 m before elevating to the salt marsh platforms typically ranging 

in elevation from -16 m to -14 m. The banks separating the vegetation regions and sandy 

flats/channels rapidly increase in elevation over a short distance causing distinct channel networks 

that carve through the marsh (Figure 3.2). Sediment flux was calculated by comparing the LiDAR 

imaging to the two drone surveys collected in 2019. The bed morphology difference over the 7 

year period is shown in Figure 3.3. A key difference in elevation indicated in this figure is the 

evolution of channels between the surveys. In the mudflat region, the evolution of the north east 

channel is apparent, characterized by up to 1 m of erosion on the southern bank and up to 0.75 m 

on deposition on the northern bank, with southward migration of the channel over the 7 year time 

period. Similar patterns occur in the marsh channel region. Branching networks of smaller tidal 

channels off the main channel also show evidence of migrating southward, with substantial change 

of up to  1 m of erosion on the southern embankments of the channels and deposition up to 0.8 m 

on the northern embankments over this time. Vegetated areas have larger changes in elevation, 

however this could be due to differences in plant locations or local plant growth. Additional bed 

level change are evident over the mudflats, however deposition and erosion in these areas is not as 

substantial when compared to the changes along the channel banks. Average sediment deposition 

and erosion depths in the mudflat region were 0.17 m and -0.11 m respectively, and were 0.35 m 

and -0.20 m respectively for the marsh channel region.  

Observations of winds and precipitation are shown in Figure 3.3, including Webtide tidal 

prediction of the water levels (Dupont et al., 2005) at  a location in the BOF denoted by WT (Figure 
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3.1). Local wind speed and precipitation were collected at the Kingsport marsh using the CR300 

data logger. The tidal water levels at the model boundary are shown in Figure 3.4a, and Figure 

3.4b-c display the local wind and precipitation that occurred during the study period. These data 

sets indicate a storm event from YD 117.5-118 with 10 – 15 m/s wind speeds and 25.4 mm 

precipitation. The effect of the storm event is shown in Figure 3.5 with the higher values of 

significant wave height (Hs) and turbidity observed at all three sites (MC, MF and MFC). Figure 

3.5a depicts the local water depths at each site, and the depths at MC and MFC are similar during 

high tides, roughly 5.9 m and 6.4 respectively during the tide on YD 118.0, due to the similar 

elevation at the sites. The water depth at MF is lower because this observation site is located at a 

higher elevation and the high tide reaches approximately 4.05 m. Low tides in Figure 3.5 are 

depicted by sections with no data as the Kingsport marsh dries out. Figure 3.5b shows the local 

significant wave height at each site and the wave heights during this time are typically less than 

0.25 m except during the precipitation event, when Hs reached 0.66 m at the most exposed site 

(MF). The MF site consistently experiences the largest waves of the three locations, due to greater 

exposure to Minas Basin for wind generated waves. Figure 3.5c displays the turbidity data at each 

site, and the turbidity was typically highest during the ebb and flow tides with data reaching 550 

NTU, not including the storm event. During the storm, a significant increase in turbidity occurred 

with maximum levels nearly tripling to 1450 NTU. The MFC site experienced the highest levels 

of turbidity at ebb flow during the storm, possibly due to erosion and transport of sediments in the 

system being suspended from waves and rainfall and transported by tidal currents.   

3.2.3 Model  

Delft3D-FLOW (Lesser et al., 2004) is a hydrodynamic model that solves the unsteady shallow 

water equations and transport phenomenon with forcing from atmospheric and boundary 
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conditions. Water levels and currents were modelled in 3D using the σ co-ordinate structured grid 

with the second order k–ε turbulence closure scheme (Bijvelds, 2002, Uittenbogaard et al., 1992). 

In the present study the FLOW model was set up with predominately default settings. Background 

horizontal eddy viscosity used a value of 1 m2/s, and fluid density was 1025 kg/m3. The bottom 

roughness was calculated using the Chezy roughness formula with a bottom drag coefficient of 48 

m1/2/s. This parameter was changed after initial model testing suggested that this value represents 

the local bed roughness better than the original default setting of 65 m1/2/s and represents the 

friction of intertidal mud. The model was run using a time step of 1 s for a duration of 6 days from 

April 25 – 30, 2019, equivalent to YD 115 – 120 (12 tidal cycles), and results are shown over the 

last 8 tides to allow for model spin-up. Observation locations were included in the model to collect 

data at the three sites (MC, MF and MFC) in 10 minutes intervals.  

The model domain covers the BOF and includes the Minas Basin, Minas Passage and Cornwallis 

estuary. The model is composed of 4 separate grids of differing vertical and horizontal resolutions 

(Figure 3.1) connected using a 2–way nesting technique called domain decomposition. The 4 grids 

are defined in spherical coordinates, and have approximate horizontal resolutions of 500 m, 100 

m, 25 m and 5 m respectively with the finest grid covering the Kingsport Marsh. Vertical resolution 

of each grid, using the σ-co-ordinate system that follows the bathymetry, has a different number 

of layers (1, 3, 9, 18) to achieve the highest vertical resolution in the finest grid covering the 

Kingsport Marsh. Bathymetric data was obtained from the Canadian Hydrographic Service 

(NONNA -100) (service, 2020)  and ETOPO1 (Amante et al., 2009). NONNA–100 is a 

compilation of validated bathymetric surveys collected by the Canadian Hydrographic Service 

with an average resolution of 100 m. ETOPO1 is a global bathymetry archive with a common 

resolution of 1 arc minute which, at the current studies latitude, corresponds to a resolution of 
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roughly 1350 m. The model was forced using water levels from the WebTide tidal prediction 

model (Dupont et al., 2005) at a point within the BOF indicated by the point “WT” in Figure 3.1. 

The boundary covers the width of the BOF, spanning across the west side of grid 1.   

3.3 Model Results 

3.3.1 Comparison with field observations 

The temporal model results for water depth and current velocity components at sites MC and MF 

are shown in Figure 3.6 and Figure 3.7 respectively. Model results for depth (h) and current 

velocity components, at both the surface (us,vs) and bottom (ub,vb)  layers, was compared to field 

observations over 8 tidal cycles. The model results at the main channel (MC) site show strong 

agreement between depth, us current velocities and ub current velocities (Figure 3.6) with 

correlation coefficient (R2) values of 0.97, 0.62 and 0.72 respectively. The model accurately 

captures the maximum depth values of the system which, in this portion of the tidal cycle, averaged 

to 5.9 m at high tide. The model results for surface and bottom current velocities capture the 

general trend of the observed data within errors that are common when modelling slow moving 

water. Surface velocities typically range from -0.05 m/s – 0.14m/s and bottom velocities range 

from -0.025 m/s – 0.075 m/s.  The observed surface level velocity data experienced a peak at YD 

118.5. The model was not able to capture this as storm conditions from winds and rainfall were 

not included in this model. At site MC, the v-component of the current does not match model 

results, likely due to the location of the observation site with respect to the resolution of the grid 4 

model domain. The MC model location was located in one of the main channels in the Kingsport 

marsh. Due to the 5 m resolution of the model, the model observation locations do not exactly 

correspond to observation locations. In regards to the model MC location, the observation point 

was placed slightly higher on the channel embankment compared to actual sensor, again, due to 
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the limitations of the 5 m resolution. This discrepancy of the model observation location is shown 

when examining Figure 3.5c. Unlike the other current results, the v component of the MC shows 

very little velocity evolution during the tidal cycle with values typically ranging between 0.015 

m/s – 0.02 m/s for both surface and bottom layers. This excludes the flood and ebb tides which 

had larger velocities upward of 0.18 m/s.    

The model results at the mudflat site (MF) show good agreement with observations near the surface 

and near the bed for both velocity components (Figure 3.7) with R2 values of 0.94 for h, 0.57 for 

us, 0.67 for ub, 0.74 for vs and 0.81 for vb.. The simulated current velocities match the overall 

progression of the observed current velocities however both components tend to underpredict the 

positive velocity sections. The u component of model velocities for both the surface and bottom 

layers are very similar with a range of -0.11 m/s – 0.14 m/s for the surface layer and -0.07 m/s – 

0.085 m/s for the bottom layer. Similar to the MC location, the observed v component at MF 

experienced a peak in velocity during YD 118.5 that is likely caused by the storm event.   

 

3.3.2 Spatial Variability in Salt Marsh Flows 

Maps of the spatial results for the model simulation are shown in Figures 8 – 11 for water depth, 

surface layer velocity, bottom layer velocity and bed shear stress, respectively. These figures 

primarily depict the results in the finest grid (grid 4) in the Kingsport marsh at four times (low tide, 

flood tide, high tide and ebb tide) over one tidal cycle on YD 117-118. The bold black line in these 

figures depicts the separation of model grids between grid 3 and grid 4.  

The results at low tide are shown in panel a of Figures 8 – 11 in the Kingsport marsh, which is 

completed dried out at this time. Outside the marsh area (in grid 3) water depths up to 2.8 m (Figure 
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3.8a) occur in the Cornwallis estuary during low tide. Figure 3.9a and Figure 3.10a show some 

water flow directed into the Minas Basin from the Cornwallis estuary with current velocities less 

than 0.05 m/s for both the surface and bottom layers. Bed shear stress is less than 0.1 N/m2, in the 

Cornwallis Estuary.  

At flood tide, shown in panel b in Figures 8 – 11, water depths increase as water enters the system 

(Figure 3.8b). Water begins to flow over the lower mudflats connecting grid 3 and grid 4 and fills 

the bottom of the channel networks located in grid 4. Water depths vary across the system with 

depths in the channel systems ranging 1 m – 4 m depending on elevations. Figure 3.9b and 10b 

demonstrate the rapid current velocities at the surface and bed level during flood tide over the 

intertidal area. Surface level current reach speeds of 0.5 m/s where the water is entering the 

Cornwallis Estuary while bottom level speeds are slightly slower at 0.38 m/s in the same location. 

Current velocities reduce as the water enters the flats and channels of the Kingsport marsh. Bed 

shear stresses (Figure 3.11b) are increased during the flood tide, due to the increase in water flow 

and interaction with the bottom layer of the model. The higher values of shear stress are in the 

Cornwallis Estuary where current velocity is at a maximum, yielding bed stress of approximately 

0.98 N/m2 in the region. Shear stress reduces in the flat and channel systems of the Kingsport 

marsh as velocity decreases with local maximums equalling 0.3 N/m2. 

At high tide, shown in panel c in Figures 8 – 11, local depths in the Kingsport Marsh are around 8 

m in the channels and 5 m – 6 m over the mudflats. Currents during the flood tide decrease in 

velocity shown in Figure 3.9c and Figure 3.10c with surface and bottom velocities in the Kingsport 

marsh declining to around 0.12 m/s and 0.07 m/s respectively. The Cornwallis estuary experiences 

a higher current speed compared to the marsh during high tide, however the local velocities are 

also lower compared to flood tide. Figure 3.10c shows a system with low bed shear stress similar 
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to Figure 3.10a. With lower overall current velocities, bed stress is lower. Limited stress can be 

seen in the Cornwallis Estuary where current velocity remains during the high tide, with stress 

levels of 0.1 N/m2.  

At ebb tide, shown in panel d of Figure 3.8 – 11 the water depth is decreasing as water flows from 

the marsh into the Cornwallis Estuary. Depths over the mudflat flats are approximately 1 m – 4 m  

as water drains into surrounding channels with depths averaging 1.5 m. Currents flow in opposite 

directions (Figure 3.9d and Figure10d) compared to during the flood tide. Surface and bottom level 

velocities in the marsh approach 0.35 m/s and 0.2 m/s respectively in the channel networks before 

accelerating to 0.47 m/s and 0.28 m/s in the Cornwallis estuary for surface and bottom layers 

respectively. The effect of the ebb tide on the bed shear stress is shown in Figure 3.11d where, like 

the flood tide, has an increase in stress due to the higher velocity levels. Bed shear stress in the 

channel networks of the Kingsport marsh reach a maximum of 0.23 N/m2 before increasing to 

approximately 0.74 N/m2 in the Cornwallis estuary.    

3.4 Discussion 

3.4.1 Long-term Morphological Change 

The results shown in Figure 3.3 highlight the observed net morphological change in the system. 

The surveys covering the main channel and mudflat both suggest an influx of sediment in the 

marsh, with an average bed elevation increase of 0.06 m in the mudflat and 0.15 m in the main 

channel over the 7 year period from 2012-2019. The main channel has higher accretion likely due 

to suspended sediment accumulating and settling in the vegetated areas. Greater channel shifts of 

approximately 10 m occurred on the mudflats which is dominated by silty sands with minimal 

vegetation and sediment is more easily resuspended, compared to on the vegetated salt marsh 

platform. In the main channel, which is surrounded by a vegetated platform, channel shifting of 
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less than 3 m occurred however the bed level changes are localized on the banks of the channels 

compared to the more open mudflat areas. Overall, the observations at these two sites indicate an 

environment that has a net positive bed level change with dynamically shifting tidal creeks.  

3.4.2 Short-term Tidal Hydrodynamics 

Overall, the model results in Figure 3.6 and Figure 3.7 show good agreement with observed data. 

The model results at sites MC and MF results shows good correlation with depth and current 

velocity, however the v-component of current velocities at the MC site was erroneous likely due 

to the model output location and local channelized flow in the area. The agreement between model 

and observation results confirm the applicability of the model to reliably simulate currents and 

depths in the Kingsport Marsh. Using the two observation locations to validate the model, spatial 

results from the model are examined at four key time steps corresponding to a full tidal cycle in 

Figures 8–11. From these observations a pattern between depth, current speeds and bed shear stress 

is apparent. During the flood and ebb tides the depth in the Kingsport marsh and Cornwallis 

Estuary is dynamic as water rushes into the system from the Bay of Fundy generating the largest 

local currents speeds of up to 0.5 m/s. Consequentially, bed shear stress in the system also increases 

to values greater than 0.95 N/m2 due to the higher velocity. 

 In a field observation study in a tidal bay with muddy sediments, (Wengrove et al., 2019) noted 

that erosion occurred over shear stresses ranging from 0.10 N/m2 (incipient motion) to 0.35 N/m2 

(resuspension events). Therefore the range of bed shear stresses simulated in the present study 

indicate that sediment would likely be resuspended on every flood and ebb tide, and this is 

supported by the local measurements of turbidity shown in Figure 3.5. In a previous study by 

Poirier et al (2017), suspended sediment concentrations greater than 2000 mg/L were observed in 



 

57 

 

a tidal creek in the Kingsport Marsh. To explore the range of near-bed variability at the mudflat 

and main channel sites, the bed shear stress is calculated from the observations using: 

𝜏 = 𝜌𝐶𝐷�⃑� 2       (1) 

Where 𝜌 is the fluid density, �⃑�  is the near-bed velocity, and 𝐶𝐷is the bottom drag coefficient.  The 

bottom drag is related to the Chezy roughness coefficient 𝐶𝑧 in Delft3D using: 

     𝐶𝐷 =
𝑔

𝐶𝑧
2      (2) 

Using Eq. (2) with 𝐶𝑧 = 48 m1/2/s for the intertidal mud yields 𝐶𝐷 = 0.0043, and this value is used 

in Eq. (1) to calculate the observed bed shear stress values. The model results in the present study 

indicate that at low and high tide, current velocities are typically than 0.15 m/s and bed shear 

stresses are less than 0.1 N/m2. Figure 3.12 shows the relationship between water depth and bed 

shear stress for the main channel and mudflat for both model and observation results. This figure 

depicts, for both model and observational results, how bed shear stress is larger before water depths 

reach their maximums at each site due to the higher current velocities from flood and ebb tides. 

While the model results in Figure 3.12b appear to be more organized when compared to the 

observational results in Figure 3.12a, it is possible that when additional processes  are added to the 

simulation (e.g., surface waves, precipitation) the model results will potentially match the 

observations. These results are presented over several typical tidal cycles, however it would be 

interesting to examine larger tides (e.g., spring perigean tides) at other times in future work. Future 

studies could also examine the influence of waves and precipitation on currents and sediments, for 

example during the storm event on YD 117-118 in 2019. 



 

58 

 

3.5 Conclusions 

In this study, an intertidal salt marsh within the Bay of Fundy was examined using a high-

resolution three-dimensional hydrodynamic model to strengthen the understanding of the dynamic 

system in preparation for future infrastructure development and climate change. Morphological 

change was observed over a 7-year period from 2012 to 2019 using aerial imagery to track the 

evolution of two sites: a main channel and mudflat. Results show a slowly evolving system of 

migrating creek networks for both sites, however creek migration in the mudflat is much greater 

compared to the main channel. Additionally, a net positive accretion rate of 0.06 m and 0.15 m for 

the main channel and mudflat respectively suggest the topography in the Kingsport Marsh is 

increasing in elevation due to sediment accretion. In-situ observations for a one-month period from 

in 2019 were collected including water levels, current profiles, surface waves, turbidity and 

meteorological data. Water levels and current profiles in the main channel and mudflat were used 

to validate a 6-day tidal simulation of the flood/dry processes in marsh and system. Model results 

of depth and current velocities generally agree with observations, validating the model and 

allowing for further analysis of surrounding locations in the marsh. Spatial variability in the results 

of the model suggest a highly dynamic tidal environment during flood and ebb tides, with elevated 

current velocities and bed shear stress, and a more quiescent environment during high and low 

tides, with lower current velocities and bed shear stresses.  

This study provides the important framework needed to understand the dynamic process involved 

in an intertidal marsh system within the Bay of Fundy. Accurate simulations of currents and 

analysing long term morphological change will aid in understanding how the system behaves 

before future events that may disrupt the system. It is recommended that future research 

incorporate sediment transport and bed morphology change. Additionally, it is recommended that 
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a wave model be incorporated to capture the high levels of sediment flux and current variations 

associated with storm events. Finally, incorporating models that span longer durations and 

different time periods would provide insight on seasonal variability in the salt marsh. The research 

conducted in this study, in combination with these future recommendations, would lead to a 

working numerical model that would be able to simulate the future effects of in stream tidal 

turbines and sea level rise in the Kingsport Marsh and greater Minas Basin area.  
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Figure 3.1: Map of the Gulf of Maine (GOM) and Bay of Fundy (BOF) system showing 

bathymetry (colour contours) with an inset map showing the Cornwallis Estuary and Kingsport 

Marsh. All model grid boundaries are shown in red. 
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Figure 3.2: Contour map of the Kingsport marsh with three instrument sites: Main Channel (MC), 

Mudflat (MF) and Mudflat Channel (MFC) from a  LiDAR survey conducted in 2012. Elevations 

are shown in meters relative to the CGVD28 vertical datum. 
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Figure 3.3: Morphological changes over a 7-year period in the Kingsport marsh with positive bed 

level changes depicted in red and negative bed level changes depicted in blue. Data was collected 

from a full-coverage LiDAR survey (background true colour image, 1 m resolution, 2012) and two 

regions with high-resolution partial coverage phantom 4 pro drone survey (red-blue areas, 0.1 m 

resolution, 2019). 
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Figure 3.4: Tides and meteorological conditions over the study period: a) tidal water level 

elevations used as the model boundary condition predicted using WebTide (at point WT in Figure 

1); b) local wind speed and c) precipitation at the Kingsport marsh collected using a CR300 data 

logger. 
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Figure 3.5: Key instrument observations at each field site in Kingsport: a) water depth; b) 

significant wave height; c) turbidity at the bed level. Site locations are shown in Figure 2. 
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Figure 3.6: Time series and scatter plots comparing observations (dots) and model results (lines) at 

the main channel (MC) site: a) water depth; b) u-component and c) v-component of velocity. 

Results are shown at the surface (blue) and the bed level (red). 
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Figure 3.7: Time series and scatter plots comparing observations (dots) and model results (lines) 

at the mudflat (MF) site: a) water depth; b) u-component and c) v-component of velocity. Results 

are shown at the surface (blue) and the bed level (red). 
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Figure 3.8: Simulated water depth over a 9.5 hour period during a full tidal cycle in the Kingsport 

marsh: a) during a low tide (YD 117 17:00); b) during a flood tide (YD 117 20:30); c) during a 

high tide (YD 117 23:00); d) during an ebb tide (YD 118 2:30). The black line indicates the border 

between Grid 3 (25 m resolution) and Grid 4 (5 m resolution). 
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Figure 3.9: Simulated current velocity at the water surface over a 9.5 hour period during a full tidal 

cycle in the Kingsport marsh: a) during a low tide (YD 117 17:00); b) during a flood tide (YD 117 

20:30); c) during a high tide (YD 117 23:00); d) during an ebb tide (YD 118 2:30). The black line 

indicates the border between Grid 3 (25 m resolution) and Grid 4 (5 m resolution). 
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Figure 3.10: Simulated current velocity at the bed level over a 9.5 hour period during a full tidal 

cycle in the Kingsport marsh: a) during a low tide (YD 117 17:00); b) during a flood tide (YD 117 

20:30); c) during a high tide (YD 117 23:00); d) during an ebb tide (YD 118 2:30). The black line 

indicates the border between Grid 3 (25 m resolution) and Grid 4 (5 m resolution). 
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Figure 3.11: Simulated bed shear stress over a 9.5 hour period during a full tidal cycle in the 

Kingsport marsh: a) during a low tide (YD 117 17:00); b) during a flood tide (YD 117 20:30); c) 

during a high tide (YD 117 23:00); d) during an ebb tide (YD 118 2:30). The black line indicates 

the border between Grid 3 (25 m resolution) and Grid 4 (5 m resolution). 
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Figure 3.12: Scatter plot comparing the relationship between bed shear stress and water depth for 

the mudflat (brown circles) and main channel (blue triangles) sites: a) observational results; b) 

model results. 
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Chapter 4 

Summary and Conclusions 

The Bay of Fundy is a dynamic macrotidal environment with a wide range of important 

hydrodynamic processes. Future changes to this sensitive coastal region, including climate change 

and in-stream tidal current turbines, could upset the equilibrium within the Bay of Fundy 

particularly related to overtopping the protective dyke networks and eroding local intertidal salt 

marshes. The objective of this thesis was to gain a firm understanding of coastal processes acting 

in the Bay of Fundy on large and small scales.  

In Chapter 2 a large scale coupled hydrodynamic simulation of Hurricane Arthur (2014) was 

evaluated against available wind, wave and tide data using Delft3D-SWAN across the Gulf of 

Maine and Bay of Fundy. Hurricane Arthur was manipulated to evaluate how storms occurring 

during varying tidal cycles would interact with dyke systems in the Minas Basin. Additionally, a 

historical storm called the Saxby Gale of 1869 was simulated to investigate how the storm would 

have impacted the Bay of Fundy.  

The following major conclusions were made from Chapter 2:  

- Modelled tide and wind data matched very well with observed data with high correlation 

coefficient (R2) values averaging 0.98 and 0.81 respectively. Wave data results are less 

accurate, average R2 of 0.68, due to complications from energy entering domain and 

resolution of data buoys in the model.  

- Results indicated that the storm surge from Hurricane Arthur would not have been able to 

overtop dykes within the Minas Basin due to the storm occurring during a neap tide.  

- Results suggest that a storm similar to Hurricane Arthur or Saxby Gale has the potential to 

overtop dykes in the Minas Basin if the storm occurs in conjunction with a high spring tide.  
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In Chapter 3 a small-scale hydrodynamic simulation of the Kingsport marsh within the Minas 

Basin was modelled over several tidal cycles in May 2019. Using a high-resolution bathymetry 

grid, the Delft3D model was validated against in situ observations at key intertidal sites including 

a main channel and a mudflat. The variability in current velocities, water depths and bed shear 

stresses were examined to further understand the complex hydrodynamics that occur over the 

flood/ebb tidal cycle in the Minas Basin’s tidal flats.   

The following major conclusions were made from Chapter 3:  

- Model results for water depth at the main channel and mudflat have R2 values of 0.97 and 

0.94. Model results for average current velocities, incorporating velocity components from 

surface and bed levels, at the main channel and mudflat have associated R2 values of 0.34 

and 0.7. The low associated values for the main channel are due to the limited resolution 

in that model location.  

- Analysis of high-resolution topographic survey data indicates a net positive accretion rate 

of 0.06 m and 0.15 m at the main channel and mudflat over a 7-year period.  

- Spatial model results depict a dynamic environment during flood and ebb tide with current 

velocities and bed shear stress approaching 0.5 m/s and 1 N/m2 respectively.  

4.1 Future research 

Future work related to Chapter 2 could include:  

- Long term observational buoys within the Bay of Fundy and Minas Basin for better 

validation of model results.  

- Including alternative storm types (extratropical storms, nor’easters) to examine varying 

effects on the area.  
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- Statistical analysis to examine the likelihood of storm events occurring in conjunction with 

certain tidal cycles.  

Future work related to Chapter 3 could include:  

- Including sediment transport and waves, an morphological evolution in simulations to 

further investigate turbidity and bed level changes in the salt marsh and tidal flat system. 

- Running model simulations for longer time periods as well, as during different seasons, to 

investigate seasonal variability within the marsh.  
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