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ABSTRACT
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Two impacts of changing climate that are affecting much of Canada's coast are decreasing
sea ice and changing storminess. The historical trends and projections in sea ice are well
known, but there is less consensus on historical and projected storminess.

The general purpose of this research was to investigate nearshore sediment transport in a
changing climate including various scenarios of wave storminess and sea ice concentrations
off the central north shore of Prince Edward Island (PEI). Specifically, nearshore sediment
transport was simulated using the Delft3D hydrodynamic modelling software to: help
explain the persistence of some coastal sedimentary landforms; develop a technique to
simulate wave- and current-driven nearshore sediment transport in the presence of
nearshore sea ice; and simulate nearshore sediment transport under a range of wave and
ice conditions to assess the relative impact of each on predicted nearshore sediment
transport.

The model employed two nested grids covering the central north shore of PEI. Waves
currents, water levels, and sediment transport were modelled in open water conditions. The
results were found to accurately simulate measurements collected during autumn field
studies. In open water simulations in autumn, bedload comprised approximately 60% of
total transport and was directed onshore. Suspended load comprised the remaining 40%
and was directed offshore and alongshore to the east. Results from sediment transport

modelling help explain the persistence of an offshore sand-starved zone, sand in the
nearshore, and sediment supply to other transgressive geomorphological features such as
large banks, flood tidal deltas and onshore dunes.

To include sea ice, sediment transport in open water simulations was modified using a
model of the exponential attenuation of the energy of waves entering nearshore sea ice.
When compared to data collected during a field experiment measuring waves in sea ice, the
model successfully simulated nearshore wave energy attenuated by sea ice. It was found
that when sea ice was present, a semi-empirical model of the exponential decay of wave
energy in sea ice can be applied at the coast.

In 49 simulations of storminess and sea ice, sediment transport shows much less sensitivity
to changing storminess than to changing sea ice. Scenarios of sediment transport in variable
wave storminess are not significantly different from each other while scenarios of sediment
transport in variable sea ice differ significantly. In the simulations varying sea ice,

sediment transport increased to approximately 30% concentration, nearshore
sediment transport doubled. As open-water storminess increased from present day
through possible future scenarios, nearshore sediment transport increased a further
50%. When sea ice concentration decreases below approximately 30%, storminess
will then become the important factor in rates of nearshore sediment transport

On ice-affected coasts, understanding the implications of decreasing sea ice is of
greater immediate concern for managing adaptation to coastal climate change than
is understanding the potential implications of uncertain changing storminess.
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Chapter 1
Introduction
1.1

Background

The Intergovernmental Panel on Climate Change (IPCC) has stated, without
equivocation, that the effects of climate change are now being felt (IPCC, 2014). Among
the many potential impacts of changing climate on Canadian coasts are sea-level rise,
decreasing sea ice and changing storminess (Lemmen et al., 2016). The north shore of
Prince Edward Island is particularly susceptible to these impacts because it is composed
of erodible sediments and sandstone, sea level is rising, sea ice is decreasing, and
storminess may be changing. Sea-level rise is a slow process, and the shoreline evolves
over the long-term. In the shorter term, part of changing climate is changing weather and
oceanographic conditions which force coastal change. This research investigates the
interactions of changing sea ice, changing storminess and the nearshore sedimentary
system of the central north shore of Prince Edward Island (PEI) in the southern Gulf of
St. Lawrence. Because there is seasonal sea ice, the north shore of Prince Edward Island
is an appropriate laboratory for understanding some aspects of climate change in the
coastal Canadian Arctic. The following sections use examples from the different Arctic
regions.
1.2 Coastal Geomorphology
The southern Gulf of St. Lawrence (Fig. 1.1) is a broad, shallow basin formed in
Permian-Carboniferous sandstones and shales of the Prince Edward Island Group (Owens
and Bowen, 1977). Approximately 15.5 thousand calendar years before present (cal yr
BP), near the beginning of deglaciation, sea level was close to present day sea level. As
deglaciation progressed, relative sea level (RSL, a combination of vertical motion of the
land and changes in ocean water volume) began to fall. At approximately 9500 cal yr BP,
RSL was at a lowstand approximately 42 m below present day sea level, and since that
time, RSL has been rising. Based on the Charlottetown tide gauge record, between 1911
and 1998, the rate of RSL rise has been 3.2 mm/a, which is slightly slower than the
approximately 4.4 mm/a inferred since the 9500 cal yr BP lowstand (Parkes et al., 2002).
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Post-glacial transgression has resulted in the present day shoreline which consists of
eroded cliffs of mixed sandstone and till, submerged embayments, and sandy deposits in
ebb- and flood-tidal deltas, spits, beaches, and dunes. Despite an apparent abundance of
sand in these depositional sinks, between approximately 7 and 35 m water depth, sand is
relatively scarce and found in thin disconnected sheets (Forbes and Manson, 2002)
suggesting that sediment transport is predominantly onshore and alongshore. Alongshore
drift may be constrained by subtle headlands to discrete coastal cells (Inman and
Frautschy, 1966). Five cells are recognised on the north shore of PEI: Malpeque,
Cavendish, Brackley, Tracadie, and St. Peter's (Forbes et al., 2004). This research is
focussed on Brackley and Tracadie Bights (Fig. 1.2) because their location in the central
part of the north shore may create complex sediment transport patterns, and they are the
most data rich of the north shore bights, having been studied extensively since at least the
mid-1980s.

Figure 1.1. Location of the study area in the north shore of Prince Edward Island in the
Southern Gulf of St. Lawrence with regional bathymetry in metres.
2

Figure 1.2. A map of the study area showing local bathymetry and distributions of coarse
gravels (lighter tones) and sands (darker tones). The background image is Landsat
satellite imagery.
1.3 Storminess
The coastal storm climate of the southern Gulf of St. Lawrence can be divided into three
seasons: the fairweather summer (May-August); the stormy open water autumn
(September-December), and the stormy sea ice-affected winter (January-April).
In autumn and winter, intense storms originating off the coast of the eastern United States
commonly approach the study area from the south. Less common winter storms approach
from the west. Both types of storm systems bring strong northerly winds, large waves,
and water levels elevated above normal by storm surges (Manson et al., 2002a; Manson
et al., 2002b; Parkes and Ketch, 2002). Storms are rare in summer and are likely
associated with the passage of tropical cyclones during the Atlantic hurricane season,
considered to occur between June and November, with a peak in August-September
(Parkes et al., 2006).
In summer and autumn, tropical cyclones sometimes retain much of their tropical
character as they transit the region and recurve northeast towards Newfoundland. These
3

storms are typically independent of other systems, have strongest wind speeds in the
bottom part of the storm adjacent to the centre, and are fed by latent heat (Evans and
Hart, 2003). Typically, tropical storms lose their source of latent heat and undergo
extratropical transition before they leave the region (Bowyer et al., 2001; Jones et al.,
2003). Extratropical storms have the strongest winds in the top part of the storm at
distance from the centre, and are driven by baroclinic instabilities where warm air and
cold air meet (Evans and Hart, 2003). As storms undergo extratropical transition they
often interact with nearby systems, with the potential for explosive deepening. Referred
to as "the bomb" (Sanders and Gyakum, 1980), notable examples of severe transitioning
storms are the Saxby Gale and several storms in the early 2000s (Abraham et al., 1999;
Manson et al., 2002b; Parkes et al., 2006). In winter, almost all storms approaching the
region have transitioned to extratropical and are known as "nor'easters". Continental
systems that approach from the west and are known as "clippers" (Gyakum et al., 1996).
These storms, with large waves and waves and high surges, are known to be very
effective in causing coastal change (Forbes et al., 2004; Orford and Carter, 1995; Orviku
et al., 2003; Pirazzoli et al., 2004). In the study area, storm waves typically have
significant heights of 5 to 7 m and peak periods of 7 to 9 s, though during one storm in
October 2000, a wave with maximum height of 14 m and peak period of 13 s was
measured off Brackley Beach.
Water levels measured over 21 years (1975-1995) at the North Rustico tide gauge
(Brackley Bight) were studied intensively by Parkes and Ketch (2002). Surges are
typically largest during northeast storm winds. The highest measured water level of 2.14
m chart datum occurred during a nor'easter in November 1988 with a surge of 1.28 m.
The highest surge in the record is 1.36 m that occurred during a nor'easter in November
1986. This surge was out of phase with the tide so the water level was not as high as it
could have been on high tide. Anecdotal evidence from local residents, and the presence
of storm deposits in nearby dunes suggest that much higher water levels and larger surges
can occur.
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Considering that storm winds cause the waves that in turn cause sediment transport, the
MSC50 52 year wind and wave hindcast (Swail et al., 2006) was analysed for trends in
storminess. Figure 1.3 shows northerly wind speeds from the MSC50 hindcast node
6010491 off Brackley Beach. The top panel (a) shows the number of northerly wind
events/year. A wind event was defined by wind speeds greater than 50 km/h for at least
12 hours allowing for lulls of 6 hours. Northerly events are those with mean wind
direction greater than 270o or less than 90o. Of the 529 storms identified between 1953
and 2005, 53% occurred in autumn, 44% occurred in winter, and 3% occurred in summer.
There is no significant trend indicating changing storminess in any season.

Figure 1.3. Analyses of northerly wind events and northerly winds greater than 50 km/h.
a) Number of events per year in summer, autumn, and winter with the total, b) annual
sum of northerly wind speeds greater than 50 km/h.
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There is little consensus on how storminess might change into the future. IPCC (2013),
using defined qualifiers, indicated that while it is virtually certain that the frequency and
intensity of storms have increased in the North Atlantic since 1970, there is also low
confidence in region-specific projections of storminess. Inuit observations in the western
and central Canadian Arctic have suggested that the variability and predictability of
weather is changing, and stronger winds may be occurring in summer while weaker
winds may be occurring in winter (Gaden et al., 2015). Manson et al. (2002b)
investigated winds in the CGCM2 general circulation model (Flato and Boer, 2001; Flato
et al., 2000) for the southern Gulf of St. Lawrence and found winter wind speeds may be
expected to increase into 2050 and then level off (Fig. 1.4).

Figure 1.4. CGCM2 projections of sea ice and wind speeds in the study area (after
Manson et al., 2002a).
1.4

Sea Ice

The influences of nearshore ice on coastal processes can be grouped into two roles of
protection from incoming wave energy, and contribution to sediment transport. In its
protective role, ice reduces fetch, by both limiting fetch and restricting the height to
which waves grow, and attenuating wave energy as waves travel through ice (Shen and
Squire, 1998; Squire et al., 2005; Wadhams et al., 1988). These processes reduce incident

6

wave energy and the potential for storms to cause shoreline changes when ice is present
(Allard et al., 1998; Davidson-Arnott, 2005; Solomon et al., 2004; Walsh et al., 2005). In
its transport role, ice pile-up moves sediment landward as large ridges entrain seafloor
sediment and deposit it on the beachface and upper shoreface (Reimnitz and Barnes,
1987). Reimnitz et al. (1990) estimated that ice pile-up in the Alaskan Beaufort Sea may
contribute 1 m3 of sediment per each metre of pile-up alongshore. Pile-up is known to
occur in the southern Gulf of St. Lawrence (Parkes et al., 2006) but is localised and
infrequent. In the macro-tidal Bay of Fundy, ice blocks are known to move sediment
from elevations below mean sea level to the higher high tide line (van Proosdij et al.,
2006).
Also contributing to transport, inclusion of suspended sediment in frazil and nilas ice
during freeze-up can result in advection of sediment offshore into deep ocean basins.
Dethleff (2005) calculated that sea ice can export up to 20 Mt of sediment per year from
the Laptev Sea. Eicken et al. (2005) calculated that ice in the Chukchi and Beaufort Seas
can contain up to 128 t/km2 and estimated export exceeded 8 Mt in one year. It was also
suggested that thinning ice, increasing open water, and breakout events of landfast ice are
causing increased rates of sediment transport by sea ice.
In these Arctic areas, and in the Great Lakes, the transport role of sea ice has been
considered most important (Barnes et al., 1994; Barnes et al., 1993; Dionne, 1992;
Reimnitz and Barnes, 1987; Reimnitz et al., 1990) and sediment transport by sea ice
certainly occurs in the Gulf of St. Lawrence and is not understood. This research
considers the protective role of sea ice. On the north shore of PEI, ice in the southern
Gulf of St. Lawrence is commonly advected to the south by northerly winds to lie against
the coast leaving open water to the north in which waves can form. This configuration of
ice and open water can be considered analogous to a marginal ice zone (Squire et al.,
2005; Wadhams et al., 1988) in shallow water, allowing a simple model of wave
attenuation by sea ice (Wadhams et al., 1986; Wadhams et al., 1988) to be tested.

7

Beginning in the late 1960s to early 1970s, sea ice has been charted by the Canadian Ice
Service (CIS). The charts give digital data on the spatial distribution by day and week, of
total sea ice concentration, ice development, and ice type. As part of a larger study on the
sensitivity of Canada's coasts to climate change (Lemmen et al., 2016), all weekly charts
produced by the CIS (2012) were downloaded and converted to rasters with 1 km pixels.
The charts were analysed pixel by pixel for each year to determine the beginning of
freeze-up and the onset of break-up in each year. The beginning of the open water season
was defined as the week number of the chart in which ice concentration first decreased
below 50% , and the end of the open water season is defined by week number in which
sea ice concentration last increased above 50%. In selected areas, including the north
shore of PEI, the length of the open water season was calculated allowing for break-up
and freeze-up to occur in different calendar years. Figure 1.5 shows the length of open
water season for the PEI study area, the Yukon coast, Inner Frobisher Bay, and
Cambridge Bay,
The lengthening of the open water season in the PEI study area, the Yukon coast, and
Frobisher Bay is apparent and statistically significant, whereas the trend in Cambridge
Bay is statistically ambiguous. It seems likely that ice in constricted channels continues to
be stable, whereas, in more open settings, has more open water into which it can be
advected.
1.5

Nearshore Sediment Transport

Nearshore sediment transport is an important control on the formation and erosion of the
morphological features in the nearshore and subaerial portions of the coast. It contributes
to both accretion and erosion of coastal sedimentary features. Conceptually and
theoretically, nearshore sediment transport is well understood. Wave-driven and tidal
currents interact with the seabed and available sediment is suspended and entrained in
fluid flows. The flow transports sediment along- and across-shore after it becomes
entrained and before it is deposited when the flow slows (Davidson-Arnott, 2010; Komar,
1998; Soulsby, 1997).
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Figure 1.5. Length of the open water season in weeks at a) the study area on the north
shore of Prince Edward Island, b) the Yukon coast (Beaufort Sea), c) inner Frobisher Bay
(Iqaluit region), and d) Cambridge Bay (northern Queen Maude Gulf). Note different yaxis scale for the PEI study area.
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1.6

Hydrodynamic Models

Hydrodynamic models are frequently used to simulate nearshore waves and currents and
sediment transport. Typically, hydrodynamic modelling of sediment transport has been
conducted over relatively small spatial scales (e.g. Johnson et al., 2001; Reniers et al.,
2004) and to simulate relatively short-lived events (e.g. Roelvink et al., 2009). In the
study area, Boczar-Karakiewicz et al. (1995) implemented a one-dimensional model
simulating cross-shore migration of nearshore bars. More recently, Davies (2011) used a
one-dimensional algorithm based on Kamphuis et al. (1986) to model the potential for
sediment transport along the entire coast of PEI. With different techniques and improved
models, nearshore hydrodynamic models such as Mike21 (DHI, 2007) and Delft3D
(Deltares, 2011a; Deltares, 2011b) are increasingly being used to simulate larger scale
processes operating over seasons, years and decades in two (depth-averaged) and three
(depth-variant) dimensions (e.g. Hanson et al., 2003; Jones et al., 2007; Ruggiero et al.,
2009; van Rijn et al., 2003).
1.7

Statement of Problem

Nearshore sediment transport is an important process in determining rates of coastal
change. In general, sediment transport occurs during storms which bring large waves and
generate strong currents. In the PEI study area, nearshore winter sea ice may limit the
development of waves and influence rates of sediment transport. Changing climate is
causing a reduction in sea ice concentrations and may be affecting storminess. How
changing storminess and changing sea ice are related to changing rates of wave-driven
sediment transport is not well known on ice-affected coasts.
1.8

Objectives

The general purpose of this study is to examine the relationships between wave
storminess, nearshore sea ice, and sediment transport on the central north shore of Prince
Edward Island. Specific objectives are to:
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1) Simulate waves, currents, water levels and nearshore sediment transport during
storms and fairweather periods in open water during autumn seasons, and to
verify that the model reasonably represents sediment transport processes.
2) Determine rates and directions of sediment transport to better understand the
coastal geomorphology of the study area.
3) Adapt and verify a model of wave attenuation by sea ice and apply it in
simulations of sediment transport in winter when sea ice is present in varying
concentrations.
4) Apply the sea ice model to determine the relative importance of storms versus sea
ice in affecting rates of sediment transport, and how sediment transport will
change with the anticipated reduction in sea ice and potential changes in
storminess due to changing climate.
1.9

Thesis Structure

The thesis is structured as a series of related manuscripts. Chapters 2, 3 and 4 are standalone manuscripts that have either been published or submitted for peer review.. These
chapters are followed by a general discussion and conclusions chapter (Chapter 5). A
preliminary investigation of an approach to modelling sediment transport in sea ice using
Mike21 is included in Appendix A.
Chapter 2, previously published as Manson et al. (2016), describes the modelling of
nearshore sediment transport in the stormy autumn open water season using Delft3D and
serves as an introduction to storminess and the use of the Delft3D model to simulate
nearshore sediment transport. Rates of nearshore transport are considered alongside the
coastal geomorphology and nearshore sediment transport in the study area. Chapter 2
addresses Objectives 1 and 2.
Chapter 3, previously published as Manson et al. (2015), introduces a deep water model
of wave energy attenuation in offshore marginal ice, and adapts that model to nearshore
conditions and a model of the attenuation of wave energy density in nearshore sea ice. A
technique is developed that applies, in post-processing, the nearshore wave attenuation
11

model to results from open water Delft3D simulations. Measurements from an under-ice
wave experiment are used to verify and calibrate the nearshore attenuation model.
Chapter 3 addresses Objective 3.
Chapter 4, (Manson, submitted), describes present day trends and projections of future
storminess and sea ice, and combines the Delft3D sediment transport model from Chapter
2 with the technique developed in Chapter 3 to include the effects of sea ice on waves.
The Delft3D open water model is applied in seven simulations of open water storminess
and seven scenarios of low to high sea ice concentrations (including the open water
simulations) giving results from 49 different model runs. Chapter 4 addresses Objective
4.
Chapter 5 is a synthesis of Chapters 2, 3, and 4. It addresses an apparent inconsistency of
Chapter 3 and past research, further considers sediment transport in autumn and winter,
and the transport of sediment by sea ice. Chapter 5 also presents a compilation of
conclusions from the previous chapters.
Appendix A, published by Manson (2012), describes an initial attempt at modelling
sediment transport in the study area. The Mike21 modelling software was used because it
is relatively simple to develop a simulation, it applies a flexible mesh which is highly
appropriate in nearshore sediment transport models, and has an option to include sea ice.
However, it was discovered that the implementation of sea ice in Mike21 is too simplistic
for the objectives of this study, and Mike21 results are cumbersome to analyse in thirdparty software such as MatLab and ArcGIS. Coincidentally, Delft3D open source code
was released at the same time as the Mike21 analyses were completed. While Delft3D
simulations are more complicated to develop, the interface with MatLab and ArcGIS is
seamless, and because the code is open source, the technique described in Chapter 3 and
implemented in Chapter 4 can be included in the source code in future studies. The
decision was made to migrate to Delft3D. Manson (2012) is included as Appendix A, for
completeness, because it partly addresses Objectives 1 and 3, it provides greater detail on
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some aspects of previous fieldwork, and describes the methods used to determine some of
the calibration coefficients applied in Chapters 2 and 3.
1.10 Author Roles
Manson was lead author in the two published papers in Chapters 2 and 3, sole author in
the submitted paper in Chapter 4, and sole author in the peer-reviewed report in
Appendix A. In the co-authored papers, Manson wrote the first draft, created all figures,
and presented a complete document to co-authors for review. Davidson-Arnott, Ollerhead
and Bauer provided scientific guidance, comments strengthening graphics and
conclusions, and editorial advice on the structures of the papers presented in Chapters 2,
3 and 4 and the overall thesis. Similarly in the paper presented in Chapter 2, Forbes
provided comments on the graphics and the geomorphological interpretations. In the
paper presented in Chapter 3, Ollerhead also provided key support in planning and
executing the field experiment. Manson managed the review and publication process of
the submitted and published documents. Other reviewers who provided comments are
gratefully acknowledged in the Acknowledgements sections of Chapters 2, 3, 4, and
Appendix A.
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Chapter 2
Modelling Nearshore Sediment Transport in Open Water
Published as:
Manson, G.K., Davidson-Arnott, R.G.D., Donald L. Forbes,. D.L., 2016. Modelled
nearshore sediment transport in open-water conditions, central north shore of Prince
Edward Island, Canada. Canadian Journal of Earth Science, 53:101-118.
doi:10.1139/cjes-2015-0090.
Rationale
This chapter describes the modelling of nearshore sediment transport in the stormy
autumn open water season using Delft3D and serves as an introduction to storminess and
the use of the Delft model to simulate nearshore sediment transport. Rates of nearshore
transport are considered alongside the coastal geomorphology and nearshore sediment
transport. It addresses Objectives 1 and 2 (Section 1.8).
Abstract
The central north shore of Prince Edward Island comprises embayments separated by
subtle headlands that may constrain nearshore sediment transport. The study area
includes two such embayments informally known as Brackley and Tracadie Bights, both
of which are sand-rich onshore and sand-starved between 20 and 50 m water depth.
Storm winds and waves from the northwest and northeast are common in autumn and
winter. The hydrodynamic model Delft3D was used to simulate waves, currents, water
levels, and sediment transport in Brackley and Tracadie Bights during 23 autumn seasons
between 1955 and 2005. When compared to wave and current measurements from a field
experiment in the autumn of 1999, the model successfully simulates conditions during
storms and fair weather periods. Results from the simulations show that, in autumn, the
weighted mean direction of transport is to the southeast (133o). Bedload transport is
directed onshore to the south (170o) and suspended load is directed offshore to the
northeast (67o). When aggregated over the 23 seasons, transport magnitudes and
directions differ between Brackley and Tracadie Bights. Rates of transport are higher in
Tracadie Bight and directed more to the east. During individual storms, transport is
dependent on the storm wind and wave direction. Most transport occurs in bed load and
deposition occurs at the shoreline with erosion offshore. The patterns of bed load and
suspended load suggest a mechanism for the landward migration of this shoreline during
transgression, and may explain the existence of the sand-starved zone offshore.
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2.1

Introduction

Nearshore sediment transport is an important control on the formation and erosion of the
types of morphological features that are found both in the nearshore and in the subaerial
portions of the coast and how these features respond to marine transgression. Generated
by tidal, wave-driven and wind-driven currents, nearshore sediment transport can be
directed along- and across-shore and occurs after sediment becomes entrained in fluid
flows and before deposition when the flow slows (Davidson-Arnott, 2010; Komar, 1998;
Soulsby, 1997).
Hydrodynamic models are frequently used to simulate nearshore waves and currents and
processes leading to sediment transport. Typically, hydrodynamic modelling of sediment
transport has been conducted over relatively small spatial scales (e.g. Johnson et al.,
2001; Reniers et al., 2004) and to simulate relatively short-lived events (e.g. Roelvink et
al., 2009). In the study area, Boczar-Karakiewicz et al. (1995) implemented a onedimensional model simulating cross-shore migration of nearshore bars. More recently,
Davies (2011), using a one-dimensional algorithm based on Kamphuis et al. (1986),
modelled the potential for sediment transport along the entire coast of Prince Edward
Island (PEI). With different techniques and improved models, nearshore hydrodynamic
modelling is increasingly being used to simulate larger scale processes operating over
seasons, years and decades in multiple dimensions (e.g. Hanson et al., 2003; Jones et al.,
2007; Ruggiero et al., 2009; van Rijn et al., 2003).
Most sediment transport occurs in the stormy autumn (September to December) and
winter seasons (January to April). There is complete open water in autumn but sea ice,
which is present in winter, reduces waves and sediment transport by some amount. This
study is part of a larger project in which the influences of sea ice and storminess on
sediment transport are being analysed within the context of changing climate with the
intent of applying the models to predicting the impact of reduced ice cover on coastal
processes in regions such as the Arctic and the Gulf of St. Lawrence. Manson et al.
(2015) adapted a formulation of the attenuation of deep water wave energy in sea ice
(Wadhams, 1986; Wadhams et al., 1988) to the nearshore. The main objective of this
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study is to calibrate a hydrodynamic model (Delft3D) for application to an area on the
north coast of Prince Edward Island and to assess the patterns of sediment transport in the
nearshore under a range of storm events during the ice-free season. In a following study,
the wave energy attenuation model of Manson et al. (2015) will be combined with the
open water model described here to investigate sediment transport in different scenarios
of storminess in open water and sea ice.
In addition to contributing to the broader project, this study simulates waves, currents and
sediment transport at a medium spatial scale in two dimensions, over entire autumn
seasons. The approach taken is first to gain understanding of the different autumn winds
affecting the study area, second to model waves, currents and sediment transport during a
field experiment conducted in the autumn of 1999 and verify the model against results,
and third to model sediment transport over 23 autumn seasons to investigate the amount
of transport, erosion, and deposition. The study is different from previous research in that
23 different seasons are aggregated to provide sediment transport over a broader temporal
scale useful for understanding geomorphological processes and landforms in the study
area. In particular, because of ongoing sea level rise and marine transgression in the area
the results can be used to assess whether this produces net offshore transport, as assumed
by the Bruun model of sea level rise (Bruun, 1962) or net onshore transport which is
assumed by the Davidson-Arnott model (Davidson-Arnott, 2005).

2.1.1 Study Area
The study area lies in the central part of the north shore of Prince Edward Island (Fig.
2.1). The area is chosen because it has diversity in seabed materials and mobile sediment
availability, there exist strong datasets to provide boundary conditions for a Delft3D
hydrodynamic model, and the geomorphology is relatively well-known. There is also
considerable uncertainty in the spatial and temporal variability of sediment transport in
the area, due in part to the presence of winter sea ice.

The area has been described in detail by Forbes and Manson (2002) and by Forbes et al.
(2014; 2004). It is transgressive, with rates of relative sea-level rise having ranged from
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approximately 12 mm/a after deglaciation to a post-industrial rate of approximately 3.2
mm/a (Parkes et al., 2002). The shoreline is separated into informally named bights
which have been considered to behave as littoral cells (Inman and Frautschy, 1966).

Subtle headlands may limit alongshore transport and the exchange of sediment between
cells (Forbes et al., 2004; Owens and Bowen, 1977; Shaw et al., 2000). In the larger study
area there are five different bights: from west to east these are Malpeque, Cavendish,
Brackley, Tracadie, and St. Peter's (Fig. 2.1). The study area is focussed on Brackley and
Tracadie Bights because they are the most data rich of the north shore bights, having been
studied extensively since at least the mid-1980s. Stanhope Cape, a subtle headland with a
tidal inlet separates the two (Fig. 2.2), and may be a divergent boundary, reducing the
exchange of sediment between Brackley and Tracadie Bights.

Figure 2.1. Location of the study area in the southern Gulf of St. Lawrence.
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Nearshore sand is concentrated in two zones; an onshore zone in depths less than 20 m in
the central parts of the bights and an offshore zone typically deeper than 40-50 m.
Between depths of approximately 20 m and 40 m is the sand-starved zone which is
largely devoid of sand except where it is crossed by sand-filled paleo-river channels
formed during the last post-glacial lowstand. Figure 2.2 shows the distribution of sands in
Brackley and Tracadie Bights based on backscatter from multibeam bathymetry. Dark
areas represent sand and lighter areas are lag deposits, typically pebble-cobble lag over
till or cobble-boulder lag over friable sandstone bedrock. In addition to the multibeam
backscatter, a variety of seabed characterisation has been conducted with surface grabs,
cores, drop and tow cameras, and remotely operated vehicles. These data, along with
sidescan sonar and shallow reflection seismics have been used to constrain the
interpretation of the multibeam (Forbes et al., 2014).

The direction of longshore drift on the north shore of PEI remains unclear. The alignment
of barrier beaches and spits in Malpeque Bight suggest that net littoral drift is to the east
on the northwestern PEI coast (Owens and Bowen, 1977), and the presence of a large
sand bank (Milne Bank) trailing off the northeasternmost point of Prince Edward Island
(Shaw et al., 2008) suggests net drift is also to the east on the northeastern coast. In St.
Peter's Bight there is evidence that littoral drift is to the west (Mathew et al., 2010;
Ollerhead et al., 2013). These results suggest that depending on prevailing wind and wave
directions relative to the shoreline orientation, different bights may have different mean
directions of sediment transport.
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Figure 2.2. Backscatter from multibeam bathymetry with the locations of samples and
imagery used to constrain the interpretation.
The region lies downstream of an area of cyclogenesis off the Eastern Seaboard of the
United States. Most storms track north along the US coast and typically cross through the
region as mid-latitude cyclones, though some do pass through the region from west to
east associated with Arctic systems. The end of the hurricane season corresponds with
early autumn in the region and tropical storms and hurricanes can pass over the Gulf of
St. Lawrence (Gyakum et al., 1996; Manson et al., 2002b). These storms are usually in
their final stages of tropical character after having crossed cold waters north of the Gulf
Stream and are transitioning to post-tropical and extratropical storms. Hurricane Juan in
2003 is a notable event that entered the region as a category 2 hurricane but quickly
diminished to category 1 and then transitioned to post-tropical. Some storms may reintensify and survive during transition as strong post-tropical systems (Hart and Evans,
2001); this typically occurs in the autumn shoulder of the hurricane season (Abraham et
al., 1999). A notable example is the storm in late October 2000 (Parkes et al., 2006).
Tides at the (now defunct) Rustico gauge in Brackley Bight are mixed semi-diurnal with
a mean range of 0.7 m (1.1 m large tides), but due in part to the storm tracks and the
shoreline arrangement in the southern Gulf, storm surges can cause up to 2 m of water
level variation in addition to astronomical tides. Storms that cause surges typically have
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winds from the northeast (Parkes and Ketch, 2002) and also bring high storm waves.
During the October 2000 extreme event, waves with 7.4 m significant height (14.2 m
maximum height) were measured at station WR2000 (Fig. 2.3) in 25 m water depth off
Brackley Beach (Forbes et al., 2004).
Sea ice is present in the Gulf of St. Lawrence between late January and early April and is
highly effective in reducing waves, wave-driven currents, and sediment transport energy
(Shen and Squire, 1998; Squire et al., 1995; Wadhams et al., 1988). This study focuses on
the stormy open water season and develops a working open water sediment transport
model. Sediment transport in the ice-infested winter season is considered in a separate
study that will modify the model developed here.

Figure 2.3. Locations of instruments during the 1999 field experiment, the MSC50
hindcast station M6010941, and other stations referred to in the text. The lower inset
shows the location of the parent grid used in Delft3D modelling. The main map shows
the nested grid covering Brackley and Tracadie Bights.
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2.2

1999 Field Experiment

A field experiment was conducted in Brackley Bight in the autumn of 1999 to measure
waves and currents during open-water season storms. Two S4 current meters with
pressure transducer wave and tide gauges were deployed in water depths of 4 m (station
2146) and 6 m (station 2196), shown in Figure 2.3. The S4s were deployed on weighted
tripods on 9 October 1999. Currents and water levels were recorded hourly at 1 Hz and
averaged over 15 minute bursts; directional waves were recorded hourly at 1 Hz and
averaged over 8.5 minutes. The S4s were retrieved, downloaded, and redeployed on 17
October 1999, and set to record every two hours with the same frequencies and burst
durations. The instruments were retrieved on 19 December 1999, and successfully
recorded data up to the time of recovery. Directional waves and currents were calculated
using software by InterOcean Systems. Current speed and direction records were
analysed to determine the orbital velocity components of particular frequency bands and
that information was combined with wave height as measured by the pressure sensor.
A third instrument known as RALPH (Li and Heffler, 2002) was deployed over the same
time period in 13 m water depth (RALPH1999-unofficial, Fig. 2.3). RALPH is a seabed
lander that carried, among other instruments, a sediment trap at 1 m above the seabed,
and a downward looking video camera recording 1 minute bursts at hourly intervals.
Sediment samples and video were processed at GSC-Atlantic.

2.3

Measured and Hindcast Winds and Waves
2.3.1

Hindcast Verification

The wind and wave climatologies of the southern Gulf of St. Lawrence were extensively
investigated by Manson et al. (2002a; 2002b). These studies compiled and examined
wind and wave measurements in the southern Gulf of St. Lawrence and compared
measurements to data from the AES40 wind and wave hindcast for the North Atlantic
(Swail et al., 2000; Swail and Cox, 2000).
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The most appropriate wind measurement stations for the present study are Charlottetown
Airport (8300301), Grindstone Island (7052960), Îles de la Madeleine (7053KGR) and
Îles de la Madeleine Airport (705C2G9). Manson et al. (2002b) noted that 830031 has
numerous recording gaps, changes in recording between 6-hourly and hourly intervals,
and anomalies likely relating to changes in the location and elevation of the anemometer.
A synthetic record for station 7053KGR was developed with data from 7052960,
705C2G9, and 7053KGR using a technique of normalisation and adjustment (Manson et
al., 2002b; cf. Manson and Solomon, 2007). The synthetic 7053KGR record has
numerous recording gaps, and changes in recording between 6-hourly and hourly
intervals.

Wave measurements in the southern Gulf of St. Lawrence are spatially inconsistent and
temporally short. Gauges were deployed for specific purposes at locations of interest and
recovered before freeze-up (Manson et al., 2002a). Applicable to the present study are
records from Stanhope Beach (MEDS223) in 14 m water depth (Fleming et al., 1986),
Brackley Beach (S42196-unofficial) in 6.4 m water depth, and Brackley Beach
(WR2000-unofficial) in 25 m water depth. A recent study (Manson et al., 2015) has
supplemented these data with under-ice measurements of wave heights and periods off
Brackley Beach in 11.0 m water depth (RBR2540-unofficial). The only directional wave
measurements are from the 1999 experiment.

Manson et al. (2002b) compared the 8300301 and synthetic 7053KGR wind
measurements to the AES40 and found that the land stations underestimate nearshore
winds. Manson et al. (2002a) compared deep-water wave measurements to the AES40
hindcast node (AES405678) and found that while wave heights were well hindcast, the
hindcasting of wave periods was less successful. Manson et al. (2002a; 2002b) selected
AES405678 as the best record to describe the wind and wave climates in the southern
Gulf of St. Lawrence.

The AES40 hindcast has been superseded by the MSC50 hindcast (Swail et al., 2006),
which makes significant improvements to the AES40. The MSC50 covers a longer time
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period (1954-2005), is at higher grid resolution, and makes several technical
improvements relevant to the southern Gulf of St. Lawrence (Swail et al., 2006). A
rigorous analysis of the quality of the MSC50 hindcast has been performed by Swail et al.
(2006) using measurements of winds and waves from buoys, platforms, ships, and
satellite altimetry data. Swail et al. (2006) concluded that the MSC50 wind and wave data
are of sufficiently high quality to be used in the analysis of long return period statistics
and shorter-term engineering applications.

Comparison of hourly wind data from station 7053KGR with hourly wind data from the
MSC50 node M6012297 for the autumn of 1999 (Fig. 2.4) shows that wind speeds are
accurately hindcast at both low and high speeds (r2 = 0.72). Measured and hindcast wind
directions are strongly correlated (r = 0.88, p < 0.0001). Comparison of data from wave
station WR2000 with wave data from the MSC50 node M6010491 for the autumn of
2000 (Fig. 2.5) shows that while wave heights are accurately hindcast (r2 = 0.86), wave
periods are less well hindcast (r2 = 0.65). Measured and hindcast wave directions are
strongly correlated (r = 0.86, p < 0.0001).

Figure 2.4. Comparison of wind speed and direction measurements at station 7053KGR
(47.425oN, -63.198oE; Fig. 2.3) with the MSC50 hindcast wind speeds and directions at
node M6012297 (47.4oN, -61.7oE; Fig. 2.3).
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2.3.2 Autumn Wind and Wave Climatology
A time-time plot of monthly mean MSC50 wind speeds at node 10491 in Brackley Bight
(Fig. 2.6a) shows that most high winds occur in the autumn (September to December)
and winter (January to April). A time-time plot for significant wave height is given in
Figure 2.6b. The MSC50 wave hindcast includes ice conditions between 1962 and 2005
through the use of a weekly ice edge defined by ice concentrations greater than 50%. Any
points lying inside the ice edge are considered as land with neither wave generation nor
propagation, while areas outside the ice edge are treated as open water (Swail et al.,
2006). The abrupt change in winter wave heights in Figure 2.6b is a result of sea ice not
being included in the hindcast prior to 1962. In the absence of ice, fetch is greatest to the
north and least to the south. Fetch between northwest and northeast is greater than 300
km but to the east and west fetch is less than 200 km. Donelan (1980) suggests that wave
growth at (ice-free) fetch lengths less than 200 km is fetch-limited,. Table 2.1 gives icefree fetch distances at the MSC50 node M6010491.

Figure 2.7a shows directions of autumn winds at M6010491 in 10 km/h wind speed bins.
Most winds, and most strong winds > 50 km/h, are from the northwest quadrant. Strong
winds occur infrequently from the northeast and north-northeast. In a similar analysis of
autumn waves, Figure 2.7b shows that most waves occur from the northwest to the eastnortheast corresponding to directions that are not fetch limited. High waves >5 m occur
most frequently from the north-northeast and northeast.

The MSC50 hindcast separates the total wave significant heights, peak periods, and
directions into sea (locally generated) and swell (generated at distance) components. The
sea and swell components at M6010491 in autumn are significantly different from each
other (α = 0.01) as would be expected during the Delft3D separation, however the
differences are not large (Table 2.2). Of particular interest is that the energy density of
swell waves is small compared to that of sea waves (Table 2.2). As concluded in the
previous investigation of the AES40 hindcast (Manson et al., 2002a), swell waves are not
common in the southern Gulf of St. Lawrence.
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Figure 2.5. Comparison of wave height, period, and direction measurements at station
WR2000 with the MSC50 hindcast wind heights, periods and directions at node
M6010491 (46.5oN, -63.2oE; Fig. 2.3).
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Table 2.1. Ice-free fetch distances in various directions at MSC6010491.

300

500*

325

30

160

30

15

5

5

65

175

230

* > 500 km, not including Îles de la Madeleine.
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Table 2.2. Characteristics of mean autumn waves at MSC6010491, separated into sea and
swell components.

Sea
Swell

Hs
(m)

Tp
(s)

dir.
(deg.)

energy
density
(J/m2  103)

1.73
0.99

4.15
5.21

320
386

3.77
1.22

Defining coastal wind storms typically involves applying a wind speed threshold
exceeding a selected threshold over a selected duration, sometimes allowing for lulls. The
selected threshold and length of storm, and lull duration vary between studies. For
example, Atkinson (2005) opted for a threshold of 10 m/s (36 km/h) and a duration of at
least 6 hours allowing for lulls of 6 hours such that events occurring within 6 hours of
each other are considered one event. Lynch et al. (2008) chose a wind speed of 13 m/s
(47 km/h) and a duration of 20 hours. MacClenahan et al. (2001) adopted a wind speed
threshold of 25 knots (13 m/s, 47 km/h) and a duration of 5 hours based on the concept
of an "erosional storm" (Carter and Stone, 1989). With a focus on extreme events in the
Gulf of St. Lawrence, Manson et al. (2002a; 2002b) adopted a wind speed of 50 km/h for
at least 12 hours allowing for 6 hour lulls. In this study, we define a storm event by wind
speeds greater than 13.8 m/s (50 km/h) for at least 12 hours allowing for lulls of 6 hours.
Wind speed rather than wave height is used to define storms because following studies
will use the same index in the winter season when waves are reduced by sea ice.

Overall, 545 events were identified, of which 241 (44%) occurred in winter (JanuaryMarch), 13 (3%) occurred in summer (April-August), and 291 (53%) occurred in autumn
(September-December). Winter sea ice attenuates nearshore waves and sediment
transport by some amount which varies year to year, depending on the amount of sea ice.
The amount of nearshore sediment transport under sea ice remains an outstanding
question. In terms of sediment transport, the ice-free autumn is the most important
season.
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Figure 2.6. Time-time plots of year versus month with colours representing (a) monthly
mean wind speed and (b) monthly mean significant wave height. Data are from node
M6010491 (46.5oN, -63.2oE; Fig. 2.3).
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Figure 2.7. MSC50 hindcast data for autumns (1954 to 2005) showing (a) directions of all
winds binned by speed and (b) directions of waves binned by significant wave height.
Data are from node M6010491 (46.5oN, -63.2oE; Fig. 2.3).
The number of autumn events per year is shown in Figure 2.8. The number of storms per
autumn ranges from 1 to 11 (mean = 5.6) with no statistically significant trend through
time due to high inter-annual variability. The dominant direction of peak winds during
events is from the west-northwest, with frequency diminishing rapidly to the northeast.
The strongest peak winds follow a similar pattern, but with a component also from the
west-southwest (Fig. 2.9a). Peak storm wave heights occur most frequently from the
north-northwest, but the highest peak storm waves are from the north and the northnortheast (Fig 2.9b).

2.4

Modelling

Delft3D is a hydrodynamic modelling suite capable of running numerous modules
independently or simultaneously in two (depth-averaged) or three (depth variant)
dimensions. This section briefly explains the implementation of the 2D Flow (including
Morphology) and Wave modules. Specific details of the setup of Flow and Wave can be
found in Manson et al. (2015) except that, to simulate entire seasons in this and
subsequent studies, a timestep of 5 minutes was adopted, with Wave updated every 6
hours. The details of the model formulation can be found in (Deltares, 2011).
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Figure 2.8. Number of autumn wind events consisting of at least 12 hours of winds
greater than 50 km/h including 6 hour lulls. Diamond symbols indicate modelled
autumns. Data are from node M6010491 (46.5oN, -63.2oE; Fig. 2.3).

Figure 2.9. MSC50 hindcast data for autumn wind events (1954 to 2005) showing (a)
directions of event maximum winds binned by maximum wind speed and (b) directions
of event maximum waves binned by maximum significant wave height. Data are from
node M6010491 (46.5oN, -63.2oE; Fig. 2.3).
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Each module runs on grid-assigned bathymetry and other seabed conditions, defined by
open or closed boundaries. The setup implemented here uses two nested curvilinear grids
(Fig. 2.3), each with a single southern land boundary and a single northern open water
boundary. The parent grid consists of cells ranging in size from 0.92 km2 to 1.2 km2. The
nested grid is approximately 36 times the resolution of the parent grid with cells ranging
in size from 2.9310-2 km2 to 3.1410-2 km2.

A digital elevation model (DEM) supplies bathymetry and coastal elevations to the grids.
The DEM used in this study is a combination of one developed by Shaw et al. (2002)
with a resolution of approximately 800 m, a detailed combined seafloor and land surface
DEM constructed from acoustic bathymetry (Forbes and Manson, 2002), bathymetry
from hyperspectral Compact Airborne Spectographic Imager (CASI) data following
Morel (1996), and terrestrial LiDAR (Webster et al., 2002). The datasets were merged at
5 m resolution, resampled to 10 m resolution to minimise artefacts (e.g. track lines and
seams between datasets) and interpolated to the grids.

Previous mapping (Forbes and Manson, 2002; Manson, 2012) was used to define the
required seabed conditions of grain size, bed roughness, and bed thickness. Using
multibeam backscatter, drop and drift camera stations, and surface grab samples, Manson
(2012) generalised the sediments in Brackley Bight into three classes: rippled fine sand
(d50 = 0.2 mm, d84 = 0.35 mm, d16 = 0.15 mm), pebble lag over glacial till (d50 = 32 mm,
d84 = 256 mm, d16 = 4 mm) and cobble lag over bedrock (d50 = 64 mm, d84 = 256 mm, d16
= 32 mm). It is recognised that the pebble and cobble lags contain boulders and that sands
contain significant percentages of granules, pebbles and shelly debris. Bed roughness was
calculated from d50 following Soulsby (1997). Bed thickness was interpreted from the
previous mapping (see Section 2.1.1). These properties were interpolated to the grids. To
separate sediment transport into bedload and suspended load, a reference height based on
bed roughness is calculated by Morphology following van Rijn (1993).
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The nested grid gets boundary conditions at its open boundary from the parent grid
during simulation. The parent grid requires time series of wind speed, wind direction,
water level, significant wave height, wave direction, peak period, and directional
spreading. Time-varying data from node M6010491 (Fig. 2.3) were used for the wind and
wave boundary conditions. Predicted tides obtained from a WebTide simulation (Dupont
et al., 2002) were used as the water level boundary condition. Because the nested area of
interest is of moderate size, spatially constant boundary conditions are appropriate.

Based on a seasonal storm wave index, 23 autumn seasons were selected for modelling
(see Fig. 2.8 for modelled seasons). The index was calculated from the number of hours
of northerly (west to north through north) waves  3 m significant height, the number of
wave events (Hs  3 m for  6 hours, allowing for lulls  3hours) and the squared
cumulative northerly significant wave height  3 m. The selected autumns were chosen to
reflect a variety of wave conditions found in the study area. The distributions of the
sampled seasonal index, the number of hours of waves greater than 3 m, and the
cumulative wave heights from the NE, NW, and combined NE and NW were all found to
be not significantly different ( = 0.01) from the distributions of the same variables for
all the autumn seasons in the MSC50 hindcast.

2.5

Results
2.5.1

Model Verification

When compared to measurements collected during the 1999 field experiment, wave
heights are generally well simulated, and the occurrence and timing of events match well
although there is some underestimation of wave heights during events. This may
originate in the MSC50, for which the source data are known to underestimate storm
winds (Swail and Cox, 2000) though improvements have been made since the AES40.
Wave periods are also considered to be well simulated, with differences between
measured and modelled results arising from poor measurement and modelling of periods
of very low waves. The S4 measurements appear to be insensitive to periods less than
approximately three seconds (Figs. 2.10 and 2.11). Wave directions are also well
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simulated. Tables 2.3 and 2.4 give the mean and standard deviations of differences
between measurements and modelling, the RMS error, and the coefficient of
determination r2 from linear regression of measured versus modelled wave heights and
periods during the autumn of 1999. Overall, the model appears to explain 86% of the
variability in wave measurements at the two S4 stations.

Currents at the two stations are less well simulated. The modelling tends to over-predict
currents during events, and there appears to be a general tendency for alongshore currents
to be slightly over-predicted. This may be a result of mean cross-shore flows and wave
radiation stresses being underestimated due to the underestimation of storm wave heights.
As with the waves, the occurrence, timing and duration of events are well simulated at
the two stations (Figs. 2.12 and 2.13). The mean and standard deviations of the
differences in current speeds, along with the RMS error and coefficient of determination
r2 of linear regression of measured versus modelled current speeds are given in Table 2.5.
The mean differences are low due to a combination of the model underestimating low
currents and overestimating high currents, and the measurements overestimating low
currents and underestimating high currents. The combination would result in the low
(approximately 56%) of the variability in the measurements explained by the modelling.

Water levels measured and modelled at 2196 show excellent agreement both in amplitude
and phase (Fig. 2.14). This result would be expected as the phase and amplitude of
predicted tides are provided as a boundary condition. Spring tides appear marginally
better modelled than neap tides, which may reflect lower sensitivity of the S4 gauges at
lower changes in water level. The mean difference between measured and modelled
water levels is 0.01 m with standard deviation of 0.32 m, RMS of 0.12 m, and r2 from
linear regression of 0.97, indicating almost all of the variability in water level (both
astronomical and meteorological) is simulated by the model.
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Figure 2.10. Comparison of modelled and measured (a) wave height and direction and (b)
period at station S42196 (46.439oN, -63.203oE; Fig. 2.3).
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Figure 2.11. Comparison of modelled and measured (a) wave height and direction and (b)
period at station S42146 (46.437oN, -63.206oE; Fig. 2.3).

Table 2.3. The mean and standard deviations of the differences in measured and modelled
significant wave heights during the autumn of 1999, the RMS error and the coefficient of
determination r2 from linear regression.

2146
2196

μ (m)
0.13
0.12

σ (m)
0.43
0.48
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RMS (m)
0.51
0.50

r2
0.86
0.86

Table 2.4. The mean and standard deviations of the differences in measured and modelled
peak wave periods during the autumn of 1999, with the RMS error and coefficient of
determination r2 from linear regression.

2146
2196

μ (s)
2.0
1.9

σ (s)
2.4
2.3

RMS (s)
2.0
1.9

r2
0.87
0.86

Table 2.5. The mean and standard deviations of the differences in measured and modelled
current speeds during the autumn of 1999, with the RMS error and coefficient of
determination r2 from linear regression.

2146
2196

μ (m/s)
0.10
0.07

σ (m/s)
0.22
0.20

RMS (m/s)
0.44
0.38

r2
0.56
0.57

Figure 2.12. Comparison of modelled and measured depth averaged current speed and
direction at station S42196 (46.439oN, -63.203oE; Fig. 2.3).
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Figure 2.13. Comparison of modelled and measured depth averaged current speed and
direction at station S42146 (46.437oN, -63.206oE; Fig. 2.3).

Figure 2.14. Comparison of measured and modelled water levels at station S42196
(46.439oN, -63.203oE; Fig. 2.3) illustrating excellent agreement in phase and amplitude.
The S4 measurements are shown in black dashes behind the modelled results in grey.
Only the month of November 1999 is shown in order to demonstrate minor deviations.
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2.5.2

Sediment Erosion, Transport and Deposition

Changes in bed level averaged over the 23 modelled autumns are shown in Figure 2.15
for a transect off Brackley Beach (Fig. 2.16). With the exception of locations f and g, all
stations show less than a few cm of net vertical change over the autumns. Station f shows
approximately -1 m of bed level change (erosion), and station g shows approximately
0.75 m of bed level change (deposition). The deepest location (Fig 2.15a) corresponds to
the location of RALPH1999. Video from RALPH shows that approximately 0.1 m of
erosion occurred in an event on 2 December 1999. This event exposed a cobble-lag
deposit. Sediment traps at RALPH indicate that granules up to 2 mm in diameter were in
transport to 0.5 m above the seabed. As the event waned, sand and granules were redeposited burying the lag. The data from RALPH combined with core logs (Forbes et al.,
2014) indicate that, at least in deeper waters, the sand veneer can be very thin and
overlies lag deposits which are not often eroded. The model can accommodate spatially
varying sediment thickness, but the locations of buried lags and the thickness of the
overlying sand are not well enough known. It is very likely that more sediment is
entrained in bedload and suspended load during the simulations than actually occurs. The
data from RALPH also indicate that the lag can be re-buried as sediment settles out of
suspension at the end of the storm. If more sediment is eroded, it may follow that more
sediment is transported and deposited. It is possible that, when bed level change is
aggregated over the seasons, net simulated bed level change approximates net real-world
bed level change, even though total transport is overestimated. The modelled sediment
transport rates are interpreted in a relative sense, rather than as absolute quantities.

Figure 2.16 shows the spatial distribution and rates of erosion and deposition averaged
over the 23 simulated seasons. In depths less than a few metres, bands of deposition
alternate with bands of erosion, and in depths greater than 7 m there is minor
sedimentation presumably from the offshore transport of suspended material. In the
simulations, erosion exceeded deposition, implying a net sediment deficit, and transport
out of the study area. Directions and magnitudes of total, bedload, and suspended load
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transport in the vicinity of Stanhope Cape are shown in Figure 2.17. Most bedload
transport occurs in depths less than 5 m and diminishes rapidly offshore. Suspended
sediment transport occurs in the same zone inside 5 m but continues at substantial rates
out to 20 m water depth. Bedload tends to be aligned on and offshore, while suspended
transport also has a strong alongshore component.

Averaged over the 23 modelled seasons, mean total transport (bedload and suspended) in
Brackley and Tracadie Bights was 4.9710-6 m3/s/m and the mean total transport
direction, weighted by amount of sediment being transported, was to the southeast (133o)
(Table 2.6). Weighted mean bed load transport was 2.9910-6 m3/s/m to the south (170o)
and accounted for 60% of total transport. Weighted mean suspended transport was
1.9810-6 m3/s/m to the northeast (67o) and accounted for 40% of total transport. Figure
2.18 shows the difference between weighted mean bedload transport and weighted mean
suspended transport in 10o directional bins. Negative values indicate greater suspended
transport, and positive values indicate greater bed load. Bedload transport exceeds
suspended transport in the southerly bins and suspended transport exceeds bedload
transport in northerly bins.

There are some differences in transport rates and directions in Brackley and Tracadie
Bights (Table 2.6). Rates of transport in Tracadie Bight are almost twice that of Brackley
Bight, with a slightly higher percentage of bedload transport in Brackley Bight versus
Tracadie Bight. The transport directions also differ, with total transport to the south in
Brackley Bight and to the southeast in Tracadie Bight. Bedload in Brackley has a more
southwesterly direction than that in Tracadie which is to the southeast, and suspended
load in Brackley Bight is strongly northeast, while it is more to the east in Tracadie Bight.
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Figure 2.15. Bed level changes at points along a transect off Brackley Beach averaged
over the 23 modelled autumns (see Figure 2.16 for locations). Note the different vertical
scales on the different panels.
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The model domain was separately analysed in 10x10 blocks of model cells on the east
and west sides of Stanhope Cape. In the two blocks, bedload transport is southwards in
Tracadie and Brackley Bights. Adjacent to Stanhope Cape, weighted mean suspended
transport in Brackley Bight is to the north (347o), whereas in Tracadie Bight it is to the
east (96o).

Figure 2.16. Mean bed level change over the 23 modelled autumns. Green and blue
shades represent sedimentation. Red and yellow shades represent erosion. Locations in
Figure 2.15 are labelled a through g.

Table 2.6. Mean total load, bed load and suspended load transport (m3/s/m) and weighted
mean transport directions (degrees) in Brackley and Tracadie Bights.

area

mean total
load

mean
total load
direction

mean
bed load

mean
bed load
direction

mean
suspended
load

mean
suspended
load
direction

Brackley
and
Tracadie

4.9710-6

133

2.9910-6

170

1.9810-6

67

Brackley

3.6110-6

181

2.2810-6

190

1.3310-6

50

Tracadie

-6

123

-6

155

-6

78

6.2310

3.6510

44

2.5810

Figure 2.17. Mean sediment transport magnitudes and directions during the modelled
autumns. a) Suspended load. b) Bed load. c) Total load.
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Figure 2.18. The difference between weighted mean bedload transport and weighted
mean suspended load transport by directional bin (10o) averaged over the 23 autumn
seasons.
2.5.3 Winds, Waves, and Sediment Transport
Sediment transport magnitudes and directions were determined for three different
individual storms: one with mean and maximum northeasterly wind directions (6-11
December, 2003), one with mean and maximum northerly wind directions (6-10
November, 2001), and one with northwesterly wind directions (9-11 December, 2001).
These were selected because they are the strongest autumn storms with these distinct
wind directions. The storm characteristics are given in Table 2.7. The magnitudes and
directions of sediment transport (total load) are shown in Figure 2.19, and summarised in
Table 2.8 separated into Brackley and Tracadie Bights.

Table 2.7. Mean characteristics of storms selected for sediment transport analysis.

Dec.
2003
Nov.
2001
Dec.
2000

duration
(hours)

wind
speed
(km/h)

wind
direction
(deg.)

wave
height
(m)

wave
period
(s)

wave
direction
(deg.)

54

63

32

5.4

10.1

42

24

70

316

4.8

9.9

350

32

64

293

3.4

8.4

331
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Table 2.8. Mean bed load, suspended load and total load transport (m3/s/m) with
weighted mean transport directions (degrees) during three storms in Brackley and
Tracadie Bights.
mean
total
load
dir.

mean
bed load

mean
bed
load
dir.

mean
susp.
load

mean
susp.
load
dir.

Area

storm

mean total
load

Brackley
and
Tracadie

Dec. 2003
Nov. 2001
Dec. 2000

4.9910-5
3.4610-5
2.2210-5

212
123
98

3.5410-5
1.8510-5
0.7510-5

190
158
134

1.4510-5
1.6010-5
1.4710-5

275
83
80

Brackley

Dec. 2003
Nov. 2001
Dec. 2000

5.8510-5
3.4710-5
1.7310-5

203
126
94

3.3510-5
2.2810-5
0.6110-5

172
151
144

2.5010-5
1.1910-5
1.7310-5

247
69
69

Tracadie

Dec. 2003
Nov. 2001
Dec. 2000

3.6010-5
3.6210-5
4.5910-5

194
117
98

2.5010-5
2.3910-5
1.2510-5

174
147
134

1.1010-5
2.2010-5
2.3710-5

245
83
80

In general, sediment transport in Brackley and Tracadie Bights is greatest during the
strongest northeasterly storm, and less during the less strong northerly and northwesterly
storms. The trend is reversed during the northwesterly storm in Tracadie Bight for
suspended sediment and this affects the total load trend for the same storm in Tracadie.
Directions of transport are indicative of the storm direction. During the northeasterly
storm, total load is directed toward the southwest, bed load to the south, and suspended
load is directed to the west. During the northerly storm, total load and bedload are
directed to the southeast, and suspended load to the east. During the northwesterly storm,
total load and suspended load are directed to the east, and bedload is directed to the
southeast. The patterns of transport in Brackley and Tracadie Bights are similar to each
other for the northwesterly and northerly storms, and only show different directions for
the northeasterly storm.
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Figure 2.19. Mean sediment transport magnitudes and directions (total load) during
different storms. a) A northeasterly storm, 6-11 December, 2003. b) A northerly storm, 610, November, 2001. c) A northwesterly storm, 9-11, December, 2000.
A correlation analysis was conducted comparing, by timestep in each autumn, the wave
height and wind speed from the different quadrants with the sediment transport rate
averaged over the nested domain and separated into total load, bed load and suspended
load. Table 2.9 gives the correlation coefficients and p-values. Total sediment transport,
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bed load transport and suspended transport are strongly and significantly correlated with
waves from the northeast and northwest, and weakly and insignificantly correlated with
waves from the southeast and southwest. The correlation of all modes of sediment
transport with winds from the northwest is generally moderate and significant, but
moderate and insignificant with winds from the northeast. Sediment transport is only very
weakly and insignificantly correlated with winds from the southeast and southwest. The
correlation of suspended load with winds is stronger and more significant than that of bed
load with winds.

Table 2.9. Mean correlation coefficients and p-values for mean transport and cumulative
waves and winds.

total
load
bed
load
susp.
load

2.6

NW
waves

NE
waves

SE
waves

SW
waves

NW
winds

NE
winds

SE
winds

SW
winds

0.65
<0.0001
0.56
<0.0001
0.68
<0.0001

0.57
<0.0001
0.54
<0.0001
0.57
<0.0001

0.39
0.0357
0.25
0.0876
0.42
0.0406

0.31
0.1407
0.16
0.4377
0.36
0.0357

0.41
<0.0001
0.29
0.0050
0.56
<0.0001

0.46
0.0421
0.39
0.0709
0.59
0.0109

0.20
0.2920
0.06
0.1908
0.40
0.0564

0.13
0.1908
-0.02
0.3057
0.30
0.0398

Discussion

Stronger correlation of suspended load with winds can be expected because suspended
load transport occurs higher in the water column where wind-driven currents are stronger.
The association of bed load transport with waves can also be expected because wave
orbital currents at the seabed suspend sediment and bottom currents due to wave radiation
stresses transport bedload. Waves cause the suspension of sediment which appears to be
transported landward (and alongshore) by wave-driven currents, and suspended sediment
is transported seaward (with alongshore components) by wind-driven currents.

A long-standing interpretation of sediment transport in the study area is that headlands
separate the shoreline into littoral cells (Swail and Cox, 2000) and reduce the exchange of
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sand between cells (Forbes et al., 2004; Owens and Bowen, 1977). One of the more
subtle headlands is Stanhope Cape between Brackley and Tracadie Bights. During
individual storms from different directions, it seems that only during northeasterly storms
does Stanhope Cape act as a weak drift divide. During the northwesterly storm, and to a
lesser extent also during the northerly storm, eastward sediment transport occurs with no
apparent influence by Stanhope Cape (Fig. 2.19). It appears that storm wind and wave
directions are more important for the amount and directions of sediment transport in
Brackley and Tracadie Bights, than the effect of Stanhope Cape. In the aggregated results
(Fig. 2.17), the role of Stanhope Cape in partitioning sediment transport between
Brackley and Tracadie Bights also appears to be weak. Stanhope Cape, rather than
reducing sediment exchange between the bights, appears to control the local sediment
transport direction, by determining the shoreline aspect relative to wind and wave
directions.

Sediment transport direction is influenced by many factors including tidal currents,
currents induced by wind and wave setup and wave radiation stress. Local bathymetry
also plays an important role through refraction of waves and resulting wave-driven
currents. Most sediment transport in the study area is associated with frequent winds and
waves from the northwest and infrequent high waves from the northeast. Ekman transport
would tend to favour offshore surface flow under northeast winds and waves leading to
seaward surface flow, upwelling, and landward flow at depth. During northwest winds
and waves, surface flows would tend to be directed onshore, leading to downwelling and
seaward flow at depth. The modelling suggests that most onshore-directed sediment
transport occurs as bedload in depths less than about 8 m, while most offshore-directed
transport is in suspended load and at low rates over the sediment-starved zone in deeper
water. In the results from simulating individual storms, during northeasterly winds and
waves, Ekman transport and seaward directed currents due to wave setup may contribute
to offshore transport of suspended sediment, and wave radiation stresses induced by nearbed wave orbital currents contribute to onshore-directed transport in bedload. In
northwesterly winds and waves, the shoreline orientation may be more important as it is
conducive to the development of eastward-directed alongshore currents. In depths greater
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than approximately 8 m, these currents can carry suspended sediment offshore, while in
shallow depths, refraction of the waves and near-bed orbital currents causes bedload to be
directed onshore.

The partition between bedload and suspended load transport may provide insight into the
evolution and morphology of beaches and the inner shelf on the north shore of Prince
Edward Island during the late-Holocene marine transgression. The sand-starved zone
suggests that sand remains either concentrated onshore, keeping pace with the landwardmigrating shoreline, or becomes stranded in water depths exceeding 40 m. Deep-water
wavelengths during autumn storms often exceed 75 m, suggesting that wave-driven
currents interact with bottom sediments in the depths occupied by the sand-starved zone.
Model results show that bedload transport is the larger percentage of total transport, and
is directed onshore. Further, results suggest that sediment deposited in the sand-starved
zone is moved landward in bedload and sediment suspended adjacent to the shore is
generally transported offshore to become incorporated into the post-storm veneer, or
alongshore to the east, feeding the Eastern Conveyor (Shaw et al., 2008).

Onshore, beach width and dune volume tend to be greater in the eastern parts of Brackley
and Tracadie Bights, as is also the case for St. Peter’s Bight. The general onshore and
eastward transport of bedload indicated by the model results is consistent with greater
sediment accumulation in the eastern sectors. The rebuilding of coastal dunes following
episodes of major downcutting in the 19th century and the 1920s, required substantial net
onshore transport of sand (Forbes et al., 2004; Mathew et al., 2010). Subtle headlands
along the north shore of Prince Edward Island do not appear to limit exchange of
sediment between adjacent bights, though major promontories such as Orby Head, North
Cape and East Point are important in refracting waves, directing currents, and controlling
the amounts and directions of sediment transport.

On a sandy coast where sea level is rising, the model of Bruun (1962) predicts that the
equilibrium profile will be maintained through erosion of beach and onshore sediments
with net offshore transport leading to deposition across the nearshore and presumably
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over the transgressive unconformity that results from erosion and deposition as sea level
rises (Forbes et al., 2014; Reinson, 1992). In contrast, the model of Davidson-Arnott
(2005) assumes that net sand transport is directed landward so that the equilibrium profile
is nourished by onshore movement of sand from the lower shoreface, including areas
beyond the depth of closure. Recent field measurements in Denmark (Aagaard, 2014;
Aagard et al., 2004) and Florida (Houston, 2015; Houston and Dean, 2014) give evidence
for net onshore movement of sand. This is supported by simulation modelling of profile
response to ongoing sea level rise (Aagaard and Sørensen, 2012). The results of this
study provide further support for the conservation of sandy sediments close to shore
during transgression, which in turn has important implications for local littoral and dune
sediment budgets and the ongoing evolution of barrier island systems.

2.7 Conclusions
In the study area, the MSC50 hindcast indicates that the prevailing wind direction during
the autumn open water season is from the northwest. Most autumn storm winds are also
from the northwest but very strong storm winds occur infrequently from the northeast.
Hindcast autumn waves are from the northwest through north to the east, with storm
waves occurring mainly from the northwest and less frequently from the northeast with
higher wave heights and longer period wave periods. Locally generated sea waves are
common whereas swell waves are rare. The contribution of swell waves to total wave
energy density in autumn is 32% of the energy density of autumn sea waves.

When compared to measurements from field experiments, a Delft3D hydrodynamic
model successfully simulates waves, currents, water levels and sediment transport during
both storm and fair weather conditions. Aggregated results from simulations of 23 icefree autumn seasons show that the weighted mean direction of sediment transport is to the
southeast (133o). Bedload accounts for 60% of sediment transport and is directed onshore
to the south while suspended load (40%) is directed offshore and alongshore to the
northeast (67o).
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Stanhope Cape does not appear to limit the exchange of sediment between Brackley and
Tracadie Bights. Extrapolating to other bights on the north shore of Prince Edward
Island, high promontories may define lengthy alongshore coastal segments, but subtle
headlands do not appear to define littoral cells.

The simulations and conceptual models agree and suggest a mechanism for the landward
migration of sediment on a sandy transgressive coast. Sediment is transported onshore as
bedload and offshore is transported seaward as suspended load. Suspended sediments
deposited at depth become entrained in bedload during storms and are re-deposited
onshore. A sand-starved zone is maintained, and sediment is transported onshore during
transgression. The quantitative modelling presented here shows that, while offshore
transport can occur on a transgressive coast, net transport is onshore.
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Chapter 3
Attenuation of Wave Energy by Nearshore Sea Ice
Previously published as:
Manson, G.K., Davidson-Arnott, R.D.G., and Ollerhead, J., 2015. Attenuation of wave
energy by nearshore sea ice: Prince Edward Island Canada. Journal of Coastal
Research. 11 pp. doi:10:2112/JCOASTRES-D-14-00207.
Rationale
This chapter introduces a deep water model of wave energy attenuation in offshore
marginal ice and adapts that model to nearshore conditions using a model of the
attenuation of wave energy density in nearshore sea ice. A technique is developed that
applies, in post-processing, the nearshore wave attenuation model to results from open
water Delft3D simulations. Measurements from an under-ice wave experiment are used
to verify and calibrate the nearshore attenuation model. This chapter addresses Objective
3 (Section 1.8).
Abstract
Sea ice is widely held to be decreasing in coastal waters where it is known to be effective
in attenuating wave energy. This process is critical for understanding nearshore sediment
transport and coastal change in ice-infested waters. We explore the attenuation of waves
shoaling in nearshore ice using a simple attenuation model, hydrodynamic modelling,
field studies, and daily charts of sea ice. The attenuation model is drawn from studies in
deep water, and modified for shallow water using field measurements. In a simple but
common configuration where ice lies in a band onshore and waves enter from open
water, the theory that wave energy decays exponentially as waves enter ice appears to
hold true in shallow and deep water. The wave energy density in ice relates to the
incoming wave energy density, attenuation distance, and an attenuation coefficient
related to ice concentration and floe diameter. Much of the variability in measurements is
explained by the theory, but there remains substantial uncertainty. Prediction potential
might be improved with higher resolution wave measurements and modelling,
consideration of the re-building of attenuated waves in partial ice cover, and separate
treatment of new ice. The adapted semi-empirical theory is likely generally applicable to
ice-infested coastal waters, but field studies in particular environments will be required to
calibrate attenuation.
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3.1

Introduction

The Nearshore Ice Complex (NIC) consists of mixed floating and grounded ice and can
be separated into several zones. A landward ice foot typically lies within the upper
intertidal zone. Seaward of the ice foot there may be a zone of ice ridges grounded on
nearshore bars (Forbes et al., 2002) and separated by flat ice lagoons (Barnes et al.,
1994). In many locations, the NIC abuts against a seaward zone of landfast ice consisting
of solidly frozen floes. There are many definitions of landfast ice, but general
characteristics include that it is attached to the shore, is contiguous, is mostly stable
throughout the ice season, and can extend 100s of kilometres offshore to water depths
exceeding 50 m (Armstrong et al., 1973; Barry et al., 1979; Mahoney et al., 2007). In the
southern Gulf of St. Lawrence, contiguous ice seaward of the NIC is typically less than 1
km wide, usually landward of the 10 m isobath, and is ephemeral. As such it might not be
considered true landfast ice, but rather what we refer to as nearshore ice. This paper
focuses on this dynamic zone of mobile nearshore ice seaward of the ice foot, towards
understanding it's role in attenuating waves and influencing rates of sediment transport
and coastal change in a changing climate.
The geomorphological influences of nearshore ice can be broadly grouped into two roles:
nearshore sediment transport (e.g. Reimnitz et al., 1990) and protection (e.g. Forbes and
Taylor, 1994). Ice can influence the geomorphology of shorelines through on-, off- or
along-shore sediment transport. Ice pile-up and ride-up processes entrain sediment in
ridges, blocks or floes and deposit it on the beachface and upper shoreface (Barnes et al.,
1994; Reimnitz et al., 1990). In coastal marsh environments, ice has been noted to move
substantial amounts of sediment landward from the low marsh zone to the high marsh
zone (Pejrup and Andersen, 2000; van Proosdij et al., 2006). Nearshore sediments can
become incorporated into first year ice and be advected offshore (Dethleff, 2005; Eicken
et al., 2005; Ogorodov et al., 2005), resulting in losses from the nearshore sediment
budget. Winter profile steepening induced by scour has been observed at the ice-foot
prior to complete ice cover (Bouchard and Hill, 1995), and freeze-thaw processes
associated with ice-foot development can contribute to the erosion of shore platforms
(Allard et al., 1998).
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In its protective role, nearshore ice attenuates incoming wave energy (Shen and Squire,
1998; Squire et al., 1995) and the ice foot can act as a breakwater, preventing remaining
energy from being transmitted to the shoreline thus reducing the potential for storms to
cause shoreline changes (Allard et al., 1998; Forbes and Taylor, 1994; Solomon et al.,
2004). The attenuation of waves by sea ice has been comprehensively reviewed by Squire
et al. (1995) and again by Squire (2007), and is only briefly summarised here. Studies on
wave attenuation are typically: purely theoretical (e.g., Fox and Squire, 1990; Keller,
1998; Kohout and Meylan, 2008; Ogasawara and Sakai, 2006); include theory based on
laboratory studies (e.g., Dai et al., 2004; Martin and Kauffman, 1981; Sakai and Hanai,
2002); or are based on field studies sometimes with theoretical components (e.g. Fox,
1999; Squire and Moore, 1980; Wadhams et al., 1986; Wadhams et al., 1988). More
recent studies involve remote detection of waves and ice thickness (e.g., Hayes et al.,
2007; Schulz-Stellenfleth and Lehner, 2002; Wadhams et al., 2004). Squire (2007)
suggested that research has focused on adding sophistication to mathematical models, and
noted that similar attention has not been given to field and laboratory studies. We attempt
to address the lack of field studies through a small in-ice field study and couple the
results to a modelling experiment.
We focus on the protective role of nearshore sea ice when it forms a band in front of the
shoreline that attenuates incoming wave energy and reduces wave-induced sediment
transport. The overall goal of this research is to develop an approach using an
hydrodynamic model to predict the effects of the loss of winter ice cover on nearshore
sediment transport in a section of the Gulf of St. Lawrence (Fig. 3.1), and how that may
affect rates of coastal change. The approach is intended to be applied later to the western
Arctic, where nearshore ice is expected to decrease (Comiso et al., 2008; Johannessen et
al., 2002) but not completely disappear, resulting in a sea ice climate comparable to the
present day Gulf of St. Lawrence (Manson and Solomon, 2007). Specifically, this paper
takes a model of wave attenuation developed in deep water with ocean waves and fully
developed sea ice, and, based on measurements, proposes a shallow water model where
locally driven shoaling waves encounter first year nearshore sea ice.
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Figure 3.1. Maps showing the general location of the Brackley Bight study area.
Bathymetric contours represent the 50 m, 100 m, 200 m and 400 m isobaths.
3.1.1 Study Area
The informally named Brackley Bight lies on the North Shore of Prince Edward Island
(PEI) in the southern Gulf of St. Lawrence (Fig. 3.1). The shoreline consists of
submergent embayments, mixed sandstone and till cliffs, onshore dunes, and sandy
deposits in beaches, spits, and ebb- and flood-tidal deltas. The area is subject to storms in
the fall and winter that track from the south, bringing northeast to northwest winds
sometimes exceeding 90 km/h. Waves during these events rarely exceed 7 m significant
height and 11 s peak period (Manson et al., 2002; Parkes et al., 2006). Episodic shoreline
erosion can occur at rates up to 2 m/a (Forbes et al., 2004).
Sea ice is typically present in high concentrations between January and April. Drinkwater
et al. (1999), Chagnon (2002) and Parkes et al. (2006) demonstrate the high annual
variability in sea ice concentrations in the southern Gulf of St. Lawrence. Figure 3.2
gives the monthly median concentrations of ice in Brackley Bight at freeze-up (January)
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and break-up (April), showing not only the annual variability, but also a statistically
significant trend towards less ice at freeze-up and an apparent but insignificant trend
towards less ice at break-up. These trends indicate a shorter period of ice cover during the
stormy winter season, with implications for future storm waves, sediment transport, and
coastal erosion.
This research is part of a larger study and the methods developed here are intended to be
applied to other areas where sea ice and shorelines are being dramatically affected by
changing climate. Brackley Bight was chosen as the study area because of the relative
ease of conducting preliminary research in an accessible location, the seasonal presence
of variable sea ice concentrations and types, abundant legacy data and seabed
information, and a need to understand and predict future rates of sediment transport and
erosion in a national park that lies in a narrow strip along the coast.

Figure 3.2. Monthly median sea ice concentrations in the central north shore of PEI from
CIS ice charts (CIS, 2012). (a) January median representing concentration at the
approximate time of freeze-up and (b) April representing the concentration at the
approximate time of break-up. Solid lines represent concentration in tenths. Dashed lines
indicate the trend with upper and lower 90% confidence bounds.
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3.2 Methods
In general, field experiments of wave attenuation in sea ice measure waves as they travel
from open water into nearshore ice, and then compare the measurements with ice
conditions and theory to develop some coefficient of attenuation (e.g. Squire and Moore,
1980). We adopt a different approach using measured in-ice wave energy density and
modelled open-water wave energy density at the same location under the same wind
conditions, considering that the ratio of the two is explained by attenuation by sea ice.

3.2.1 Approach
To estimate an attenuation coefficient, we use a combination of field experiments,
hydrodynamic modelling, an existing formulation of wave attenuation in deep water
(Wadhams et al., 1986; Wadhams et al., 1988), and sea ice charts (CIS, 2012). To verify
that the hydrodynamic model gives reasonable results in open water, we run simulations
for two time periods when sea ice was absent and wave measurements were acquired
(October - December 1999 and December 2010 - January 2011). Wave data from an
under-ice field experiment from January - April 2011 are used to evaluate the deep-water
wave formulation, and then modify it to a shallow-water semi-empirical formulation.

3.2.2 Field Experiments
A field experiment was conducted in Brackley Bight in the autumn of 1999 to measure
waves and currents during open-water season storms. Two S4 current meters with
pressure transducer wave and tide gauges were deployed on weighted tripods in water
depths of 4 m (station 2146) and 6 m (station 2196), shown in Figure 3.3. The S4s were
first deployed on 9 October 1999. Currents and water levels were recorded hourly at 1 Hz
and averaged over 15 minute bursts; directional waves were recorded hourly at 1 Hz in
8.5 minute bursts. The S4s were retrieved, downloaded, and redeployed on 17 October
1999, and set to record every two hours with the same frequencies and burst durations.
The instruments were retrieved on 19 December 1999 and successfully recorded data up
to the time of recovery. Directional waves and currents were calculated using InterOcean
software. Current speed and direction records were analysed to determine the orbital
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velocity components of particular frequency bands and that information was combined
with wave height as measured by the pressure sensor.
The Prince Edward Island Waves Under Ice Experiment (PEIWUIE) was conducted over
the winter of 2010-2011. Two RBR pressure transducer wave/tide gauges were deployed
on 12 December 2010, in water depths of 6 m (station RBR2539) and 11 m (station
RBR2540) (Fig. 3.3) from a 4.9 m Zodiac. The instruments were seabed-based with no
surface float so as to not become entrained in ice. Each mooring consisted of a 23 kg lead
weight and a high visibility float approximately 0.7 m off the seabed, connected by 40 m
of ground line to another 23 kg lead weight. The instruments were programmed to record
non-directional waves hourly in 8.5 minute bursts at 2 Hz. The deeper instrument at
station RBR2540 was recovered on 20 September 2011 after successfully recording
waves during periods of complete open water, partial ice, and complete nearshore ice
cover from 15 December 2010 to 12 April 2011. Non-directional waves were calculated
using the Ruskin RBR software. Pressure data were analysed to determine significant
wave height, and peak wave period. The shallow instrument at station RBR2539 was not
recovered.

Figure 3.3. Map of the instrument locations in 1999 (S4s), 2010 and 2011 (RBRs), the
nested and parent grids used in Delft3D modelling, and the location used for water level
boundary conditions. The inset shows the extent of the parent grid and the location of
meteorological station 7053KGR which provided wind boundary conditions.
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3.2.3 Hydrodynamic Modelling
Delft3D is a hydrodynamic modelling suite capable of running modules simulating waves
(WAVE), currents (FLOW) and sediment transport (within FLOW) in two (i.e. depthaveraged) or three dimensions (i.e. depth variant). This study utilises the WAVE module,
and the depth-averaged FLOW module without sediment transport.
Each module runs on one or more grids attributed with bathymetry, seabed characteristics
and boundary conditions. The setup described here implements two grids: a parent grid
used by WAVE covering the Gulf of St. Lawrence south of Îles de la Madeleine, and a
smaller nested grid used by FLOW and WAVE in the immediate vicinity of Brackley
Bight (Fig. 3.3). The parent grid consists of 120 cells along-shore and 120 cells acrossshore, with cell sizes ranging from 27,000 m2 to 95,000 m2. It has a single land boundary
and a single northern open water boundary. The nested grid measures approximately 13
km alongshore and 7 km across-shore and consists of 82 cells along-shore and 55 cells
across-shore, with sizes ranging from 900 m2 to 52,000 m2. It is defined by a southern
land boundary, and western, eastern, and northern open boundaries that obtain their
boundary conditions from adjacent values in the parent grid.
Bathymetry and coastal elevations are supplied to both the parent and nested grid by a
digital elevation model (DEM) and seabed conditions. The DEM is a combination of one
developed by the Geological Survey of Canada (Shaw et al., 2002) with a resolution of
approximately 800 m, a more detailed combined seafloor and land surface DEM
constructed from acoustic bathymetry (Forbes and Manson, 2002), bathymetry from
hyperspectral Compact Airborne Spectographic Imager (CASI) data following Morel
(1996), and terrestrial LiDAR (Webster et al., 2002). These datasets were merged at 5 m
resolution, with preference given first to acoustic bathymetry, then LiDAR, and finally to
CASI bathymetry. The interim dataset was then resampled to 10 m resolution to minimise
artefacts (e.g. track lines and seams between datasets). The coarse and fine DEMs were
converted to Delft3D samples, combined, and interpolated to the grids.
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3.2.3.1 FLOW
A detailed description of FLOW, including the conceptual description and governing
equations is given in Deltares (2011a). In general, FLOW solves non-linear shallow water
equations derived from the three dimensional Navier-Stokes equations for incompressible
free surface flow. The system of equations consists of the horizontal equations of motion,
the continuity equation, and the transport equations for conservative constituents. FLOW
is forced by tide at the open boundary and wind stress at the free surface. Source and sink
terms are included in the equations to model the discharge and withdrawal of water.
FLOW requires wind speed, wind direction, and water level data as boundary conditions.
The single open boundary was given by predicted tides obtained from a WebTide
simulation (Dupont et al., 2002) for the location shown in Figure 3.3. The winds from
station 7053KGR were used to force wind-driven currents. Due to the relatively small
size of the model domain, and recognising the focus of the modelling is a single point
(RBR2540) in the nested grid, a spatially constant wind field is considered appropriate
for the purposes of this study.
When run simultaneously with WAVE, FLOW controls the time step, as well as the
interval at which FLOW communicates with WAVE. FLOW was run with a timestep of
5 minutes, and a 60 minute communication interval with WAVE.
Detailed seabed information exists only in the nested grid. For the parent grid, seabed
sediments in the area can be considered to be consistent fine sand (d50 = 0.2 mm) as
reported by Forbes and Manson (2002). A Delft3D sample file with this value
corresponding to each cell in the parent grid was created. Where there was detailed
information from Forbes and Manson (2002), the seabed was classified in ArcGIS into
rippled sand, cobble lag over till, and boulder lag over bedrock with d50 values of 0.2
mm, 20 mm, and 50 mm respectively, recognising that each class contains a range of
grain sizes (Manson, 2012). These datasets were converted to Delft3D sample files,
combined with parent grid samples, and interpolated to the grids. Bed roughness in
FLOW is given by Manning bottom friction values that were found to be optimal by
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Manson (2012). Manning values were calculated from the d50 sample values following
Soulsby (1997) and interpolated to the grids. The values required by Delft3D are
Manning's n, which is the inverse of Manning's M as reported in Manson (2012).
Wind drag is commonly used to calibrate hydrodynamic models (e.g., Deltares, 2011a;
DHI, 2007) and in Delft3D can be specified for three different wind speeds. Sensitivity
testing and the calibration of a similar model are described in Manson (2012) and suggest
that a reasonable value is between 0.003 and 0.004 for moderate storm winds in the study
area. Values used in this study were 0.0005 at 0 m/s, increasing to 0.004 at 14 m/s and
higher. Flooding and drying were determined with a threshold of 0.05 m.

3.2.3.2 WAVE
WAVE uses the SWAN model (3rd-generation) to simulate nearshore waves and is
explained in detail by Deltares (2011b). In general, SWAN uses the two dimensional
wave action density spectrum to describe waves, where wave action density is the wave
energy density divided by the relative frequency. The evolution of the wave action
density is described by the wave action balance equation which includes the rate of
change of wave action density, the propagation of wave action density, frequency shifting
and refraction in varying depths and currents, and a source term representing wave
generation, dissipation, and non-linear wave-wave interactions.
When run together with FLOW, WAVE gets the wind inputs from FLOW but requires
time-varying significant wave height, wave direction, peak period, and directional
spreading at the open boundary condition for the parent grid. Measurements of waves in
the ice or hindcasts such as MSC50 (Swail et al., 2006) cannot be used as boundary
conditions in this approach because they already include the effects of ice. If used, the
incoming wave would be already attenuated by ice and not suitable for the approach
taken here to analyse wave attenuation. To overcome the lack of suitable time-varying
wave boundary conditions, we ran a wave simulation in Mike21 for the Gulf of St,
Lawrence, and output time series of wave height, peak period, wave direction, and wave
spreading (among other required variables) at the boundary of the parent grid. This was
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converted to a wavecon file for use as the time-varying boundary condition in a
subsequent simulation. The results presented in subsequent sections are from this second
simulation. As with FLOW, because the area of interest is small, a spatially constant
wave boundary is considered appropriate for the purposes of this study.
Processes applied in the modelling include: wind growth using a resonance mechanism
and a feedback mechanism with parameters from Cavaleri and Malanotte-Rizzoli (1981)
and Janssen (1991); bottom friction using the JONSWAP model (Hasselmann et al.,
1973) with friction coefficient = 0.067 m2s-3; depth induced breaking following Battjes
and Janssen (1978) and Eldeberky and Battjes (1995) with parameters  = 1 and  = 0.73;
white-capping following Komen et al.; and frequency shifting and refraction as described
by Dingemans (1997).

3.2.3.3 Modelling Wave Attenuation
A simple theory of wave attenuation by sea ice in deep water (Wadhams et al., 1986;
Wadhams et al., 1988) is used as a starting point for modelling wave attenuation in
nearshore ice. Using an exponential model of energy decay, the theory describes how
wave energy density is progressively attenuated with distance of penetration into an ice
field. The decay of wave energy is given by
E x  E 0 exp i x 

Equation 3.1

where Ex is the wave energy density at distance x in the ice field, E0 is the wave energy
density of waves entering the ice field, and λi is an attenuation coefficient with the
subscript i denoting the different ice types the waves encounter. The attenuation
coefficient (λi) is given by

i  ( pi / d i ) ln(1  ri )

Equation 3.2

where pi is the ice concentration, di is the floe diameter, and ri is a coefficient
parameterising the reflection of wave energy by the ice edge and floes. Equation 3.1 can
be rearranged to give the deep water wave attenuation coefficient (λi)

i   lnE x E 0  x

Equation 3.3.

68

To test whether the deep water and swell-dominated attenuation theory is applicable in
shallow water with locally driven shorter period waves, we compare measurements
collected when ice was present during the PEIWUIE with results from the Delft3D open
water model. An estimate of the nearshore attenuation coefficient can be calculated from

ˆn   ln E rbr E rbr 0  xice

Equation 3.4

where Erbr is the measured wave energy density at station RBR2540 and Erbr0 is the
modelled open water wave energy density from Delft3D. In both cases, wave energy
density is calculated from significant wave height (Hs) following linear wave theory
E  gH s 8
2

Equation 3.5

in which ρ is the density of seawater (1025 kg/m3) and g is acceleration due to gravity.
In Equation 3.4, Erbr0 is calculated from significant wave height modelled at station
RBR2540 (Hsrbr0), with Equation 3.5. The subscript n denotes nearshore conditions, and
xice is the attenuation distance (in km) in ice, excluding patches of open water.

3.2.4 Ice Characteristics
Daily ice charts produced by the Canadian Ice Service (CIS) (2012) were used to
determine xice, ice concentration (p), floe diameter (d), and ice thickness (h). An example
ice chart is shown in Figure 3.4. The CIS uses various synthetic aperture radar satellites,
MODIS optical imagery, observations from ships, and aerial surveys to divide the sea
surface into ice-free areas (zero ice), open water areas (< 1/10 ice), and ice units (>1/10
ice). Each unit is described by the World Meteorological Organisation egg code (sonamed for its oval shape), following standard definitions of sea ice (Armstrong et al.,
1973; CIS, 2005). The first line in the egg represents the total ice concentration in a unit
given in tenths. The second line gives the concentration of different ice sub-units within a
unit. The code in the third line represents the stage of ice development in a sub-unit and
gives information on ice type and thickness. The code in the fourth line gives information
on floe type and size for each sub-unit. As an example, the sub-units in Unit E in Figure
3.4 are described in Table 3.1.
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Figure 3.4. Example of a daily ice chart for the Gulf of St. Lawrence produced by the
Canadian Ice Service from satellite, ship-based, and air-borne observations. See text for
explanation of egg codes. The arrow near the centre of the map shows the distance ice
travelled since the last chart; in this case 5 nautical miles over 24 hours.
Table 3.1. Description of the egg code describing the sub-units of Unit E in Figure
3.4. The development code gives the ice type and the range of thickness and the floe
code gives the floe type and range of diameter.
Sub-unit

A

B

C

Concentration

2

6

2

Development Code

5

4

1

Ice Type

first year

grey

new

Thickness (m)

0.15 - 0.3

0.1 - 0.15

<0.1

Floe Code

3

3

X

Floe Type

small floes

small floes

unknown

Floe Diameter (m)

20 - 100

20 - 100

0
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To measure attenuation distance, 55 daily ice charts between 25 January and 20 March
2011 were georeferenced using four points on the chart graticule and imported into
ArcGIS. Attenuation distance depends not only on the ice extent, but also on the direction
of the incoming wave. Since the RBR gauge is non-directional, the results of modelling
with Delft3D in open water conditions were used to give the direction from which waves
are coming (θrbr0). Based on θrbr0, the total attenuation distance (x) was measured from
the ice edge or the shoreline to station RBR2540, accounting for travel distance in
different ice units. For example, on 28 February 2011 (Fig. 3.4), waves were modelled
coming from 28o, and travelled through Unit G (25 km), Unit N (6 km), Unit E (30 km),
and Unit C (6 km), with a total travel distance of 67 km.
Estimates of ice concentration, floe diameter, and ice thickness were obtained from the
unit and sub-unit concentrations and codes, and were weighted by the distance a wave
would travel through each unit. Daily weighted mean ice concentration ( pw ) in tenths is
given by
p w   p i xi x

Equation 3.6

i

where i is the number of units encountered. This is a departure from the deep water
approach where i represents the number of floes encountered. Similarly, the daily
weighted mean ice thickness ( h w ) is given by

h w   hi xi x

Equation 3.7

i

and the weighted daily mean floe diameter ( d w ) is given by

d w   d i xi x

Equation 3.8.

i

In this treatment, the codes for ice development and floe characteristics represent distance
weighted means of the sub-units in a unit. As such, it is possible for unit codes to have
decimal values representing the weighted mean values of thickness and diameter in a
unit. For example, the weighted mean of the ice development code on 28 February 2011
(Fig. 3.4) is 3.4 which corresponds to ice development between the young stage
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(thickness 0.1 - 0.3 m) and grey stage (thickness 0.1 - 0.15 m). The weighted mean of the
floe type code is 2.1 corresponding to floes between ice cakes (diameter 2 - 20 m) and
small floes (diameter 20 - 100 m). This presents a challenge in assigning meaningful
values to hi and di. We overcome this problem by separately regressing the development
and floe codes against the median of the range of values for each code as given by CIS
(2005), and using the regression equation to calculate weighted mean values for hi and di.
In this example on February 28, the weighted mean thickness h w is 0.25 m and the
weighted mean floe diameter d w is 10.72 m. In a final step, values of pw were used to
transform x to xice where

xice  x  pw 10

Equation 3.9,

in which the variable xice represents the distance a wave travels through concentrations of
ice, rather than a total travel distance.
For the analyses, recognising that the daily charts are amalgamations of different data
from different times and can include data from the previous or following day, we assume
the chart represents 00:00 am for the day and linearly interpolate the ice data to hourly
wave data. Each record includes a timestamp t, Hsrbr, Hsrbr0, rbr0, Tprbr0 (modelled peak
period), Erbr, Erbr0, xice, pw , h w , d w and ̂n . Hourly records were filtered to exclude
values of Hsrbr less than the instrument threshold of 0.1 m and to include only values of

rbr0 from the northwest and northeast quadrants (270o to 90o through north), on the
assumption that these waves are not fetch-limited and enter the nearshore ice fully
formed and are subsequently attenuated. To overcome errors introduced by uncertainty in
the Delft3D modelling, records were further filtered to include only those with Erbr/Erbr0 
1. We also filter on xice < 50 km given the initial assumption that fully-formed waves
enter a band of nearshore ice. The value of 50 km removes only extreme outliers, and
maintains a suitable sample size of 141 hourly data points.
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Using Equation 3.4, the estimator of the coefficient of attenuation by nearshore ice ̂n
was calculated. A ranked Spearman analysis of correlation was conducted for ̂n with the
variables pw , h w , d w and Tprbr0.

3.3 Results
Statistical comparison of Delft3D model results with measurements from the open water
season experiments from 9 October 1999 - 19 December 1999 (n = 809) and 12
December 2010 - 24 January 2011 (n = 999) indicates good performance of the model for
wave heights (Table 3.2), and moderate agreement for wave periods (Table 3.3). Height
is best simulated in 1999 and period is best simulated in 2010-2011. It is thought that the
S4 and RBR instruments used in the experiments are not particularly accurate in
measuring period, and there are also anomalies in the model results.
Table 3.2. Differences in wave height between measurements and model results in
the two open water experiments including mean difference, standard deviation of
the difference, RMS error, and coefficient of determination from regression (r2).
See Figure 3.5 for the measured and modelled wave heights.
experiment

μ (m)

σ (m)

RMS (m)

r2

1999

0.1

0.54

0.55

0.84

2010-2011

0.45

0.99

1.08

0.82

Table 3.3. Differences in wave period between measurements and model results in
the two open water experiments including mean difference, standard deviation of
the difference, RMS error, and coefficient of determination from regression (r2).
See Figure 3.5 for the measured and modelled wave periods.
experiment

μ (s)

σ (s)

RMS (s)

r2

1999

0.4

2.4

2.4

0.74

2010-2011

1.2

2.4

2.6

0.89
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Results for a notable storm during each field experiment are shown in Figure 3.5. In the 2
December 1999 storm (Fig. 3.5a), heights and period are well simulated with, at times,
slight underestimation of height and overestimation of period. Measured wave directions
shift to the northeast as the storm wanes, while the modelling indicates that waves
continued from the north. A similar comparison of the model results to measurements
during an open water storm on 21 December 2010 demonstrates reasonably accurate
simulation of open-water storm conditions (Fig. 3.5b). Wave heights are again slightly
underestimated during the peak of the storm and remain anomalously high during the
denouement, while periods are overestimated at the storm onset, but are well simulated as
the storm peaks and wanes.

Figure 3.5. Comparison of modelled wave heights, periods, and directions with
measurements during two open-water storms. a) 1999, station S42196. b) 2010, station
RBR2540. The RBR gauge at station RBR2540 was non-directional.
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Figure 3.6 shows measurements collected during the PEIWUIE with results of modelling
the ice-infested time period (25 January 2011 to 20 March 2011), and illustrates the
attenuation of waves by ice between 17 February 2011 and 14 March 2011. The time
period of highest ice concentrations in Figure 3.6 is expanded in Figure 3.7.

Figure 3.6. Comparison of modelled wave heights and directions with measurements
during the ice-infested period of the PIEWUIE. a) Winds at the Îles de la Madeleine
station (7053KGR) used as inputs in Delft3D modelling. b) Modelled open-water wave
heights, periods, and directions at station RBR2540. c) Significant wave heights and
periods measured in ice at station RBR2540. Measured periods contain errors, but appear
reasonable in sea ice. The difference in wave heights between panels b and c shows the
attenuating effect of sea ice on wave height.
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Figure 3.7. A section of Figure 3.6 during the highest concentrations of ice encountered
in the PEIWUIE. a) Winds at the Îles de la Madeleine station (7053KGR) used as inputs
in Delft3D modelling. b) Modelled open-water wave heights and directions at station
RBR2540. c) Significant wave heights measured in ice at station RBR2540. Note
different vertical scale between panels b and c, and Figure 3.6c.
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Results of ranked Spearman correlation analysis of ̂n with p w , d w , h w , and Tprbr0 show
that ̂ n is weakly significantly (p  0.05) correlated with p w and d w , but not with h w
and Tprbr0 (p  0.20) (Table 3.4). Given the results of the correlation analysis, the deep
water formulation for the attenuation coefficient (Equation 2) is adapted to calculate λn, a
shallow water wave attenuation coefficient in nearshore ice following:

 n  ( p w / d w ) ln( )

Equation 3.10.

The reflection coefficient ri in Equation 2 is transformed to a transmission coefficient (τ =
1 - ri) where ri is assigned a value of 0.1 as suggested by Wadhams et al. (1986). We
consider τ as a calibration coefficient rather than representing a physical process of
transmission of wave energy through nearshore ice.
Equation 1 is then modified to
E x  E rbr 0 exp  n x ice 

Equation 3.11

which gives reasonable agreement between measured (Erbr) and modelled in-ice (Ex)
wave energy densities (Fig. 3.8), where Ex is calculated at the same location as Erbr is
measured, and Erbr0 is hydrodynamically modelled. In sensitivity testing, values of τ <
0.90 move the regression line away from the line of perfect fit (slope = 1; dotted in Fig.
3.8) and reduce the values of r2. Values of τ > 0.9 move the regression line toward the
line of perfect fit and increase the value of r2 to an optimal value of 0.93, above which
values of r2 begin to decrease. For values of τ between 0.88 and 0.97, Ex is relatively
insensitive to changes in τ.
Table 3.4. Results of a ranked Spearman analysis of the correlation of the estimator
of a nearshore attenuation coefficient ( ̂n ) with ice concentration ( pw ), floe
diameter ( d w ), ice thickness ( h w ), and modelled wave period (Tprbr0). Correlation is
weak. Only pw and d w are significantly correlated with ̂n (p  0.05).
pw

dw

hw

Tprbr0

rho

-0.18

-0.16

-0.11

-0.06

p

0.04

0.05

0.20

0.47

77

Figure 3.8. Wave energy density measured at station RBR2540 versus modelled wave
energy density in the same location modified by the shallow water wave attenuation
formulation (Equation 3.11) with a) τ = 0.80, b) τ = 0.99, c) τ = 0.90 and d) τ = 0.93. The
solid line is the best fit from linear regression, and the dashed lines show the lower and
upper 99% confidence intervals. The dotted line is the line of perfect fit.

Vertical error bars on Erbr in Figure 3.8 are 0.1 m, corresponding to a practical accuracy
in measurements. Horizontal error bars on Ex are calculated from the mean RMS error of
wave simulation in the 1999 and 2010 experiments (Table 3.2). This is input into the
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wave energy density calculation (Equation 3.5) and used to derive the error due to
modelling Erbr0.
Figure 3.8 shows that the regression line lies above the line of perfect fit indicating that
attenuation is being overestimated (i.e. calculated attenuated energy densities are less
than those measured). Additionally, there is considerable scatter in the individual panels
of Figure 3.8 and most points lie outside the 99% confidence interval. Several different
populations can be identified: one cluster at the high end lying on the regression line, one
at the low end also lying close to the regression line, and one lying well above the
regression line with large error bars on Ex.
3.4 Discussion

Much of the variability in Erbr is explained with the application of Equation 3.11, but
attenuation is overestimated resulting in values of Ex that are lower than expected (Fig.
3.8). The discrepancies in the simulation of Erbr may result from uncertainty arising from
the approach taken, and with processes not considered in this simple approach such as the
dependence of attenuation on wave period, how waves may reform in open water
between patches of sea ice (e.g. in leads and between floes), and how shoaling waves
interact with both sea ice and the seabed.
In the PEIWUIE, contemporaneous offshore open water wave data were not available to
input to an attenuation model as in previous deep water studies (e.g., Hayes et al., 2007;
Kohout and Meylan, 2008; Squire and Moore, 1980; Wadhams et al., 1986; Wadhams et
al., 1988). Hydrodynamic modelling was used to simulate an open-water wave at the
same location as the measured attenuated wave. This model was forced by winds at a
station some distance from the study area and by waves from a previous simulation. In
open water, the model accurately simulates wave growth and shoaling, but with some
uncertainty that propagates into the calculation of Ex. This uncertainty is manifested in
Figure 3.8 in which the data consistently lie above the line of perfect fit such that the
regression line is offset. Using a model to simulate the open water wave condition and
subsequent attenuation of waves in sea ice has uncertainty that has been addressed using
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data collected in two open water experiments, but there are other sources of uncertainty
not easily quantified.
Input sea ice data are derived from ice charts from the Canadian Ice Service. While
accurate and consistent, the derived data are not easily comparable to the field
measurements of Wadhams et al. (1986; 1988). In particular, the previous research
measured attenuation in specifically described floes, whereas using the ice charts
necessitates analysis using ice units of characteristic floes. This may reduce the
relationship of Ex with floe characteristics.
Related to this, the previous higher latitude research included sea ice with thickness
exceeding 1 m and floe diameters in excess of 100 m, whereas sea ice in this study was
typically between 0.2 and 1 m in thickness, included new ice, and floe sizes were rarely
greater than 100 m. The presence of new ice is particularly problematic as it is better
modelled through diffusion rather than the visco-elastic approach taken here (Wadhams,
pers. comm., 2012). The modelling of new ice as a visco-elastic medium rather than a
diffusive body may contribute to the overestimation of wave attenuation.
Wave character also differs between the deep-water studies and this study. The deepwater studies were conducted in regions of swell waves with periods up to 20 s while
storm waves in this study have periods less than 10 s, and often less than 5 s. One wave
measure that is not included is wave period. It is known from previous studies (and basic
physics) that short period waves should be attenuated more than long period waves. The
results of this study do not indicate any relationship of attenuation with wave period.
Previous research investigated waves of much greater period than waves that occurred
during the PEIWUIE. The previous research also indicates a "roll-over effect" in which at
periods less than about 5 s, attenuation appears to decrease (Wadhams et al., 1986;
Wadhams et al., 1988). Waves encountered during the PEIWUIE had periods within the
range where the roll-over effect is large. By not including the roll-over effect in short
period waves, wave energy attenuation is overestimated.
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Wadhams et al. (1988) consider two explanations for the roll-over effect: short period
waves produced by floes bobbing, pitching, rafting and colliding with each other; and by
waves forming in spaces between floes. Both explanations result in real-world wave
energy production that is measured but not reproduced in the attenuation model. Implicit
in the approach taken here is the compression of mixed ice and open water into a band of
ice of varying concentration against the shore with a width of xice and concentration p w .
The ability of winds to re-build waves between floes and in leads is not considered, and
the exclusion of wave re-growth in leads likely contributes to the overestimation of wave
energy density attenuation. Movements of ice floes are also not considered in the model.
During the PEIWUIE, leads of open water and sparse sea ice between bands of
concentrated ice often developed under offshore wind conditions. One example is when
grey-white ice of 9+/10ths concentration was moved offshore on 25 February 2011 and a
30 km wide (relative to wave direction, approximately 10 km normal to the coast) shorelead opened. Two days later the lead was closed by the same grey-white ice of 9+/10ths
concentration. A similar example occurred between 5 to 9 March 2011 when
southeasterly winds up to 45 km/h forced ice offshore and opened a 40 km wide shore
lead. After a quiescent period on 7 March 2011, on 8 March 8 2011, winds veered to the
northeast and accelerated to 50 km/h. At this time, a band of concentrated ice was
offshore with a 50 km wide lead onshore. Floes of 13 m diameter and 0.25 m thickness
occupied the band of ice in concentrations up to 9/10ths. In Figure 3.8, the population of
data points with large error above the line of perfect fit is from this period. It is very
likely that local wave growth occurred in the shore-lead, resulting in measured waves
larger than simulated under the assumption that the ice was contiguous against the shore.
In contrast to deep-water studies, waves in the nearshore portions of this study area
encounter the seabed and shoal. Wave shoaling in open water is accounted for by using
the modelled open water waves at the same location as the in-ice waves are measured.
However, the dynamic interaction of a shoaling wave and the overlying ice cover is not
considered. In deep water, a wave entering ice is subject to friction from the overlying
elastic ice, whereas waves shoaling in ice-infested waters experience friction from the
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overlying elastic ice surface and also the inelastic seabed. The physics of this dynamic
interaction are not well known, but the use of hydrodynamic modelling may allow for the
inclusion of currently unknown or not well-understood processes that have implications
for sediment transport.
Given the differences between wave and ice conditions between this study in nearshore
ice and previous studies in more developed ice, it is somewhat surprising that the same
formula can be applied to predict wave attenuation with some success. The application is
imperfect, but the success suggests that, like in deep water with well-formed ice, shallow
water waves in nearshore ice decay logarithmically depending partly upon the
concentration of ice, ice floe diameter, and attenuation distance. The attenuation appears
to be influenced by some shallow water processes that remain speculative.

3.5 Conclusions

This paper addresses the problem of the attenuation of waves by nearshore sea ice in
hydrodynamic sediment transport models. We explore the application to shallow water of
an approach taken in deep water in which ice attenuates incoming wave energy. Due in
part to transferring the deep water formulation to shallow water, wave conditions in the
study area, and local sea ice conditions and how they are mapped, the shallow water
equations differ, but the general form remains the same. This study, verified by limited
field measurements, is a significant step towards better implementation of the effects of
nearshore sea ice on waves in sediment transport models, and towards understanding
wave-driven nearshore sediment transport in ice-infested waters. More field studies will
increase confidence in the approach and allow refinement of the shallow-water model.
The conceptual model of exponential wave decay developed in deep water appears to
hold in shallow water. In the study area, the attenuation coefficient depends on the
concentration of ice encountered by incoming waves, the diameter of floes encountered
by waves, and a parameter representing transmission through ice. Energy density at a
location in the ice is dependent upon the attenuation coefficient, the distance waves have
travelled through ice, and the energy density of waves as they enter ice.
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Much (~ 79%) of the variability in expected wave energy density can be explained by the
developed shallow-water model, but a significant portion (~21%) remains unexplained.
This research can be considered a first attempt to migrate a simple deep water model of
wave energy attenuation by sea ice into a nearshore environment. Further research could
focus on four processes: the dissipation of waves in new ice; the "roll-over effect" for
short period waves; wave formation in leads and between floes; and wave shoaling in a
confining ice cover. Better modelling and measurement of wave period is required, as
well as better under-ice shallow water moorings to ensure recovery of the full array of
instruments. These are all in development for future field experiments that will
investigate sediment transport under nearshore ice.
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Chapter 4
Nearshore Sediment Transport, Sea Ice, and Wave Storminess in a
Changing Climate
Submitted as:
Manson, G.K., submitted. Nearshore Sediment Transport, Sea Ice, and Wave Storminess
in a Changing Climate. Continental Shelf Research.
Rationale
This chapter describes present day trends and projections of future storminess and sea ice,
and combines the Delft3D sediment transport model from Chapter 2 with the technique
developed in Chapter 3 to include the effects of sea ice on waves. It addresses Objectives
4 and 5 (Section 1.8).
Abstract
It is widely accepted that changing climate is causing sea ice to decrease in all latitudes
where it is now present, and that the decrease will continue into the future. Trends in
storminess remain unclear, but it is possible that the frequency of extreme storms may
increase. Sea ice attenuates wave energy and reduces rates of sediment transport. When
sea ice is absent, storm waves force nearshore sediment transport. This study considered
whether changing sea ice or changing storminess will have more influence on winter
nearshore sediment transport on the north shore of Prince Edward Island, Gulf of St.
Lawrence. The Delft3D hydrodynamic model was used to simulate waves, currents, and
sediment transport in 7 sea ice scenarios (including open water) and 7 wave storminess
scenarios, giving mean bedload and suspended load sediment transport in 49
combinations of sea ice and wave storminess. Open water wave storminess was simulated
using a winter wind and wave hindcast excluding sea ice. Sea ice was included in the
open water simulations using a post-processed model of the attenuation of wave energy.
Sediment transport during the sea ice scenarios can be statistically differentiated into
open water/low ice concentration (< 33%) and moderate to high ice concentration
(>33%) depending on floe diameter. Changing sea ice is more important than changing
storminess. If ice concentration decreases from high to low concentration, sediment
transport rate doubles. In open water, if storminess increases from low to high, sediment
transport increases by 50%. In the near term, how storminess might change does not
appear to be of immediate concern for coastal planning in ice-affected nearshore waters.
However, as sea ice concentration decreases, predicting changing wave storminess will
become very important.
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4.1 Introduction
In ice-affected coastal regions, the presence and character of sea ice and the energy and
direction of storm waves can influence rates of nearshore sediment transport. Sea (and
lake) ice can cause coastal change by actively redistributing nearshore sediments (e.g.
Barnes et al., 1994; Eicken et al., 2005; Reimnitz et al., 1990; Reimnitz and Kempema,
1982; van Proosdij et al., 2006) and also by passively reducing nearshore sediment
transport (e.g. Allard et al., 1998; Forbes and Taylor, 1994; Solomon et al., 2004). Wave
height, period, energy and fetch distances have long been recognised as important in
affecting nearshore sediment transport (as reviewed in e.g. Davidson-Arnott, 2010;
Komar, 1998; Soulsby, 1997). Stronger winds, acting over longer fetch distances, for
longer time periods, generate waves with greater energy capable of suspending and
transporting more sediment. This study considers the protective influence of sea ice, in
particular how sea ice attenuates the energy of storm waves formed in open water and
entering an area partly covered by sea ice (e.g. Shen and Squire, 1998; Squire et al.,
1995; Wadhams, 1986; Wadhams et al., 1988), and how nearshore sediment transport
varies in different scenarios of storminess and sea ice.
Occupying latitudes between 45oN and 50oN, the Gulf of St. Lawrence (GSL) is among
the lowest latitude ice-infested coastal shelves in the world. Its low latitude, winter sea
ice, stormy winters, and shorelines susceptible to erosion, make it sensitive to changing
climate and an excellent environment in which to study how changing climate may affect
rates of nearshore sediment transport in ice-infested waters. Coastal studies in the Gulf of
St. Lawrence are applicable to other ice-infested nearshore waters, such as Arctic coastal
environments experiencing decreasing sea ice and potentially changing storminess (e.g.
Forbes et al., 2014).
The AR5 report by the Inter-Governmental Panel on Climate Change (IPCC, 2014)
indicates that all RCPs (Representative Climate Pathways) predicted reductions of sea ice
due to changing climate. The summer Arctic Ocean is likely to be nearly ice free before
mid-century (IPCC, 2014). Focussing on the circumpolar Arctic, Walsh et al. (2005)
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showed that sea ice is a key indicator of climate change and Arctic sea ice is expected to
decrease by 50% into 2100. Gaden et al. (2015) identified that, in the western and central
Canadian Arctic, all coastal communities have experienced longer ice-free seasons. Not
just an Arctic issue, ice in the southern Great Lakes has also been shown to be decreasing
(e.g. Wang et al., 2012), a trend that is expected to continue over the coming decades. Sea
ice is known to be decreasing in the Gulf of St. Lawrence (Manson et al., 2002a; Ruest et
al., 2016; Senneville et al., 2014) and is predicted to be absent in the southern GSL by
approximately 2045 (Manson et al., 2002a).
This study defines freeze-up date as the first time in an ice season when mean ice
concentration exceeds 50%, and break-up as the last time in the ice season that mean ice
concentration exceeds 50%. The length of the ice season is the difference between the
two. Figure 4.1 shows the length of the ice season between 1970-71 and 2010-11 in the
study area. Data are from weekly charts which were produced by the Canadian Ice
Service (CIS, 2012). There is a moderate statistically significant trend to decreasing ice
season length in the study area (r = -0.58, p-value < 110-5). A projection of sea ice
concentration in the study area from the CGCM2 general circulation model (Flato and
Boer, 2001; Flato et al., 2000) is given in Figure 4.2 and shows ice concentration may
decrease to zero by approximately 2045.

Figure 4.1. Historical length of the ice season in the study area showing a significant
trend to decreasing sea ice.
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Figure 4.2. CGCM2 projections of sea ice and wind speeds in the study area (after
Manson et al., 2002a).
There is less consensus on how storminess is changing and might change into the future.
Important to this study, climatologies and projections of storminess often include tropical
storms that do not affect areas where and when sea ice is present. IPCC (2013), using
self-defined qualifiers, indicated that it is virtually certain that the frequency and intensity
of storms have increased in the North Atlantic since 1970, though there is low confidence
in trend over the last century. There is also low confidence in region-specific projections
of storminess (IPCC, 2013). Lambert et al. (1995; 2004) concluded that, for the northern
hemisphere, while the overall frequency of storms is expected to decrease, the frequency
of the most intense storms is expected to increase. Inuit observations in the western and
central Canadian Arctic suggest that the variability and predictability of weather is
changing, with stronger winds in summer and possibly weaker winds in winter (Gaden et
al., 2015). Candlish et al. (2015) indicated there are very few Canadian Arctic regions
with significant trends in storminess. One exception is the Beaufort Sea, which has
shown an increase in winter winds likely related to more open water during the autumn.
In the Gulf of St. Lawrence, Parkes et al. (2006) examined statistically downscaled wind
variables from the CGCM1 general circulation model (Boer et al., 2000). The results
suggest that no significant changes in wind speeds are expected by 2100, which may,
with high uncertainty, be the same for future extreme events. Manson et al. (2002b)
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investigated the winds in the southern Gulf of St. Lawrence in the CGCM2 general
circulation model (Flato and Boer, 2001; Flato et al., 2000) and found winter wind speeds
may be expected to increase slightly, but no conclusive evidence was found for changing
storminess. Forbes et al. (2004) considered the uncertainty and lack of consensus for
future storminess in the Gulf of St. Lawrence, and adopted the conclusions of Lambert et
al. (1995; 2004).
Figure 4.3 shows the mean winter wind speed and number of winter wind events (>50
km/h for >6 hours) in the study area. Data are from a single node in the MSC50 hindcast
(Swail et al., 2006). The apparent trend towards decreasing winter wind speeds is
negligible and not significant (r = -0.18, p-value = 0.2) and that of winter storms is very
weak to negligible and also not significant (r = -0.28, p-value = 0.05). Winter wind speed
projections from CGCM2 (Figure 4.2) indicate that speeds may increase to 2050 and then
level off.

Figure 4.3. Hindcast winter wind speeds and wind storm events in the study area showing
no statistically significant historical trends.
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The general purpose of this study is to examine the relationships of wave storminess,
nearshore sea ice, and sediment transport in a study area on the central north shore of
Prince Edward Island. Specific purposes are to 1) identify the relative importance of
storminess and sea ice in controlling rates of nearshore sediment transport, 2) determine a
threshold of sea ice below which no significant wave-driven sediment transport occurs,
and 3) demonstrate a simple modelling methodology that can be applied in other iceinfested coastal waters to predict nearshore sediment transport.
4.2

Study Area

The study area lies on the North Shore of Prince Edward Island (PEI) in the southern
Gulf of St. Lawrence (Fig. 4.4). The general area has been described in detail by Forbes
et al. (2014; 2004) and Forbes and Manson (2002), and the local area has been described
by Manson et al. (2016).
The coast consists of submerged embayments, mixed sandstone and till cliffs, onshore
dunes, and sandy deposits in beaches, spits, and ebb- and flood-tidal deltas. Nearshore
sand is concentrated in depths of less than approximately 20 m. The study area has been
divided into the informally named Brackley and Tracadie Bights (Forbes et al., 2004;
Owens and Bowen, 1977; Shaw et al., 2000) divided by Stanhope Cape (Fig. 4.5).
Nearshore sediment transport modelling in autumn open water seasons has shown that
Stanhope Cape is not a significant impediment to alongshore sediment exchange between
the two bights (Manson et al., 2016) so this study considers the two bights as one
embayment. Figure 4.6 shows the distribution of sediments in the study area based on
backscatter from multibeam bathymetry, surface grabs, cores, drop and tow cameras, and
remotely operated vehicles. These data, along with sidescan sonar and shallow reflection
seismics were used to constrain the interpretation of the multibeam bathymetry.
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Figure 4.4. Location of the study area in the Southern Gulf of St. Lawrence with regional
bathymetry in metres.

Figure 4.5. Locations of measurement stations, the MSC50 wind/wave hindcast node
used in this study, the coincident WebTide location, and the Delft3D model grids (the
inset shows the parent grid).
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Sea ice is typically present in high concentrations in the study area between January and
April. Drinkwater et al. (1999), Chagnon (2002) and Parkes et al. (2006) demonstrated
the high annual variability in sea ice concentrations in the southern Gulf of St. Lawrence.
In the study area, sea ice typically forms a Nearshore Ice Complex (NIC) similar to those
commonly found in other areas (e.g. Allard et al., 1998; Barnes et al., 1994; Forbes and
Taylor, 1994). The NIC consists of mixed floating and grounded ice and can be separated
into several zones. A landward ice foot typically lies within the upper intertidal zone.
Seaward of the ice foot there may be a zone of ice ridges grounded on nearshore bars
(Forbes et al., 2002) and separated by flat ice lagoons (Barnes et al., 1994). The NIC
often abuts against a seaward zone of landfast ice consisting of solidly frozen floes. There
are many definitions of landfast ice, but general characteristics include that it is attached
to the shore, is contiguous, is mostly stable throughout the ice season, and can extend
100s of kilometres offshore to water depths exceeding 50 m (Armstrong et al., 1973;
Barry et al., 1979; Mahoney et al., 2007). In the study area, contiguous ice seaward of the
NIC is ephemeral and following Manson et al. (2015), this study refers to this mobile ice
and the NIC as nearshore ice.
The study area lies downstream of a region of cyclogenesis off the Eastern Seaboard of
the United States. In winter, it is subject to storms that frequently track from the south,
though some come from the west associated with Arctic systems (Gyakum et al., 1996;
Manson et al., 2002b; Parkes et al., 2006). Depending on the precise track, storms from
the south can bring extreme northeast winds which back to strong to moderate northwest
winds, or moderate to strong persistent northwest winds. In open water, persistent waves
from the northwest cause most sediment transport, though episodic waves from the
northeast are also effective in causing sediment transport (Manson et al., 2016).
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Figure 4.6. Map of sediment classes in the study area, with local place names,
bathymetry, and the Delft3D grids.
4.3

Methods

This study adopts an approach in which the Delft3D hydrodynamic modelling software
(e.g. Deltares, 2011a; Deltares, 2011b) is used to simulate nearshore sediment transport
under varying conditions of sea ice and storminess.

4.3.1

Delft3D Modelling

Delft3D is a hydrodynamic modelling suite capable of simultaneously running a current
and morphology module (FLOW) and a wave module (WAVE) in two (depth-averaged)
or three (depth-variant) dimensions (Deltares, 2011a; 2011b). Sea ice is included in a
separate post-processing step in which open water simulations are re-run using attenuated
waves as a boundary condition (Manson et al., 2015) resulting in attenuated rates of
sediment transport. Specific details of previous implementations of FLOW and WAVE in
the study area, with methods and quantitative results from validation experiments, are
given in Manson et al. (2016; 2015) and will be briefly summarised here.
The modelling approaches and input data used in this study have previously been verified
in the immediate study area by testing model results against oceanographic measurements
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in open water (Manson et al., 2016) and, using under ice wave measurements, in sea ice
(Manson et al., 2015). In these previous studies, waves currents and water levels were
successfully simulated, including the occurrence, timing and duration of events, in both
open water and sea ice. Sediment transport and erosion/deposition patterns fit well with
data, observations, and conceptual models of shoreline changes and evolution.
4.3.1.1

Grids

The model setup implemented in this study is identical to that of the open-water model of
Manson et al. (2016) with a sea ice component developed by Manson et al. (2015). In this
study, Delft3D was run in depth-averaged mode using two nested curvilinear grids (Fig.
4.5), each with a single southern land boundary and a single northern open water
boundary. The parent grid consisted of cells ranging in size from 0.92 km2 to 1.2 km2.
The nested grid was approximately 36 times the resolution of the parent grid with cells
ranging in size from 2.9310-2 km2 to 3.1410-2 km2. As input boundary conditions, the
parent grid used a Digital Elevation Model (DEM), seabed character, water levels, winds,
and waves. The nested grid used the same DEM and seabed character, but receives its
other conditions from the parent grid. The WAVE module is run on the parent and nested
grid, the FLOW (with Morphology) was run on the nested grid to obtain high spatial
resolution in nearshore sediment transport data. The FLOW module is run at a set
timestep and updates the WAVE module at specified intervals. Following the method of
Manson et al. (2016) in which entire seasons were simulated, a 5 minute time step was
adopted for FLOW, with WAVE updated every 6 hours.
4.3.1.2 Digital Elevation Model
A digital elevation model (DEM) supplies bathymetry and coastal elevations to Delft3D.
The DEM used in this study is a combination of one developed by Shaw et al. (2002)
with a resolution of approximately 800 m, a detailed combined seafloor and land surface
DEM constructed from acoustic bathymetry (Forbes and Manson, 2002), bathymetry
from hyperspectral Compact Airborne Spectographic Imager (CASI) data following
Morel (1996), and terrestrial LiDAR (Webster et al., 2002). The datasets were merged at
5 m resolution, resampled to 10 m resolution to minimise artefacts (e.g. track lines and
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seams between datasets). The DEM is most representative in the nearshore (water depths
of 2-30 m).
4.3.1.3 Seabed Characteristics
Previous mapping (Forbes and Manson, 2002; Manson, 2012) was used to define the
seabed conditions of grain size, bed roughness, and bed thickness required by Delft3D.
Using multibeam backscatter, drop and drift camera stations, and surface grab samples,
Manson (2012) generalised the sediments in Brackley Bight into three classes: rippled
fine sand (d50 = 0.2 mm, d84 = 0.35 mm, d16 = 0.15 mm), pebble lag over glacial till (d50 =
32 mm, d84 = 256 mm, d16 = 4 mm) and cobble lag over bedrock (d50 = 64 mm, d84 = 256
mm, d16 = 32 mm) (Fig. 4.6). It is recognised that the pebble and cobble lags contain
boulders and that sands contain significant percentages of granules, pebbles and shelly
debris. Bed roughness was calculated from d50 following Soulsby (1997). Bed thickness
was interpreted from the previous mapping.
4.3.1.4

Boundary Conditions

Delft3D requires time series of water levels (either predicted or measured). Hourly
predicted tides were obtained from a WebTide (Dupont et al., 2002) simulation from 1
January 1954 to 30 April 1960. The location of the WebTide simulation is shown in
Figure 4.5.
The wind and wave conditions were obtained from the MSC50 wind and wave hindcast
(Swail et al., 2006) which gives wind and wave parameters at hourly intervals from 1
January 1954 to 31 December 2005. Time series of wind speed and direction, significant
wave height, peak period, wave direction and wave spreading angle from node
M6010491 (Fig. 4.5) were used for the wind and wave boundary conditions for the 1
January 1954 to 30 April 1960 time period.
The MSC50 wave hindcast includes sea ice between 1962 and 2005 through the use of a
weekly ice edge defined by ice concentrations greater than 50% (commonly represented
by 5/10). Any points lying inside the ice were considered as land with neither wave
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generation nor propagation, while areas outside the ice were treated as open water with
full wave generation and propagation (Swail et al., 2006). Useful to this study, sea ice
was not included in the 1954 to 1961 time period meaning that winter waves for these
years were simulated as open water with no ice.
4.3.1.5 Sea Ice
To include sea ice in Delft3D using the approach of Manson et al. (2015), data are
required on the distance which waves travel through sea ice, the concentration of the ice,
and the ice floe diameters. Weekly ice charts produced by the Canadian Ice Service (CIS)
(2012) provided these data. The CIS uses various synthetic aperture radar satellites,
MODIS optical imagery, observations from ships, and aerial surveys to divide the sea
surface into ice-free areas (zero ice), open water areas (< 10% ice), and ice units (>10%
ice). Each unit is described following standard World Meteorological Organisation codes
defining sea ice characteristics (Armstrong et al., 1973; CIS, 2005). Each unit is given a
total concentration in tenths, and is typically divided into two to three subunits. For each
subunit the stage of ice development with information on ice type and thickness, and the
floe type with information on floe diameter are given.
In ArcGIS 9.3, python scripting was used to convert the digital weekly ice charts from
vectors to multiple rasters at 1 km resolution, with the number of rasters depending on the
number of subunits. Rasters of concentration and floe diameter were created for each
subunit, with an addition raster of total concentration. For a typical chart with three
subunits, 7 rasters were created.
Using results from an initial open-water run of Delft3D, 6-hourly wave directions were
determined for station RBR2540 (Fig. 4.5) and 20 km line vectors were cast in the
direction from which the waves were approaching. At 100 m spacing along each vector,
the weighted mean ice concentration p w , floe diameter d w , and the distance waves travel
through ice were calculated. Daily concentration, floe diameter, and attenuation distances
were interpolated between the weekly charts.
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4.3.2

Including Sea Ice in Delft3D Modelling

The effects of sea ice are included through post-processing an initial open water run of
Delft3D using a simple model of wave attenuation in sea ice, and then using the
attenuated waves as the boundary conditions in a subsequent run (all other inputs the
same). The simple theory of nearshore wave attenuation was adapted by Manson et al.
(2015) from a theory developed in deep water in offshore ice (Wadhams et al., 1986;
Wadhams et al., 1988) to shallow water with nearshore ice.
A common configuration of sea ice in the study area is one in which nearshore ice has
been driven against the shore by winds and waves and there is open water offshore. The
shallow water theory of Manson et al. (2015) describes the exponential decay of wave
energy density with distance of penetration into the nearshore ice using

E x  E x 0 exp  n xice 

Equation 4.1

where Ex is the wave energy density at a point x in the nearshore ice, Ex0 is the open water
wave energy density at point x, and λn is an attenuation coefficient with the subscript n
denoting the nearshore condition. The distance through which waves are attenuated by
ice of varying concentrations, excluding water, is represented by xice.
The attenuation coefficient λn is given by

 n  ( p w / d w ) ln( )

Equation 4.2

where p w and d w are, respectively, the daily mean sea ice concentration weighted by
unit distance and the mean ice floe diameter encountered by waves weighted by subunit
concentration. A semi-empirical nearshore wave energy transmission term τ is has been
found to have an optimal value of approximately 0.93 (Manson et al., 2015). The ice
units and subunits mapped on the ice charts (Section 4.3.1.5) provided the information for
the determination of p w and d w , and p w was used in the calculation of xice.
Following linear wave theory, significant wave height (Hs) and wave energy density E
are related by
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E  gH s 8
2

Equation 4.3

in which ρ is the density of seawater (1025 kg/m3) and g is acceleration due to gravity.
Equation 4.3 was used in post-processing steps to calculate Ex0 from Hs in the open model
runs. After applying Equations 4.1 and 4.2, Equation 4.4
H s  8 E / g

Equation 4.4

was used to recalculate Hs from Ex for use as the boundary condition in the ice model
runs.

4.3.3 Wave Storminess and Sea Ice Scenarios

In this study, sediment transport is analysed in seven scenarios of wave storminess, and
seven scenarios of sea ice (including open water), giving a sample size of 49
combinations. This section describes how the different scenarios were selected.
The wave storminess scenarios required open water simulations of winters, and used the
MSC50 wave hindcast dataset for seven winters when sea ice is not included in the
MSC50 data (January to April, 1954 to 1960). An index of northerly wave storminess
Iwave was calculated using
I wave 

 H nH
2

s

sthresh

nH sevent 

Equation 4.5

where nHsthresh is the number of occurrences of Hs  3 m each winter and nHsevent is the
number of wave events each winter with a wave event defined by at least 6 hours of Hs 
3 m allowing for lulls of 3 hours (after Manson et al., 2016). The wave storminess
scenarios are given in Table 4.1, sorted from lowest to highest (i.e. lowest to highest
potential for sediment transport).
Because the MSC50 includes sea ice after 1961, it is not possible to ensure that the 19541969 winters are a representative sample of wave storminess in the MSC50 using Iwave.
As a proxy for Iwave, a northerly wind storminess index Iwind was calculated for all winters
in the MSC50 using
I wind _ N   W nWthresh nWevent 

Equation 4.6
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in which W is wind speed from the north, Wthresh is the number of times winds from the
north exceed 50 km/h from the north, and a wind event Wevent is defined by winds
exceeding 50 km/h for a duration of at least 6 hours allowing for lulls of 3 hours, with a
mean direction from the north (after Manson et al., 2016). A z-test analysis was
conducted on Iwind_N with the 1954-1960 winter winds representing a sample of the
population of 1954-2005 winter winds.
The sea ice scenarios were selected based on an index of the winter mean sea ice
concentration and diameter in the area of the parent grid following
I ice  p  d

Equation 4.7.

The values of Iice were sorted, and the two highest, the two lowest, and the two
surrounding the mean were selected as the six ice scenarios with the open water condition
as a seventh ice scenario. The ice scenarios are given in Table 4.2, sorted from lowest to
highest (i.e. from highest to lowest potential for sediment transport).
The wave storminess and ice indices were used to sort the amounts of sediment transport
in the nested grid for the 49 combined scenarios. This study analyses the amount of total
(bedload and suspended load) sediment transport. For each of the 49 scenarios (each
constituting a model run), each model time step, the mean amount of total sediment
transport occurring at each cell in the nested grid was calculated. From those means, the
mean of all time steps in each scenario was calculated. The mean total sediment transport
_

S t represents the mean amount of sediment being transported in bedload and suspended

load in a given scenario without consideration of sediment transport direction or net
sediment transport.
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Table 4.1. The wave index for the different storminess scenarios,
ordered from lowest to highest potential for sediment transport.
A high wave index indicates the highest potential for sediment transport.
Wave
Scenario

ΣHs2

1956
1955
1960
1958
1954
1957
1959

4.37
10.8
5.47
11.5
10.0
20.3
32.9

nHsthresh nHsevent
74
36
256
155
131
118
29

2
2
6
7
5
9
3

Iwave

Class

12.7
13.9
15.2
16.0
16.2
16.3
17.7

low
low
moderate
moderate
moderate
moderate
high

Table 4.2. The sea ice index for the different sea ice scenarios,
ordered from highest to lowest potential for sediment transport.
A high ice index indicates the lowest potential for sediment transport.
Ice
Scenario

p

d

Iice

(proportion)

(m)

(m)

open
2002
2000
1984
1987
1970
1980

0
0.31
0.37
0.66
0.67
0.49
0.59

0
123
171
98
105
156
166

0
39
63
64
70
76
97

Class
open
low
moderate
moderate
moderate
moderate
high

The 49 scenarios were compared using different statistical techniques. One-way ANOVA
_

_

was conducted on S t in the storm scenarios including all ice scenarios, and on S t in the
ice scenarios including all wave storminess scenarios. Stepwise multiple regression was
_

conducted on S t by first adding the ice scenarios and next adding the wave storminess
scenarios, and also by first adding the wave storminess scenarios.
_

The scenarios of S t were also investigated graphically by mapping a grid of the 49
scenarios ordered by Iwave in the x direction and Iice in the y direction.
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4.4

Results

The result of a Z-test of the northerly winter wind storminess index Iwind_N indicate that
the distribution of the northerly winter wind storminess index in the 1954 to1960 period
is not significantly different from that of the northerly winter wind storminess index from
1961 to 2005 (α = 0.01). This indicates that the winters from 1954 to 1960 are a
representative sample of winter wave storminess without sea ice in the study area.
Total sediment transport rates for each of the 49 combinations of sea ice and wave
storminess scenarios are given in Table 4.3, in which columns are ordered by increasing

Iwave, and rows are ordered by increasing Iice. Sediment transport potential increases from
left to right, and from bottom to top of Table 4.3.
_

Figure 4.8 shows gridded S t in the 49 scenarios of wave storminess and sea ice. Values
are ordered in the x-direction by Iwave (increasing to the right) and in the y-direction Iice
(increasing downwards). The highest amount of sediment transport occurs in open water
(or when ice concentration is low) and when storminess is high. The lowest amount of
sediment transport occurs when the sea ice concentration is high and storminess is low.
Sediment transport is variable in the mid-ranges of sea ice and wave storminess.
_

In stepwise multiple regression of S t against the sea ice and wave storminess indices, the
first addition of sea ice resulted in a value of r2 = 0.62 with p-value = 2.510-11 indicating
a large and significant contribution. With the second inclusion of wave storminess, r2
increased to 0.79 with p-value = 3.910-10 indicating that wave storminess variability
explains only a small portion of the variability in mean total sediment transport not
already explained by the variability in sea ice. When wave storminess is added first, r2 =
0.17 with p-value = 0.0031, indicating significant but small contribution of wave
storminess.

4.5

Discussion

This paper has considered the protective role of nearshore sea ice and the extent to which
it limits sediment transport caused by waves and currents. Different scenarios of
changing climate, even in different regions, all indicate that sea ice is decreasing and is
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expected to decrease further to the end of the century, becoming absent in sensitive areas
such as the Gulf of St. Lawrence. Storminess may change in some areas, and some
seasons, but the magnitude and, in some cases, the direction of the trend remain unclear.

Figure 4.7. Box and whisker plots showing the range, upper and lower quartiles, and the
medians of sediment transport from a) the simulations including ice for each storm
scenario, and b) the simulations including storms for each ice scenario, ordered by storm
and ice index value with decreasing potential for sediment transport.
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_

Table 4.3. Mean total sediment transport S t (m3/s/m10-5) in 49 scenarios of wave
storminess in which the storminess columns are ordered by decreasing wave index
(increasing potential for sediment transport) and the sea ice rows are ordered by
increasing sea ice index (decreasing potential for sediment transport).
wave and ice
scenarios

1956

1955

1960

1958

1954

1957

1959

row
mean

0
2002
2000
1984
1987
1970
1980

0.93
0.96
0.66
0.83
0.64
0.72
0.52

0.77
0.95
0.72
0.80
0.70
0.78
0.56

1.18
0.93
0.88
0.73
0.55
0.70
0.53

1.25
1.07
0.85
0.89
0.69
0.78
0.65

1.19
1.02
0.91
0.86
0.73
0.83
0.57

1.38
1.22
0.88
1.01
0.78
0.83
0.64

1.40
1.34
0.92
1.05
0.97
0.75
0.65

1.15
1.06
0.83
0.88
0.72
0.77
0.58

column
mean

0.75

0.76

0.79

0.88

0.87

0.96

1.01

0.86

Figures 4.7 and 4.8 show that the relationships of sediment transport with indices of wave
storminess and sea ice are complex. There is some uncertainty in the Delft3D modelling
and the calculation of the wave storminess and sea ice indices, but the results of ANOVA
and multiple regression statistical testing strongly indicate the high influence of variable
sea ice on rates of nearshore sediment transport when compared variable wave
storminess.
The results of this study show that sediment transport is less sensitive to changing
storminess than it is to changing sea ice, even without consideration of sediment
suspension and scour by ice wallow and sediment transport by drifting ice. As long as sea
ice is present in moderate to high concentrations with floes of moderate size, rates of
nearshore sediment transport, and related rates of coastal change, are not significantly
affected by variable storminess. The results suggest that coastal scientists and managers
working on climate change issues affecting ice-infested shores should be, in the near
term, more concerned with decreasing sea ice over potentially changing storminess.
However, if sea ice decreases to low concentrations with small floes, the effects of
storminess grow in importance. Of course, in the complete absence of sea ice, sediment
transport is not dependent on sea ice and understanding how storminess might change
becomes crucial in understanding future sediment transport.
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Figure 4.8. Gridded total mean sediment transport in 49 different scenarios
of wave storminess and sea ice showing amount of sediment transport
(m3/s/m10-5) in different combinations of scenarios. Data are gridded in
the same order as in Table 4.3 (excluding row and column means).
In this study, rates of sediment transport are clustered into three groups of sea ice/open
water, moderate ice, and high ice based on ice concentration and floe diameter. It appears
that larger floes in low concentration can be as effective as smaller floes in higher
concentrations. Floes of moderate size were present in low concentrations in 2002, while
smaller floes in higher concentration were present in 1984. There may be some
concentration threshold where even large floes may be ineffective in attenuating waves
because waves may refract around the floes with little attenuation and can redevelop
between floes. Floe size appears to have an effect on wave attenuation, but the range of
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floe sizes in this study was not large enough to establish a meaningful relationship or
threshold.
Mean total sediment transport in the low ice scenario is significantly different from that
in intermediate and high ice scenarios implying a threshold between the low ice
concentration and the mean moderate-high ice scenarios. The division between the low
and moderate scenarios is likely near 33%, though this may change with floe diameter.
A common practice in wave modelling in ice is to adopt a concentration threshold usually
between 30% and 70% (DHI, 2007; Ruest et al., 2016; Swail et al., 2006; Tolman, 2003;
Tuomi et al., 2011) and treat areas with concentrations above the threshold as land with
zero wind shear stress and wave growth and transmission. The value of ~33% suggested
by these results lies at the low end of the range of values in previous research. The value
of 50% is widely used for wave climate or open water season length studies (cf. Ruest et
al., 2016). This value lies within the middle range of the intermediate ice concentrations
in this study suggesting that 50% is a reasonable threshold, depending on floe diameter
and the risk-tolerance of a particular application. The low and high ice concentrations
identified in this study are also close to those used in previous research suggesting that
thresholds of 30% and 70% are reasonable, again depending on floe diameter and the
risk-tolerance. In areas where sea ice is expected to rapidly decrease, risk-tolerance might
be low and a low ice concentration threshold might be appropriate. The reverse might be
true where sea ice is expected to remain in moderate concentration and risk-tolerance is
high. In these cases, the adoption of a high ice concentration threshold might be most
appropriate. The results of this study do indicate that a gradational treatment of sea ice is
most appropriate. Any threshold is somewhat artificial. Some sediment transport, though
suppressed, occurs above the threshold, and some suppression of sediment transport
occurs below the threshold. Further flexibility in a concentration threshold is contributed
by a possible relationship with floe diameter.
Sea ice remains effective in reducing nearshore sediment transport even when it is
present in concentrations as low as ~33% because it is mobile. Onshore storm winds and
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waves push ice against the shore where it forms a protective band attenuating wave
energy as waves enter shallow water and become capable of moving sediment. If there is
insufficient ice to form a band with enough width and concentration to attenuate waves
before they reach shallow water, nearshore sediment transport occurs as if there was no
ice. Increasing storminess is not required to accelerate sediment transport. Under present
day storminess, sediment transport is expected to increase due to reduced sea ice alone.
That variable storminess does not affect rates of nearshore sediment transport when sea
ice is present at low to moderate concentrations also relates to the mobility of sea ice.
When ice is present in low concentrations it has more open water into which it can be
moved by winds and waves. Due to wave refraction and direction of longest fetch, the
highest waves approach the shore near-normal or moderately oblique to the shore
orientation. Onshore winds and waves during storms have the greatest potential to
mobilise and transport sediment, and also advect mobile ice against the coast. In most
storms, self-regulation is introduced through negative feedback. Moderate to strong storm
events are capable of moving more ice from offshore to the coast, thus forming a wider
band of nearshore ice with greater thickness due to ridging and rafting and greater
capacity to attenuate incoming wave energy. Extreme events may be strong enough to
break up floes and the nearshore ice complex and generate considerable sediment
transport, but during moderate to strong events sediment transport is reduced by sea ice
brought onshore. Minor events and calm periods during offshore winds cause less
sediment transport, even when sea ice is low or absent. Predicting future sediment
transport is complicated by the co-probability of event magnitude and sea ice
concentration.
As indicated in Section 4.1, sea ice is decreasing in most locations of the world, and
projections suggest this will continue and the rate of decrease will accelerate. The Gulf of
St. Lawrence, the Great Lakes, and parts of the coastal Arctic are likely to become icefree year round in the near future (e.g. IPCC, 2014). The sediment transport of 0.5810-5
m3/m/s in the high ice scenarios and mean of 1.110-5 m3/m/s in the low ice scenario
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suggest that rates of nearshore sediment transport may nearly double as sea ice decreases
from high through moderate to low concentration and open water.
The different open water wave storminess scenarios in this study can be considered
representative of the future winter wave storminess in the absence of sea ice. In open
water, if storminess changes from the low to high scenarios in this study, rates of
nearshore sediment transport increase approximately 50%. If projections of future
storminess indicate increasing storminess above the historical record, additional
acceleration of rates of nearshore transport may be expected.
Sediment transport considered here is only due to waves, not sea ice itself. It is well
known that sediment becomes entrained in sea ice and can be advected far across- and
along-shore (e.g. Barnes et al., 1993; Reimnitz et al., 1990; van Proosdij et al., 2006).
Eicken et al. (2005) note that decreasing sea ice is leading to greater sediment transport
by sea ice due to the increased occurrence of break-out events of landfast ice. With more
open water for ice to move into, more sediment entrained in sea ice can be transported
further. Another important process of sea ice in nearshore sediment transport is ice
wallow, in which large blocks of grounded ice rock in waves causing scour and
suspending sediment for transport (Reimnitz and Kempema, 1982). With more open
water, the processes of sediment transport by ice advection may become increasingly
important, further increasing the estimates of future sediment transport developed in this
study. The transport of sediment by sea ice is known to be important, but is difficult to
quantify in the study area.
Though this research was conducted in a specific study area, the Delft3D model can be
applied in any coastal environment. Most ice-infested coastal waters have the required
input data, whether measured, hindcast, simulated, or even constant for use in sensitivity
studies. The techniques applied in this study, and potentially the general relationships of
sea ice, wave storminess and sediment transport, with relevance to rates of coastal
change, may be applicable to other areas with changing sea ice and changing climate.
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4.6

Conclusions

From simulations of nearshore sediment transport under variable scenarios of sea ice
concentration and wave storminess, it is concluded that:
1) Nearshore sediment transport is more affected by variability in sea ice and less
affected by variability in storminess. There is no significant difference in
sediment transport rates between open water (0% sea ice) and low ice
concentrations (<33%). There is significant difference between open water/low
ice concentrations and moderate sea ice concentrations (>33%). Floe diameter
also is important in wave attenuation but no clear threshold was found.
Concentration thresholds might be improved by including floe diameter.
2) As sea ice concentration in the study area decreases from high to low ice and open
water, rates of nearshore sediment transport double. In open water, as storminess
increases from low to high, nearshore sediment transport increases by 40%.
3) In coastal planning and management, thresholds of ice concentration used in
previous research are supported. The commonly used threshold values of 30%,
50%, and 70% ice concentrations are considered appropriate, depending on floe
diameter, and the risk-threshold of a particular application. However, a
gradational approach to incorporating sea ice in hydrodynamic models is
recommended as a better approach.
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Chapter 5
Discussion and Conclusions
5.1

Discussion

This research examined the relationships between wave storminess, nearshore sea ice,
and sediment transport on the central north shore of Prince Edward Island. In Chapter 1,
the study area was described with reference to changing storminess and sea ice in the
Atlantic and Arctic regions, and the purpose and objectives of the thesis were described.
In Chapter 2, the nearshore sediment transport in the autumn open water season in
different levels of storminess was investigated. In Chapter 3, a technique was developed
to apply sea ice in the modelling of nearshore sediment transport. In Chapter 4, nearshore
sediment transport in winter under different scenarios of storminess and sea ice was
considered. This chapter addresses an apparent inconsistency in Chapter 3 with past
research, further considers sediment transport in autumn and winter, and also the
transport of sediment by sea ice.
5.1.1

Attenuation and Penetration Distances

An inconsistency between this research and past research becomes apparent with careful
analysis of the past research upon which Chapter 3 is based. How wave energy E0
entering sea ice is progressively attenuated to Ex with distance of penetration
(attenuation) x into pack ice in deep water is given by Equation 3.1, Section 3.2.3.3
following Wadhams et al. (1986) as
E x  E 0 exp i x  .
The attenuation coefficient (λi) comes from Equation 3.2 in which

i  ( pi / d i ) ln(1  ri ) ,
where pi is the ice concentration, di is the floe diameter, and ri is a coefficient
parameterising the reflection of wave energy by the ice edge and floes. Wadhams et al.
(1988) expressed the relationship in the frequency domain in a very similar formulation

E f  x   E f 0 exp x 

Equation 5.1
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in which Ef(0) is the wave energy density of a spectral component centred at frequency f
entering sea ice, Ef(x) is the wave energy density at a penetration distance x, and α, the
attenuation coefficient, is defined by

   p ln t d

Equation 5.2

where t = 1 - r (expressed as τ in Equation 3.10).
The inclusion of a negative sign in Equation 5.2 and no negative sign in Equation 3.2
indicates that α=-λ. The apparent discrepancy can explained by different reference frames
for the penetration distance x. Wadhams et al. (1986) appear to have used a measurement
of penetration with x negative into the pack ice, whereas Wadhams et al. (1988) used a
measurement of the penetration distance with x positive into the sea ice. In this research,
x was taken to be an attenuation distance, measured from a point in ice, with distance
positive and increasing toward the ice edge. As in Equation 5.2, a negative sign was
applied in this research to ensure that ln(τ) in Equation 3.10 is positive. Alternatively,
with positive attenuation (penetration) distance, Equation 3.11 can be applied as is, and
Equation 3.11 expressed as
E x  E rbr 0 exp n xice 

Equation 5.3.

where xice is explicitly defined as the attenuation distance in ice, not including open
water, measured from a point in ice to the ice edge. Most important is that, when using
positive distance, either ln(τ) must be multiplied by -1, or the negative sign in Equation
3.11 must be removed.
5.1.2

Sediment Transport in Autumn and Winter

Sediment transport in open water conditions was simulated in Chapters 2 and 4 and the
results are given in Tables 2.6 and 4.3. Mean total sediment transport was found to be
0.5010-5 m3/s/m in autumn and 1.1510-5 m3/s/m in the winter open water scenarios.
While it is tempting to suggest the difference indicates that the generally stronger winds
in winter cause more sediment transport while there is no sea ice, it must be considered
that sediment transport in all of the winter scenarios, even those including sea ice, is
greater than the mean sediment transport in the open water autumns (Tables 2.6 and 4.3).
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The methods used in modelling autumn and winter open water sediment transport were
identical, as were subsequent analyses. The only difference was the sample size used to
calculate mean total sediment transport over the seasons. The autumn mean was
calculated from 23 seasons whereas the winter mean was calculated from 7 seasons. This
was necessary in order to use the MSC50 hindcast as the wave boundary condition. There
are only eight years of wave hindcast that do not include an simple implementation of sea
ice (1954-1961).
To test whether the years of autumn and winter simulations were representative of the
1954 to 2005 period, the wave index described in Chapter 4 (Equation 4.4), was
calculated for each autumn and each winter. A two-tailed z-test was used to test whether
the 23 sample autumns waves were a representative sample of the 1954 to 2005 waves. It
was found that the sample was drawn from a normal distribution with the same mean and
standard deviation as the 1954 to 2005 population (p = 0.71) (Section 2.4). The same test
was applied to the sample of the seven open water winters (1954 to 1960) selected from
the 1954 to 2005 population. Because the winters include sea ice, out of necessity a wind
index (Equation 4.5; Section 4.3.3) was used. It was found that the sample was drawn
from a normal distribution with the same mean and standard deviation as the 1954 to
2005 population (p = 0.65).
The finding that sediment transport in autumn and open water in winter could not be
reconciled prompted further investigation. Lillefors testing to determine normality of the
distribution of the populations of the autumn wave index and winter wind index revealed
that the wave index is normally distributed (p > 0.5) and that the wind index is positively
skewed and non-normal (p = 0.0013). The z-test assumes the population is normally
distributed, so it is possible that storminess in the 1954 to 1960 winters is not
representative of storminess in the winters of 1954 to 2005. The ice scenarios do reflect
the range of sea ice, and the results of the 49 simulations strongly indicate that, in the
next few decades, decreasing sea ice will have a profound impact on rates of nearshore
sediment transport and rates of coastal change.
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5.1.3

Sediment Transport by Sea Ice

In Section 1.4, the concepts of how sea ice can transport sediment were introduced. Due
in part to lack of critical information on sediment concentrations in sea ice in the southern
Gulf of St. Lawrence and the previously perceived but poorly quantified importance of
sea ice in influencing rates of hydrodynamically driven nearshore sediment transport, this
research focussed on the protective role of nearshore sea ice. Research in other regions
has demonstrated that sea ice transports sediment both onshore and offshore. Onshore
transport occurs through ice ride-up, pile-up, and movement of sediment-laden ice
blocks, while offshore transport occurs as sediment-laden ice is advected into deeper
waters where it melts and drops the sediment.
Ice ride-up is the process in which intact sheets of ice slide slowly onshore over gently
sloping beaches and move inland distances from a metre to several hundred metres and
possibly even onto ice-covered back-barrier lagoons. Ice ride-up typically entrains
sediment in water depths less than 1.5 m and deposits ice-push mounds on the backshore.
In contrast, ice pile-up occurs rapidly as ice flexes and buckles under landward-directed
stresses and forms piles of broken sediment-laden ice sometimes exceeding 20 m height
and often well above high tide line. As the pile-up slowly melts (over several years in
some environments), melt lag deposits may form mounds typically up to 4 m in height
(though known to exceed 15 m) and usually within 20 m of the shoreline (Kovacs and
Sodhi, 1980; Reimnitz et al., 1990). Both ice ride-up and pile-up occur most often near
freeze-up and less frequently near break-up when ice has open water into which it can be
moved.
Ice blocks are known to entrain sediment on macro-tidal flats over tide cycles by freezing
to the bottom at low tide and then lifting sediment off as the tide rises (Forbes and Taylor,
1994; Ogorodov et al., 2005). With wave activity, the blocks can be moved onshore to
the high tide line where they eventually melt and the sediment is deposited in melt lag
deposits typically less than a metre high, that can be rapidly reworked by waves (Hatcher,
2014; Hatcher and Forbes, 2015; van Proosdij et al., 2006). Partially floating blocks may
also wallow, and gouge and scour the tidal flat surface, suspending sediment that can be
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transported by currents. Similarly, currents along the sides of blocks may cause scour and
sediment suspension and transport (Allard et al., 1998; Forbes and Taylor, 1994;
Ogorodov et al., 2005).
Offshore transport occurs when sediment-laden ice is advected offshore into deep ocean
basins. Much of the research on this process has been driven by the need to understand
the fate of organic carbon being liberated by thawing permafrost (e.g. Couture, 2010;
Wegner et al., 2015). Sediment typically becomes included in frazil and nilas ice during
freeze-up (Dethleff, 2005; Eicken et al., 2005). There is also the potential for ice blocks
containing sediment to be advected offshore. Indeed, ice blocks may become laden with
so much sediment that they become neutrally or negatively buoyant. These are
documented on coasts that are presently glaciated (e.g. Gilbert et al., 2004), on tidal flats
of the Minas Basin (Dourado, 2015), and have been observed in the Minas Channel
(Sanderson and Redden, 2015). The movement of negatively buoyant blocks of ice
offshore is likely rare, but could occur by the freezing of negatively buoyant blocks into
positively buoyant ice which is then advected offshore by winds during high tides.
The above summary invites specific consideration of the processes through which
sediment transport by sea ice may occur in the southern Gulf of St. Lawrence. It seems
likely that many of the processes described above operate in the southern Gulf of St.
Lawrence, however there may be some aspects of sediment transport by sea ice unique to
the region.
Aeolian transport of sediment during winter in the study area can result in sand
deposition on nearshore ice. With occasional open water offshore throughout the ice year,
floating portions of nearshore ice can be episodically broken up and advected offshore.
Unlike Arctic settings, in the southern Gulf of St. Lawrence, the ice will likely not travel
more than 100 km before either being advected back onshore in northerly winds, and it
will melt before transporting sediment to deep ocean basins. This does remain a
potentially significant process that has not been quantified as a contribution to the
regional sediment budget.
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In the southern Gulf of St. Lawrence, with the exception of low barrier beaches, much of
the coast is backed by steep cliffs, dunes, and forested terrain that may reduce the
distance of onshore transport by ice ride-up and pile-up. On barred shorelines, ice pile-up
has been to considered to occur on the bars before reaching the shoreline (Barnes et al.,
1994; Barnes et al., 1993). Most ice-affected coasts have a Nearshore Ice Complex (NIC)
including an ice foot (Section 3.1). In the author's experience, the ice foot appears to be
more developed on ice-affected low latitude coasts where freeze-up might occur more
gradually than on high-latitude coasts where freeze-up might occur more quickly. The ice
foot may act as a barrier to ice ride-up and pile-up reducing onshore transport of sediment
to the upper beach as occurs in Arctic settings.
In the study area, the ice foot appears to be the zone of the NIC with the highest
concentration of sediment. Rather than being of interest in transporting sediment, the ice
foot might act as a temporary winter sediment reservoir. The mechanisms of formation of
the ice foot are understood (e.g. Barnes et al., 1994; Forbes and Taylor, 1994); a
conceptual model for how sediment becomes incorporated in the ice foot, and its
subsequent fate, is presented here.
Initially, the ice foot forms as breaking waves with foam, water, and sediment run up the
beach and freeze as slush on the upper beach. As development of the ice foot continues,
waves overtop the frozen slush and sediment and the water and sediment freeze in
depressions on the upper surface of the ice foot. Fully developed, in the absence of
adjacent nearshore ice, the most seaward part of the ice foot presents a near-vertical face
to incoming waves. Waves, possibly with grease or frazil ice, break upon the face of the
ice foot causing scour and sediment suspension at its toe. Spray, with sediment and ice
crystals, is deposited on the upper surface building its height. In the study area, snow on
the ground can be patchy and intermittent in drifts, while sand in dunes and exposed
beaches may not be frozen. Unfrozen sand is often observed on the ice foot surface.
Aeolian transport presents an additional process for incorporation of sediment into the ice
foot.
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Unless broken up by an extreme event and the blocks are advected offshore, the ice foot
melts in situ and the frozen sediment is deposited on the upper and middle beach. Even if
broken up, the blocks may be more likely be moved onshore and alongshore rather than
offshore, and the sediment originating in the nearshore and dunes would be deposited in
mounds as melt lag deposits on the beach for later reworking. In late winter on the north
shore of PEI, low (<1 m) soft mounds of sand are common on the upper beach where
there was an ice foot. The building of a sediment-rich ice foot may be a mechanism in
which sediment is stored onshore during the stormy winter season.
It has also been suggested that changing climate is leading to increased sediment
transport by sea ice. Eicken et al. (2005) considered that reduced summer minimum ice
extent, ice thinning, reduction in multi-year ice extent, altered drift paths and mid-winter
landfast ice break-out events have likely resulted in an increase of sediment-laden ice in
Beaufort and Chukchi Seas. As sea ice decreases to low concentrations, sediment
transport by sea ice will of course decrease, but in the near future, with increasing open
water and ice mobility, the capacity of the existing ice to entrain and transport sea ice
may increase. It seems reasonable to assume that future sediment transport by sea and
lake ice in lower latitudes such as the Gulf of St. Lawrence and the Great Lakes might
follow a similar trend. In particular, as open water increases, similar to break-out events
of landfast ice, events in which nearshore ice is broken up and moved offshore may
increase in frequency moving sediment-laden ice further offshore. This research has
shown that nearshore sediment transport by waves and currents is expected to increase
with changing climate. It appears also that as sea ice initially decreases, sediment
transport by sea ice will also increase. However, there may be a threshold concentration
below which sediment transport by sea ice will begin to decrease while transport by
waves and currents increases.

5.2

Directions for Future Research

The above discussion on sediment transport by sea ice considered a largely unknown
process in the southern Gulf of St. Lawrence. While the modelling conducted in this
research only considered the protective role of sea ice in attenuating incoming wave
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energy, the various chapters identified the effects of sea ice on sediment transport. These
include direct transport of sediment by sea ice and the suspension of sediment by ice
block wallowing, gouging, and scour. A starting point in the study area might be to
quantify the amount of sediment in nearshore ice.
There also remains considerable room for further research towards understanding how
rates of nearshore sediment transport may change in a future climate with changing sea
ice and storminess. Implicit in the discussion on combining autumn and winter sediment
transport is the choice of model boundary conditions. The MSC50 wind and wave
hindcast is very useful as a high resolution wind and open water wave hindcast. That the
hindcast has years without sea ice provides a glimpse into ice-free conditions in coastal
waters currently with sea ice, but the sample ice-free size is small. For sensitivity studies
like this, a high quality wave hindcast without sea ice is required, and is not currently
available.
And yet, as technology progresses, highly accurate remote measurement of waves in
nearshore ice is becoming possible by, for example, scatterometers, synthetic aperture
radar, and LiDAR. Particularly exciting are some of the Sentinel missions either planned
or already in operation under the European Commission's Copernicus Programme comanaged with the European Space Agency. The developed wave fields have the potential
to be applied to the model as spatially and temporally varying conditions. The need to
model waves in sea ice for the simulation of sediment transport is quite possibly
becoming unnecessary.
One implied objective of this research has been to develop a method for modelling
sediment transport by waves and currents in nearshore ice that can be applied other. In
Canada, in addition to other parts of the Gulf of St. Lawrence there are three coastal
regions to consider: the Great Lakes, Arctic areas other than the Arctic Archipelago (e.g.
the Beaufort Sea, Amundsen Gulf, Baffin Bay, Davis Strait, Hudson Strait, Foxe Basin,
Hudson Bay, Labrador Sea), and the Arctic Archipelago itself.
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Applying the method to the Great Lakes would be relatively straight forward. Tides
would not need to be considered, and there may already exist hydrodynamic models to
supply boundary conditions for small study areas. Very high resolution wind and wave
hindcasts are likely available or easily adapted, and these may be replaced or
complemented by high resolution satellite data. Suitable bathymetry products exist, and
the lake ice inputs are available from CIS. The CanCoast shoreline (Smith et al., 2013)
used in this study does not include the Great Lakes, but a Great Lakes shoreline derived
from Canadian census data is available (Manson, 2005). Most importantly, the ice
conditions meet the primary assumptions of the model: fully-formed waves in open water
enter nearshore ice of varying concentration and diameter.
In areas of the Canadian Arctic, including the Arctic Archipelago, the primary
assumptions might not be met. Multi-year pack ice formed in the Arctic Ocean may be
present onshore and offshore. When offshore, fully formed waves may not occur as the
offshore pack ice may reduce the effective fetch and wave formation. When onshore,
thick multi-year ice might behave differently from thinner first-year ice in the Great
Lakes and the Gulf of St. Lawrence. Ice thickness may become as important as
concentration and diameter in attenuating wave energy. Also, icebergs may be present in
areas of the Eastern Arctic which may increase the potential for scour and gouging of the
seabed, sediment suspension, and subsequent transport.
Fast ice is considered in this research as ice that is attached to the shore, is contiguous,
mostly stable throughout the ice season, and which can extend 100s of kilometres
offshore to water depths exceeding 50 m (Armstrong et al., 1973; Barry et al., 1979;
Mahoney et al., 2007). In areas other than the Arctic Archipelago, open water, nearshore
ice and fast ice true to the definition used in this research can be present at the same time.
In the Arctic Archipelago, fetch is limited by islands, and fast ice may include first-year,
multi-year, and ice classified as ice shelf with elevation >2 m above water level
(Armstrong et al., 1973; Shaw et al., 1998). Complicating application of the model
derived in this research in the Canadian Arctic is that the inputs to the model are not
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necessarily well defined. For example, in the CanCoast shoreline, parts of Ellesmere
Island are mapped at smaller scale (Smith et al., 2013).
There are possibilities and limitations in applying the developed methodology in other
regions. In some regions of the Arctic, fast ice is prevalent and the methodology cannot
not be applied, but in other areas where nearshore ice predominates, the method may be
applicable.
Fundamental to future research, monitoring must be conducted. On coasts with sea or
lake ice, this includes monitoring sediment in ice, storminess, and, more generally, how
coastal hazards are changing with changing climate change. With monitoring, the
response of coasts to climate change can be understood, and like the coast, coastal
peoples can adapt to their changing environment.

5.3

Conclusions

Within the context of the above discussion and the overall research objectives, it can be
concluded that:
1) The Delft3D hydrodynamic model has the sophistication to simulate nearshore
sediment transport in storm periods over seasons and gives results comparable to
measurements. The simulated patterns of erosion, deposition, and transport of nearshore
sediment agree with observations and conceptual understanding of coastal change and
evolution.
2) Simulations of sediment transport in autumn in Brackley and Tracadie Bights indicate
that bedload is directed onshore and suspended load is directed offshore. Suspended
sediments fall out of suspension and are deposited at depth where they become entrained
in bedload and are subsequently transported onshore. These processes may explain the
maintenance of an offshore zone mostly devoid of sand, and how sand remains available
to maintain onshore features such as dunes on a transgressive shoreline.

126

3) A model of wave attenuation by sea ice developed in deep water with mature sea ice
and ocean waves is applicable in shallow water with nearshore ice and shoaling waves.
Wave energy is attenuated exponentially depending upon the ice concentration, ice floe
diameter, and distance of ice through which waves travel.
4) When sea ice is present in moderate to high concentrations, sediment transport is not
significantly affected by variable storminess. When sea ice concentration is low or there
is open water, sediment transport is exclusively affected by variable storminess. Results
indicate a threshold ice concentration value of approximately 33%, although this value
depends on ice floe diameter. With sea ice present in intermediate concentrations,
5) Over the next few decades, as nearshore sea ice decreases in the Gulf of St. Lawrence,
rates of total nearshore sediment transport may double. If storminess changes, rates of
total nearshore sediment transport may increase by another 40%.
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Appendix A
Configuration of Mike21 for the Simulation of Nearshore Storm Waves,
Currents and Sediment Transport
Previously published as:
Manson, G.K., 2012. Configuration of Mike21 for the simulation of nearshore storm
waves, currents, and sediment transport: Brackley Bight, Prince Edward Island.
Geological Survey of Canada Open File 6736, 33 pp. doi:10.4095/291980
Rationale
This Appendix describes a first attempt at modelling sediment transport in the study area
using Mike21. It was discovered that the implementation of sea ice in Mike21 is too
simplistic for the objectives of this study. This Appendix partly addresses Objectives 1
and 3 (Section 1.3), provides greater detail on some aspects of previous fieldwork, and
describes the methods used to determine some of the calibration coefficients applied in
Chapters 2 and 3.
Abstract
The North Shore of Prince Edward Island (PEI) is a sandy, multi-barred coast with
limited fetch in most directions but open to the Gulf of St. Lawrence for several hundred
kilometres to the north. In the fall and winter, storms tracking northwards across PEI and
into the Gulf can bring sustained storm waves which generate currents capable of
transporting sand in both the along- and across-shore directions. Mike21 is a
commercially available combined wave, hydrodynamic and sand transport model that
may be utilised to improve understanding of contemporary sand transport and possible
implications of changing climate in the Brackley Bight area of the North Shore. This
manuscript describes the development of a Mike21 model domain and optimal
configurations of the Mike21 Spectral Wave, Hydrodynamic and Sand Transport
modules appropriate to the study area. The sensitivities of several parameters in each
module are tested. The Spectral Wave and Hydrodynamic modules are sensitive to
estimates of bed roughness with optimal values considerably lower than published semiempirical estimates. The Sand Transport module is sensitive to the input sediment
transport tables and estimates of the maximum amount of vertical bed level change per
day. Simulation of a 4-day moderate northeasterly storm is conducted and the results are
compared to currents, waves, and tides measured by S4 current meters and the
instrumented seabed lander RALPH during a sediment transport experiment in 1999. The
model successfully simulates storm waves and currents and provides reasonable estimates
of the amount and patterns of sediment transport.
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A-1

Introduction

The informally named Brackley Bight lies on the North Shore of Prince Edward Island in
the southern Gulf of St. Lawrence (Fig. A-1). Due to a combination of postglacial
subsidence and sea-level rise from eustatic and steric effects, relative sea level (RSL) has
risen from a lowstand of -42 m at approximately 9.5 ka. Based on the Charlottetown tide
gauge record between 1911 and 1998, the rate of RSL rise has been 3.2 mm/a (Parkes et
al., 2002). This postglacial transgression has resulted in the present day shoreline which
consists of submergent embayments, mixed sandstone and till cliffs, scarped dunes, and
sandy deposits in beaches, spits, dunes and ebb- and flood-tidal deltas. Despite an
apparent abundance of sand in these depositional sinks, between approximately 7 and 35
m water depth, sand is relatively scarce and found in thin disconnected sheets (Forbes
and Manson, 2002). Alongshore drift is considered constrained by subtle headlands to
discrete, multi-barred cells (Forbes et al., 2004). Brackley Bight is one of these cells lying
between Orby Head and Cape Stanhope (Fig. A-2). Due to the above conditions and an
abundance of archived data, Brackley Bight has been selected as a suitable area to test a
sediment dynamics modelling approach towards understanding and quantifying climate
change impacts on nearshore sediment transport with the potential to give insight into
future shoreline morphology and sediment transport processes.
The purpose of this paper is to describe the development of the configuration of the
hydrodynamic and sediment transport model Mike21 that reasonably simulates nearshore
waves, currents and sediment transport under autumn (i.e. ice-free) storm conditions
while optimising run time. This research uses data collected during a sediment transport
experiment in the autumn of 1999 as well as previous initiatives to map the nearshore of
the Brackley Bight area and understand regional shoreline processes. Relevant previous
fieldwork, both marine and terrestrial, will be described, followed by a brief description
of Mike21 and the steps required for developing a successful configuration. The
sensitivity of the Spectral Wave (SW), Hydrodynamic (HD) and Sand Transport (ST)
modules to varying selected parameters in their setup will be described. For each module,
a configuration is developed that best simulates storm waves, currents and sediment
transport when compared to measurements and conceptual understanding of processes.
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This is the first step of a larger research project that will quantitatively investigate the
potential impacts of changing climate on sediment transport in the Brackley Bight area
and develop a methodology that can be applied in other regions, such as the Canadian
Arctic, that may experience decreasing sea ice and changing storminess due to changing
climate.

Figure A-1. Location of the Brackley Bight study area in
the southern Gulf of St. Lawrence with the 50, 100, 200
and 400 m bathymetric contours.
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A-2

Previous Fieldwork

A-2.1

1999 Field Experiment (Hudson 99049)

A field experiment was conducted in Brackley Bight in the autumn of 1999 to measure
waves and currents and gain insight into local sediment transport during storms. Two S4
combined current meters and wave/tide gauges were deployed in water depths of 4 m and
6 m, and a third instrument known as RALPH (Li and Heffler, 2002) was deployed in 13
m water depth (Fig. A-2). The current and wave data from RALPH have not been
processed, but hourly downward looking video recordings and sediment trap samples
have been analysed. The S4s were first deployed on October 9, 1999 from MV Gulf
Explorer and recorded currents hourly at 1 Hz in 15 minute bursts and waves hourly at 1
Hz averaged over 8.5 minutes (512 data points). The S4s were retrieved, downloaded and
redeployed on October 17, 1999 and set to record every two hours rather than hourly to
extend the length of deployment. The instruments were retrieved on December 19 1999.
Similarly RALPH was deployed by CCGS Hudson on October 6, 1999 and retrieved,
downloaded and redeployed on October 18, 1999 with final retrieval on December 19,
1999. In the first deployment, the burst camera recorded 25 s video bursts every 6 hours.
The burst length was shortened to 14 s in the second deployment, still at 6 hour intervals.

A-2.2

Marine Surveys

Acoustic bathymetry was collected between 1997 and 2001, using a combination of
singlebeam echosoundings from a Parks Canada rigid hull inflatable in Rustico Bay and
Brackley Bay, Navitronics sweep multibeam in shallow waters from the PWGSC vessels
Scotia Surveyor and Miramichi Surveyor, EM3000 multibeam in intermediate depths
with CSL Plover and EM1000 multibeam in deeper waters from CCGS Frederick G.
Creed. The EM1000 data includes backscatter, the strength of the return of the acoustic
signal which provides information on seabed material. The acoustic bathymetry is further
described in detail by Forbes and Manson (2002).
Acoustic bathymetry was supplemented with optical CASI (Compact Airborne
Hyperspectral Imager) imagery. The technique for deriving bathymetry from CASI
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utilises the different attenuation rates of different wavelengths of visible light by water.
As partially described by Morel (1996) and other unpublished works (cf.
http://pws.prserv.net/RSP.4SM/), reflectance of pairs of image bands are compared and
with several assumptions concerning attenuation coefficients, particularly the ratios of
attenuation and resulting reflectance onshore and under water, bathymetry can be
derived. The technique has been trialed on the north shore of PEI (Webster et al., 2002)
and gives reasonable results to depths of approximately 5 m when compared to
singlebeam echosoundings (Fig. A-3).

Figure A-2. Sediment samples, camera stations, ROV tracks and the locations of RALPH
and S4 deployments and the derived map of three interpreted seabed material classes in
the domain. Also shown are some local place names and 2 key GSC coastal monitoring
sites in the domain: from west to east, 1006 Brackley West (aka Covehead) and 1004
Brackley East. Coordinates in this and subsequent figures are UTM Zone 20.
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Figure A-3. Comparison of depths derived from CASI with those from singlebeam
echosounding showing reasonable agreement to approximately 5 m water depth. n=2656,
r2=0.85.
Further information on seabed conditions was obtained using drop cameras, grab samples
and ROV (Remote Operated Vehicle) transects conducted in three cruises from 1998 to
2000 using CCGS Matthew and CCGS Hudson. Details on specific techniques are given
by Forbes and Manson (2002). From the roughness in local bathymetry, presence of
distinctive features (e.g. sand waves), acoustic backscatter, and the information obtained
from the grab samples and imagery from drop camera stations and ROV transects, a map
of generalised seabed sediment material classes and grain size distribution information
suitable for input into Mike21 can be developed. Figure A-2 shows this map, station
locations and ROV/drop video camera transects. Three classes of seabed materials are
mapped: fine rippled sand, cobble/boulder lag over till, and boulder lag over bedrock. For
the sand class, the grain size analysis of grab samples returned the required statistics
including d50 (mean grain size), d84 (84th percentile of the distribution), and d16 (16th
percentile of the distribution) (Table A-1). As is common in attempting to sample coarse
materials, grab samples were not collected in the two lag material classes so drop camera
and ROV imagery was used to estimate the required parameters (Table A-1). From these,
several other parameters are calculated including σg, the sediment grading coefficient,
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where  g  d 84 d16 (DHI, 2007), and, using published semi-empirical relationships, the
Nikuradse coefficient ks where ks≈ 2.5d50 (e.g. Soulsby, 1997) and the Manning number
M, where M=25.4/ks1/6 (DHI, 2007).
Table A-1. Attributes of the three interpreted seabed materials classes.
Class

Description

1

fine sand, rippled

2
3

a

pebble lag over till
b

cobble lag over bedrock

d50
(mm)
0.2

d84
(mm)
0.35

d16
(mm)
0.15

32

256

64

c

256

1.5

ks
(m)
0.0005

90.2

4

8

0.08

38.7

32

2.8

0.16

34.5

σg

M

a

Pebble lag as defined here can contain material from granules to boulders of 256 mm
b
Cobble lag as defined here can contain material from pebbles to boulders of 256 mm
c
256 mm is the largest grain size permitted in Mike21

A-2.3

Terrestrial Surveys

Terrestrial airborne LiDAR (Light Detection And Ranging) uses a laser to gather high
density elevation points on land. The particular dataset used here was collected in August
2000 and is described in detail by Webster et al. (2002). However, one important
difference between the LiDAR used in the analyses of Webster et al. (2002) and that used
here is that Webster et al. (2002) derived a grid from the ground only returns. The LiDAR
grid used here is derived from the ground and non-ground returns (aka all hits). The
classification of LiDAR returns to ground and non-ground is typically done by filtering
for abrupt changes in elevation that occur between vegetated or built areas and bare
ground; however, Webster et al. (2006) describe situations in a LiDAR collection from
coastal New Brunswick where bare sand dune crests are misclassified as non-ground, and
similar effects are noted in a more recent collection in Halifax, Nova Scotia. This
misclassification is also seen in the PEI LiDAR data at Brackley Bight (Fig. A-4) which
also demonstrates overestimation in marram grass behind dunes in the all returns data.
Based on the consideration that a small overestimation in vegetated areas landward of the
foredune crest is preferable to gross underestimation of the dune height and scarp
location and thus flooding extent, the combined ground and non-ground LiDAR grid has
been used in the Mike21 modelling. RTK (Real-Time Kinematic) GPS surveys were used
to validate the LiDAR and demonstrate the difficulties associated with using ground-only
data in coastal applications.
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Figure A-4. Comparison of RTK survey data with LiDAR ground and non-ground (aka
all) returns showing the elimination of the dune crest in the ground-only classification
and overestimation in the all returns data in marram grass behind dune. GSC site 1004
(Covehead), surveyed June 2000.

A-3

Configuration of Mike21

Mike21 FM (Flexible Mesh) is a commercially available dynamic coastal modelling
software package developed and marketed by DHI (Danish Hydraulics Institute). It is
modular in design such that different modules (in this case the Spectral Wave,
Hydrodynamic, and Sand Transport modules) can be run simultaneously or separately.
Simultaneously, each module runs at varying time steps depending upon the size of each
mesh element, but provides updates to the other modules at a master time step. Separately
certain outputs from the Spectral Wave (SW) and Hydrodynamic (HD) modules can be
saved for input as required to subsequent runs of other modules, for example the Sand
Transport (ST) module. To optimise run speeds for longer simulation periods, the master
time step was set to one hour, though for the purposes of model configuration, a single
storm over four days between November 30 and December 3 1999 was selected for
simulation. Runs were conducted on a Dell PowerEdge™ 2900 server with 16 GB RAM
and dual 3.16 GHz processors. For the domain and setup described herein, run times were
approximately 15 minutes per simulated day.
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A-3.1

Model Domain

Whether run simultaneously or separately, selected modules use the same domain.
Construction of the domain requires a digital elevation model (DEM), a mesh, and
defined boundaries.
A-3.1.1 DEM
A combined seafloor and land surface DEM was constructed from a combination of the
acoustic and CASI bathymetry, and the terrestrial LiDAR described above. In order to
prepare the DEM for input into Mike21, bathymetry was tide-corrected and converted to
CGVD28 to match the LiDAR vertical datum. The datasets were merged at 5 m
resolution with preference given first to acoustic bathymetry, then LiDAR, and finally to
CASI bathymetry in depths shallower than 5 m. The merged DEM was resampled to 10
m resolution to smooth artifacts (e.g. tracklines and seams between datasets), and output
as xyz points for import to Mike21 as scatter data. The DEM is shown coloured and
hillshaded in Figure A-5. Areas of missing data appear as the dark blue of the underlying
satellite image.
A-3.1.2 Mesh and Domain Boundaries
The domain measures approximately 13 km alongshore and 7 km across-shore. It is
defined by a northern quasi-shore-parallel boundary between 25 and 30 m water depth,
and western and eastern quasi-shore-perpendicular boundaries connecting the northern
boundary to a 4-segment land boundary broken by three inlet boundaries (Rustico,
Brackley and Covehead; Fig. A-5). These boundaries were digitized and defined in the
Mike21 mesh generator, and a mesh was generated, smoothed, and interpolated to the
DEM scatter data using linear interpolation to assign depths to nodes in areas of missing
data. The last step in mesh generation is to refine the mesh to the bathymetry; through
this process, mesh element areas were adjusted such that the areas of shallow elements
were reduced and those of deeper elements were enlarged. The final mesh consists of
7148 triangular elements ranging in area from approximately 850 m2 along the land
boundary to 117,000 m2 at the deepest part of the northern boundary (Fig. A-5). Four
profiles that will be discussed in following sections are shown, and their elevations from
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the input DEM and those derived during mesh interpolation are given in Figure A-6.
There is considerable generalisation of topography in water depths shallower than 10 m
meaning that the model will not be able to resolve detailed processes in these depths.
Given that the purpose of this model configuration is to reasonably accurately simulate
relatively long time periods of sand transport within a coastal cell rather than precise
replication of nearshore dynamics at a specific site, the computational efficiency obtained
by larger nearshore mesh sizes is optimised.

Figure A-5. Model domain showing the input DEM and mesh, 3 ocean boundaries, and 3
inlet boundaries (the 4 land boundary segments are not labelled), and the MSC50 wave
and wind hindcast node (coincident with the location of WebTide tide prediction node)
used in the model. Also shown are the S4 and RALPH positions, and, in pink, the four
profile lines. As labelled in figures following, these are, from east to west: Covehead,
Brackley, Robinsons, and Rustico. The Brackley profile is roughly coincident with the
1999 instrument array.
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A-3.2 Spectral Wave and Hydrodynamic Modules
The Spectral Wave and Hydrodynamic modules are typically run simultaneously as they
feed back into one another at the selected master time step. For this reason, and because
they share some similar or same inputs, they are considered here together. Figure A-7
shows the inputs to the Spectral Wave and Hydrodynamic modules, their interactions,
and outputs. These will be considered in turn and the module sensitivity to variations in
some inputs will be explored.
A-3.2.1 Solution Techniques
For both modules, the basic equation options were chosen to optimise run time, accepting
potential lower accuracy in results. For the SW module, the directionally decoupled
parametric formulation was selected for the spectral equations and the quasi-stationary
formulation for the time formulae using the low order, fast algorithm Newton-Raphson
iteration solution technique with default parameters. Similarly the solution technique for
the HD module was selected as lower order, and fast algorithm in both time and space
with values for minimum and maximum time steps of 0.1 s and 20 s, and the critical CFL
(Courant-Friedrich-Levy) number of 0.8. Other options in the SW module were accepted
as the defaults, and current interactions from the HD module were not included as the
model would consistently destabilize. Water levels were determined by the HD module
and other options in the HD model were also accepted as default.
A-3.2.2 Boundary Conditions
The SW module was driven at the northern boundary by significant wave height, peak
period, mean wave direction and directional spreading index from the MSC50 wave
hindcast (Swail et al., 2006) obtained from the Meteorological Service of Canada. This
hindcast consists of hourly wind and wave statistics from 1954 through 2005. Node
M6010491 lies just outside the model domain (Fig. A-5). The western and eastern
boundaries were defined as lateral boundaries to which a one-dimensional transformation
is applied from the northern boundary to zero at the dynamic water line. The three inlets
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were defined as closed such that no waves enter the domain and outgoing wave energy is
fully absorbed (DHI, 2007).

Figure A-6. Comparison of profiles from the input DEM and the DEM interpolated to the
model mesh.
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Figure A-7. Inputs to, interactions between, and outputs from the Spectral Wave and
Hydrodynamic modules of Mike21, when run simultaneously.
Predicted water levels provided by WebTide, a regional tide and tidal current model
developed by Fisheries and Oceans Canada (Dupont et al., 2002), were chosen to drive
the HD module. It is necessary to use predicted tides because, after removal of the
Rustico gauge in 1996, there is no tide gauge operating on the North Shore of PEI. The
intention is to model time periods without measured tide data, so, though the 1999 field
experiment deployed S4 current meters measuring water levels, predicted tides are used
and the measurements are compared to the model results. WebTide water levels were
determined for the same location as the MSC50 wind and wave hindcast node. Attempts
were made to run the model with WebTide currents as boundary conditions but these
were less successful in generating storm driven water levels and the overall model
stability was reduced.
A-3.2.3 Hindcast Winds
Both the SW and HD modules require hindcast wind inputs. MSC50 hindcast wind speed
and directions from the same node as the hindcast waves were used as these inputs. For
the HD module wind friction was allowed to vary with wind speed as per the Mike21
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default; for the SW module several tests were conducted to determine the best
formulation for wave generation by winds, and will be discussed in a following section.
A-3.2.4 Wave Breaking
DHI (2007) suggests that the parameters for wave breaking in the SW module can be
varied to calibrate model results to field measurements. The formulation of Ruessink et
al. (2003), applicable to barred and planar beaches, includes two parameters: , a
proportionality constant, and  a wave height-to-depth ratio related to local wave
number. The defaults of =1 and =1 were found to under-predict wave height.
Increasing the values of  and  to 2 improved prediction, but higher values again
resulted in under-prediction of significant wave height. Varying the wave breaking
parameters had negligible effect on peak wave period. Values of 2 for  and  appear
optimal in predicting significant wave height (Fig. A-8).

Figure A-8. Effects of varying wave breaking parameters on the predicted significant
wave height and peak period. Symbols represent optimal configurations. 2146 and 2196
refer to the two S4 instruments (see Fig. A-5).
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A-3.2.5 Wind Forcing
Figure A-8 shows reasonable prediction of significant wave heights, yet continuing
under-prediction of peak periods. Mike21 offers several choices of formulations for
generating waves from winds including JONSWAP (Hasselmann et al., 1980), Kalma
and Calkoen (1994), SPM73 and SPM73 (USACE, 1973), SPM84 (USACE, 1984) and
SPM73/HBH (Holthuijsen et al., 1989; USACE, 1973). Johnson (1998) investigated
these different formulations and found significant differences between them achieving
most success with JONSWAP, Kahma and Calkoen (1994) and SPM73 with coefficients
from Holthuijsen et al. (1989) (i.e. SPM73/HBH). Figure A-9 shows that the choice of
wind forcing formulation makes some difference to predicted peak wave periods in the
Brackley Bight study area with the SPM73 best approaching the S4 measurements,
however all formulations result in over-prediction of significant wave heights as storm
winds grow and diminish; the effect is smallest with the JONSWAP formulation. All
formulations produce similar results at the storm peak. To best simulate wave heights
during storm waxing and waning while reasonably simulating peak periods, the
JONSWAP formulation (default in Mike21) appears optimal likely in part due to its use
of 10 m elevation winds equivalent to the MSC50 hindcast, and widely accepted use in
fetch restricted but deep waters such as are found in the central Gulf of St. Lawrence
(DHI, 2007; Johnson, 1998).
A-3.2.6 Bottom Friction and Bed Resistance
Bottom friction is represented in the SW module by the Nikuradse coefficient ks as
described above. The HD module requires a similar and related parameter, the Manning
number M, also described above. DHI (2007) suggests that values of ks and M can be
altered to calibrate the model. Recommended values from Soulsby (1997) include ks =
2.5d50 (Table A-1), but it was found that while using this value for ks results in reasonable
prediction of wave height, wave period is underpredicted (Fig. A-10). Other values larger
and smaller than this were tested with a reasonable value of ks=d50. Considering that
maintaining the theoretical relationship between ks and M might contribute to model
stability, values of M were varied accordingly (Fig. A-11). Current speeds in the HD
module are also sensitive to varying M and the value of M corresponding to ks=d50 was
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found to give reasonable results for current speed. Note that in Figure A-11 and
subsequent figures showing current speeds from the S4 instruments, speeds at the
instrument height (0.6 m above the seabed) have been converted to depth-averaged
current speeds Ū following Soulsby (1997, rearranged from Equ. SC34)
_

U

7u*

d 50 h  7
1

where u* is the measured current at height h above the seabed. This allows comparison to
Ū output by Mike21. The results for current speed show slightly higher currents at the
outer S4 (2196) than the inner S4 (2146) which is opposite to what the measurements
show. No model configuration resolved this relatively minor error which may be related
to differences in bathymetry during the field experiment (when nearshore bars were
present) and the bathymetry represented in the model in which mesh generation smoothed
bar morphology. Water levels from the HD module are insensitive to varying M and
require additional calibration to correct their general under-prediction (Fig. A-11).

Figure A-9. Effects of varying wind forcing formulation on the predicted significant
wave height and peak period.

145

A-3.2.7 Wind Friction
Wind friction coefficient in the HD module is another variable that can be adjusted to
calibrate Mike21 (DHI, 2007). The results of varying wind friction coefficient are shown
in Figure A-12. Both current speed and water level are sensitive to varying wind friction
coefficient. Higher values of wind friction coefficient (0.004) raise water levels to
approximate the measurements at the S4 current meters, however the use of the Manning
number of 0.4M (where M is the Manning number in Table A-1) resulted in
overestimation of current speeds. With the optimal wind friction coefficient of 0.004, a
slightly lower value of 0.35M was adopted, resulting in a slight over-prediction of current
speeds at the outer S4 (2196) and good prediction at the inner S4 (2146).

Figure A-10. Effects of varying Nikuradse coefficient on significant wave height and
peak period. The optimal coefficient appears to be ks = d50.
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Figure A-11. Effects of varying Manning’s M on depth-averaged current speed and water
level. Reasonable results are obtained using a value of M corresponding to ks = d50.

Figure A-12. Effects of varying wind friction coefficient on depth-averaged current speed
and water level, with an adopted Manning number corresponding to ks = d50.
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A-3.3 Sand Transport Module
The ST module itself is relatively simple requiring only grain size and layer thickness
information, the domain used in the HD and SW modules, and outputs from those two modules
(Fig. A-13). However it has two sub-components, STPQ3D and the Morphology Module, which
require a number of items and considerable a priori knowledge of conditions in the domain.

HD Module
Flow Field
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Grain Size

SW Module
Wave Field

Grading
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Module
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Thickness

Angle of Repose
Max. Daily Change
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Total Load and
Direction

Figure A-13. Schematic of inputs to, and outputs from, the Sand Transport module.

A-3.3.1 Layer Thickness
Sub-bottom profiling conducted between 1999 and 2001 gives thickness of the mobile
bed (layer thickness) and reveals complex topography of glacial sediments and bedrock
related to channels of former rivers that flowed across the now inner continental shelf to
the former shoreline. These were subsequently buried under shoreface sands during
transgression (Forbes and Manson, 2002). For the purposes of modelling sediment
transport over a few days and even years, detailed sediment thickness related to sub148

surface topography beyond a few metres below the seabed is not required. Indeed,
RALPH video shows storm wave-induced erosion of a rippled sandy bed to an
underlying stable cobble lag. For simplicity, based on core penetration and drop camera
and ROV imagery, a single value for bed thickness has been adopted for each seabed
material class: 2 m for sand, 1 m for lag over till, and 0.5 m for lag over bedrock. This
input layer was then mean-filtered to avoid model instability due to abrupt changes in
layer thickness.
A-3.3.2 STPQ3D
STPQ3D is a sediment transport program run in advance of the ST module. It uses a
priori knowledge of conditions in the domain to calculate expected sediment transport
rates in the along- and across-shore directions. It is a sub-program used to generate
sediment transport look-up tables and, in essence, determines the suspended sediment
concentrations; the ST module merely controls the time step, and with the other modules
the transport rate and direction, and the outputs. General parameters in STPQ3D include
the tolerance in sediment concentrations, the number of wave periods, steps per period
for which to populate the tables, relative sediment density, critical Shields parameter, and
water temperature. Additional parameters allow for inclusion or exclusion of ripples, bed
slope, streaming, density currents, centrifugal acceleration and choice of whether bed
concentration is calculated by deterministic or empirical formulae. Wave parameters
allow the selection of a wave theory and values of wave breaking parameters, and the
final step of STPQ3D is to define the sediment transport table axes including appropriate
minima, maxima, and step value (i.e. resolution) for expected conditions in the domain.
Fourteen different configurations of STPQ3D were explored. In all configurations the
general parameters were kept constant at their default values (tolerance=0.0001, number
of wave periods=150 s, steps per period=140, relative density=2.65, critical Shields
parameter=0.05 and water temperature=10oC). Similarly, the wave parameters were also
held constant using the theory of Doering and Bowen (1995) and, as recommended by
DHI (2007), the breaking wave parameter values used equaled those in the SW module
(both equal to 2). Some of the additional parameters were varied, as well as the sediment
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transport table axes time step values, and therefore the detail of the sediment transport
table. Most STPQ3D configurations gave results difficult to reconcile with conceptual
understanding of sediment transport in the study area and only a few selected
configurations will be presented here as examples. These are a first complex case in
terms of both secondary options and parameter detail (Case 1), and a second simple case
in terms of both secondary options and parameter detail (Case 2) (Tables A-2, A-3, and
A-4). In Tables A-3 and A-4, for all parameters (except grain size) the maximum value is
obtained by adding the interval for the number of steps. For grain size, the maximum
value is obtained through multiplication of the interval by the number of steps.
The results of Case 1 are shown in Figure A-14 and Case 2 in Figure A-15. In these
figures the colours represent the amount of bed level change between t0 and t96 (where t is
the hourly model time step indicated by the subscript which ranges from 0 to 96 over the
four day simulation), the arrows give the direction of transport at t42 (peak of storm), and
the texture in the background is hill-shaded bathymetry differentiating the seabed classes.
The main difference between Cases 1 and 2 is whether streaming (mass transport in the
wave boundary layer) is included (other configurations showed the inclusion of bed slope
made no apparent difference). Figure A-14 shows abrupt changes in transport directions
corresponding to changes in seabed class (labels A and B), whereas the effect is
diminished in Figure A-15. Figure A-15 also shows development of more complicated
circulation at C and D. Figure A-14 shows that the maximum depth of deposition is less
than that of erosion, whereas in Figure A-15 they are balanced. Both show development
of cell-like patterns of erosion and deposition alongshore.
A-3.3.3 Morphology Module
The morphology module is included in the ST module for studies that require
morphological simulation. In contrast to the SW and HD modules for which quantitative
measurements are available for calibration, the ST module calibration requires a certain
level of conceptual understanding of nearshore processes and expected results.
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Several different options were tested: boundary conditions, slope failure, maximum bed
level change per day, sediment thickness threshold, and finally different definitions of the
three sediment classes were explored. Boundary conditions include a choice between
“zero sediment flux gradient” and “zero sediment flux gradient for outflow with no bed
level change for inflow”. Runs were conducted to test the sensitivity of varying these but
with no apparent differences; the “zero sediment flux gradient” option, essentially an
open boundary allowing sediment transport out of the domain, and an infinite supply
available for transport into the domain, was chosen as suitable for a sandy shoreline (e.g.
Keen et al., 2003).
Table A-2. Additional parameters in example cases of model runs investigating the
sensitivity of sediment transport to configurations of STPQ3D.
Parameter

Case 1

Case 2

Inclusion of Ripples

Y

Y

Inclusion of Streaming

Y

N

Inclusion of Bed Slope

Y

Y

Inclusion of Density Currents

N

N

Inclusion of Undertow

Y

Y

Inclusion of Centrifugal Acc.

N

N

Deterministic

Deterministic

Bed Concentration

Table A-3. Properties of sediment transport table axes for Case 1.
Axis

Start

Interval

Steps

Current Speed (m/s)

0.01

0.5

6

Wave Height (m)

0.1

1

8

Wave Period (s)

1

2

6

0.1

0.5

6

0

30

12

Grain Size (mm)

0.06

4

8

Sediment Grading

1.1

2

6

Bed Slope in x and y (rad)

-0.5

0.5

3

Wave Height/Water Depth
Angle Current/Waves (deg.)
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Table A-4. Properties of sediment transport table axes for Case 2.
Axis

Start

Interval

Steps

Current Speed (m/s)

0.01

1

3

Wave Height (m)

0.1

2

4

Wave Period (s)

1

5

3

0.1

1

3

0

30

12

Grain Size (mm)

0.06

4

8

Sediment Grading

1.1

2

6

Wave Height/Water Depth
Angle Current/Waves (deg.)

Figure A-14. Case 1 bed level change from t0 to t96 and sediment transport directions
(arrows) at t42, with shaded relief bathymetry showing abrupt changes in transport
directions at changes in substrate and bed roughness (A and B) and a drift divide in
transport directions at C. The subscript h represents the hour of the timestep.

152

Figure A-15. Case 2 bed level change from t0 to t96 and sediment transport directions
(arrows) at t42, with shaded relief bathymetry showing smoother changes in transport
directions at changes in substrate and bed roughness (A and B) and increased complexity
in transport directions at C and D.
Slope failure was tested in three runs: one with no slope failure selected and two with
slope failure and angles of repose of the default 32o suitable for sands (Soulsby, 1997)
and 70o such as might be encountered with a recently scarped dune or berm. No apparent
differences were found in the three runs when the four profiles at t96 were compared.
Another option is to vary the threshold thickness, which allows for a parabolic decrease
in transport rate when the bed thickness is below a selected critical thickness (DHI,
2007). The default value of 0.1 m, and the values 0.25 m (approximately corresponding
to cobble/boulder transition diameter) and 0.5 m (more typical of boulders in the domain)
were tested. While the model is relatively insensitive to varying this parameter (Fig. A16), considering that sand will become trapped in the interstices between cobbles and
boulders as currents rapidly decelerate with depth in the cobble or boulder layer, it seems
reasonable to adopt the value of 0.5 m (corresponding to the approximate bed thickness
of the boulder lag over bedrock class) as the threshold thickness under which transport
decreases.
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The module setup includes an arbitrary limit on the amount of bed level change per day.
Values of 0.125 m, 0.25 m, and 0.5 m were tested. The model is highly sensitive to these
small changes (Fig. A-17). The number adopted as being reasonable to expect was 0.25
m/day. This is corroborated somewhat by downward looking video on RALPH which
shows vertical changes estimated at about 15 cm during the modelled storm, which lasted
about a day. Changes in shallower water can be expected to be larger than changes in
deep water which is best shown in Figure A-17 by the profile changes using a value of
0.25 m/day.
A-3.3.4 Revisiting the Sediment Class Definitions
Consideration was given to whether the interpretation of the ROV and drop camera
imagery adequately estimated the amount of sand within the pebble and cobble lag
deposits. Assuming that interstitial sand is present and mobile in these coarse deposits,
the sediment properties of the two coarse lag classes in Table A-1 were adjusted by
decreasing d16 to lie within the fine sand range, thereby increasing the grading
coefficient, and also reducing d50 to reflect a higher percentage of sand (Table A-5).
In effect, this adjustment can be considered a warm start to the sediment transport
module. With some sand available for transport in the otherwise immobile lag deposits,
there is allowance for transport in and across these areas starting at t1. Figure A-18 shows
that these adjustments in initial sediment conditions appear to eliminate the abrupt
changes in sediment transport direction shown in Figure A-14 and the complexity in sand
transport directions shown Figure A-15. The same configuration of STPQ3D given in
Tables A-2 and A-4 (i.e. Case 2; Figure A-15) was used in this simulation. Other tests
using the Case 1 configuration (Tables A-2 and A-3 including streaming; Figure A-14)
demonstrated the same abrupt changes in transport direction, indicating that the ST
module is sensitive to not only the STPQ3D configuration and the maximum amount of
bed level change per day, but also to the initial definitions of the seabed sediments.
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Table A-5. Attributes of the three interpreted seabed materials classes for Mike21
modelling modified to include sand in the coarse lag classes, with ks and M adjusted to
reflect d50 rather than 2.5d50.
Class
1

Description
fine sand, rippled
a

d50
(mm)
0.2

d84
(mm)
0.35

d16
(mm)
0.15

1.5

ks
(m)
0.0002

33.2

σg

M

2

pebble lag over till

20

256

0.2

35.7

0.02

14.3

3

cobble lagb over bedrock

50

256c

0.2

35.0

0.05

12.7

a

Pebble lag as defined here can contain material from fine sand to boulders of 256 mm
Cobble lag as defined here can contain material from fine sand to boulders of 256 mm
c
256 mm is the largest grain size permitted in Mike21
b

A-4

Evaluation of the Adopted Configuration (Run28)

Based on the above experimental runs, a final configuration (termed Run28) was adopted
with what appear to be optimal values for the tested parameters. Running the SW, HD,
and ST modules simultaneously, these are: the DEM and domain as described above; the
sediment classes as described in Table A-5; wave breaking parameters  and both equal
to 2; wind forcing using the JONSWAP formulation with a wind friction coefficient of
0.004; the Case 2 sediment transport table as described in the section on STPQ3D (Tables
A-2 and A-4); zero sediment flux gradient boundary condition in the ST module; slope
failure included with an angle of repose of 32o; threshold thickness of 0.5 m; and the
maximum daily amount of bed level change set to 0.25 m/day.

155

Figure A-16. Results of varying the threshold thickness parameter. The value of 0.5,
corresponding to the thickness of the boulder lag over bedrock sediment class seems
reasonable to adopt.
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Figure A-17. Results of varying the maximum allowable rate of change per day, showing
the ST module is relatively sensitive to this parameter. The value of 0.25 m/day seems to
give reasonable results.
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Figure A-18. Bed level change from t0 to t96 and sediment transport directions (arrows) at
t42 as in Figures A-14 and A-15, but showing no abrupt changes in transport directions at
A and B, and decreased complexity in transport directions at C and D. The drift divide at
Cape Stanhope and sediment transport into Rustico and Brackley Inlets are accentuated.

In Figure A-19 are shown significant wave height and peak period modelled with the
Run28 configuration and compared to the measured and input significant wave height
and period from the MSC50 hindcast. Figure A-19 demonstrates that the SW module
predicts wave characteristics quite well, except for wave period at the end of the storm,
which appears to be due to the input hindcast data. Linear regression gives correlation
coefficients between measured and modelled significant wave heights and periods of 0.95
and 0.82 respectively and RMS errors of 0.24 m in significant height and 0.95 s in peak
period (Fig. A-20). Also shown in Figure A-20 are the directional histograms of
measured and modelled wave directions. Wave directions are also modelled well, though
there is greater variability in modelled directions when compared to measured.
Comparison of the modelled and measured data gives a circular regression coefficient of
0.73 and RMS error of 17.48 degrees.
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Figure A-19. Results of the SW module in the final configuration, compared to the input
hindcast and measured wave data. Top panel: vectors representing wave height and wave
direction.
In Figure A-21 are shown current speed and directions as well as water levels resulting
from the HD module and compared to currents measured by the S4s. The results are less
successful than those from the SW module. There are deviations in current speed at the
beginning and end of the storm though speeds at the storm peak are reasonably well
simulated. Modelled current directions show considerable alongshore alignment when
compared to the measured results which have a stronger cross-shore component. There
are also two prominent drops in modelled current speeds which correspond to reversals in
current directions. These are near instant changes in the model results, suggesting that
currents are simulated to drop to near zero during the direction reversal, whereas the
measurements show a more gradual shift through north without an abrupt drop in speed,
despite measurements being taken every two hours. The reason for this remains unclear,
but may relate to the water levels which show similar patterns of anomalies during the
beginning and ends of the storm. The storm peak itself is well-simulated.
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The simulated water levels show initial underestimation relative to the measurements
which were recording higher than normal water levels during consistent onshore winds
through the field experiment. WebTide water levels used in the boundary conditions are
predicted tides without any surge or setup effects so it is expected that the initial
simulated levels are low. Low simulated water levels at the end of the storm are likely a
result of modelling water levels over a small domain which does not incorporate larger
phenomena outside the boundaries.
Correlations between modelled and measured water levels, current speeds, and directions
are given in Figure A-22. Water levels are correlated with an r2 value of 0.64 and RMS
error of 0.38 m. Current speeds are correlated with r2 value of 0.79 and RMS error of
0.25 m/s. The circular correlation coefficient between modelled and measured current
directions is 0.27 and the directions have an RMS error of 46 degrees.
The dominant alongshore simulated current direction compared to the offshore directed
component present in the measurements is likely contributed to by the depth-averaging of
current direction in the model results as compared to current direction measured in the
boundary layer (0.6 m above seabed) during the field experiment. In the boundary layer,
it is expected that wave-driven currents dominate, whereas depth-averaged currents
include a strong wind-driven component as well as a tidal component. Together, these
may be directed more alongshore than the on- and off-shore oscillating flows under
waves. Another contributor to the discrepancy may relate to more generalised
bathymetric conditions in the model domain than during the field experiment (Fig. A-6).
If the instruments were located near topographic lows in bar crests that are not
represented in model bathymetry, it is possible that the instruments were measuring offshore directed flows not reproduced in the model.
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Figure A-20. Correlation between measured and modelled significant wave heights
(A), and peak periods (B), and the directional histograms of measured (C) and
modelled (D) wave directions. Modelled and measured wave heights and periods are
correlated with r2 values of 0.95 and 0.82, respectively, and RMS errors of 0.24 m
significant height and 0.95 s peak period. The circular correlation coefficient between
measured and modelled wave directions is 0.73 with RMS error of 14.78 degrees.
Rings are in increments of 10 samples.
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Figure A-21. Results of the HD module from the final configuration compared to
measurements from the S4 instruments. Top panel: vectors representing current speed
and direction.
In Figure A-23 are shown the four profiles at t0 and t96, the elevation change, and the
sediment classes across-shore. Overall, the profiles show a pattern of nearshore erosion
and offshore deposition as would be expected from conceptual understanding and the
amount of change appears to relate to depth and sediment class. The Covehead and
Brackley profiles show this quite well with most changes occurring in the nearshore
sands. The Rustico profile shows high erosion in the nearshore sands, and deposition in
the offshore section of boulder lag. Figure A-18 shows the erosion to be related to strong
alongshore flows to the west, together with flow into Rustico Inlet. The deposition occurs
as flow transporting sand from the infilled valley off Rustico Inlet to the east encounters
the hydrologically rough boulder lag, and slows, thus depositing the eroded sand. The
Robinson’s profile shows relatively large changes (erosion) in deep water which appear
anomalous. However, these changes occur in the sand class, and multibeam bathymetry
outside the model domain in 30-35 m water depth shows the presence of large scale
bedforms, which, if they are not relict features, suggest sand transport occurs in deep
water in the southern Gulf of St. Lawrence. In deep water, waves with peak period of 9.5
s (such as are indicated at the hindcast node at the height of the storm; Fig. A-19) can be

162

considered to have a wavelength of approximately 140 m (Lo=gTo2/2) giving a wave
base of 70 m (Lo/2). It is therefore quite conceivable that sand transport can occur
throughout the model domain during storms.

Figure A-22. Correlation between measured and modelled water levels (A) current speeds
(B) and the directional histograms of measured (C) and modelled (D) current directions.
Modelled and measured water levels are correlated with r2 value of 0.64 and RMS error
of 0.38 m, and current speeds are correlated with r2 value of 0.79 and RMS error of 0.25
m/s. The circular correlation coefficient between measured and modelled current
directions is 0.27 with RMS error of 45.99 degrees. Rings are in increments of 10
samples.
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Figure A-23. Results from the final configuration of the ST module of profiles and
elevation change. Also shown are the sediment classes along each profile.
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Overall, the spatial distribution of sediment transport simulated in Run28 (Fig. A-18)
appears reasonable. Winds during the Dec. 2 1999 storm reached their maximum from
the northeast suggesting nearshore sand transport should be to the west. The model
predicts this in general, and Run28 improves on previous configurations (Figs. A-14 and
A-15) which developed some areas of abrupt changes in transport direction
corresponding to changes in seabed sediment class. Excluding streaming (mass transport
by wave-driven currents in the wave boundary layer), and slight modification to the
sediment class definitions appears to eliminate the phenomenon.
Another result that appears to have been improved in Run28, is where a clockwise
transport node developed in some simulations at the storm peak off Stanhope Cape which
forms the divide between Brackley Bight and Stanhope Bight. In Figure A-15, sediment
transport in the offshore is directed onshore then turns to east, while the flow in the
nearshore is onshore and then along shore to the west. The water (and suspended
sediment) at C between these two streams with opposite directions may be entrained to
result in the clockwise eddy of sediment transport direction at C. In Run28 (Fig. A-18),
this complexity in sediment transport is reduced and a more likely condition of transport
to the east and west at the Stanhope Cape headland is simulated. This fits with conceptual
understanding of subtle headlands along the North Shore of PEI forming drift divides
and divisions between morphological cells (Forbes et al., 2004).
A final result requiring future consideration is the development of the alongshore cell-like
structure in erosion and deposition. This suggests the model may be simulating rip
current effects or trapped waves, and may be capable of producing nearshore bars and
simulating shoreline changes if run for longer duration.

A-5

Conclusions

A configuration of Mike21 Flexible Mesh can be developed for Brackley Bight that,
when compared to instrument data, successfully simulates waves, currents and sediment
transport during a mild northeasterly storm affecting the southern Gulf of St. Lawrence.
The domain measures approximately 13 km alongshore and 7 km in the cross-shore
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direction. Elevations in the domain are obtained from a combination of LiDAR, and
water depths from multibeam bathymetry and CASI. Seabed sediments are characterised
using multibeam backscatter, and information from camera drops and ROV tows, grab
sampling and coring. The model involves simultaneous runs of the Spectral Wave,
Hydrodynamic and Sand Transport modules at an hourly master timestep, and simulates
4 days from November 30 to December 3 1999, with a run time of approximately one
hour.
Significant wave height, peak period and direction are well simulated in the Spectral
Wave module. This module is somewhat sensitive to variations in the wind forcing
formulation and wave breaking parameters, but more sensitive to adjustments in the
Nikuradse coefficient describing bottom friction. It was found that the optimal value
corresponds to the median grain size, d50 in the three mapped sediment classes.
Current speeds are reasonably well simulated in the Hydrodynamic module, though some
anomalies develop at the beginning and end of the simulation. Current directions show a
strong alongshore orientation in contrast to measured directions which include a
significant cross-shore component. The accentuated alongshore component in current
direction is considered a result of comparing direction measurements from 0.6 m above
the seabed, with depth-averaged directions from the model. Another contributing factor
may be the simplified bathymetry used in the model. Incorporating more complex
bathymetry from a previous model run may alleviate this issue. Water levels are well
simulated during the storm peak but are underestimated at the beginning and end of the
storm. The poorer performance of the Hydrodynamic module relative to the Spectral
Wave module may be a result of the use of predicted tides as boundary conditions, and
the relatively small domain in which the larger circulation in the southern Gulf of St.
Lawrence cannot be incorporated. The Hydrodynamic module is highly sensitive to
variations in the wind friction coefficient and to a lesser extent the Manning number, with
the wind friction coefficient affecting both current speed and water level and the
Manning number affecting current speed. It was found that a Manning number calculated
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from the Nikuradse coefficient equal to d50 is optimal. With this optimal Manning
number, an optimal wind friction coefficient of 0.004 was adopted.
In this treatment, consideration of the results of the Sand Transport module relies upon
conceptual understanding and anecdotal evidence rather than direct measurement. It is
believed that the results are reasonable, with prominent alongshore drift as expected, a
drift divide produced at Cape Stanhope which fits conceptual understanding, and
sediment transport into the inlets, also fitting conceptual understanding. The Sand
Transport module is sensitive to the required sediment transport tables produced from the
stand-alone STPQ3D routine; it was found that a simple sediment transport table is as
effective as a more complex one, and excluding mass transport by wave-driven currents
reduces, but does not eliminate, abrupt changes in transport direction. The best results
from the Sand Transport module were obtained when the coarse sediment classes were
modified to include a sand fraction, allowing bypass and transport in these classes. The
Sand Transport module is also slightly sensitive to the threshold thickness of the mobile
sediment layer, for which a value of 0.5 m was adopted, and very sensitive to the
maximum allowable change per day in bed level, for which it is thought a value of 0.25
m/day is reasonable. This value is supported to a certain degree by underwater video
observations of vertical erosion.
This research is part of a larger project directed towards understanding the impacts of
changing climate on sediment transport on the North Shore of Prince Edward Island.
Next steps include using the configuration of Mike21 to simulate other storms, and
extend the run duration to include entire seasons. An approach to include spatially and
temporally varying sea ice and its effects on wave formation and propagation will also be
investigated.
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