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Abstract

This study investigates the modern aeolian morphodynamics of East
Beach, Haida Gwaii, British Columbia. Qualitative assessments show this coast
is host to diverse aeolian landforms maintained by strong, year-round winds and
an abundant supply of sediment, despite a moist marine climate. Quantitative
assessments from three models of sediment drift potential and dune mobility
show high annual aeoljan activity with a seasonal shift from the fall and winter
months to the summer. The morphodynamics of a foredune-trough blowout
complex are examined during a two-year period through topographic surveys,
cross-shore profiles and a network of surface change pins. Results show the
foredune plain accreted by 55 m®> m-width™ a™!, the shoreline retreated up to 37
m while the foredune remained relatively unchanged. This study provides a
detailed geomorphic assessment of a highly sensitive, yet understudied,

Canadian coastal dune system.
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1.0 Introduction and Research Objectives

1.1 Introduction

Haida Gwaii (HG), also known as the Queen Chariotte Islands (QCl),
located 80 km off the northwest coast of British Columbia (Figure 1.1), is host to
one of Canada’s most dynamic sedimentary coastlines. The Naikoon Peninsula
has diverse coastal morphology, from low gradient, dissipative beaches backed
by prograding aeolian dune ridges on North Beach, to intermediate beaches with
multiple shore-attached bars backed by a complex dune system of foredunes,
blowouts and migrating parabolic dunes on East Beach (Figure 1.2).

This landscape exists in a high-energy environment with frequent high
winds (> 18 m s™), a macro-tidal range (HHWMT exceeding 7 m) and an
energetic wave climate with frequent storm surge. Under these conditions, the
east coast experiences a high rate of retreat of 1 to 3 m a™ (Barrie 2002), while
the north coast has a moderate progradation rate of 0.3 to 0.6 m a™' (Harper
1980). Given the tidal range, wind and wave regime, ongoing sea-level rise of 1.6
mm a”' and erodibility of this coastline, the Geological Survey of Canada has
recognized it as one of Canada’s most sensitive to the impacts of climate change
and sea-level rise (Shaw et al. 1998). Despite this recognition, the coastal

morphodynamics of northeast Graham Island are understudied.

1.1.1 Research purpose and objectives
Most aeolian geomorphic research in Canada is focused on the coastal

dunes of the Great Lakes (e.g., Davidson-Arnott and Law 1990; Byrne 1997) and
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Figure 1.1 Aeolian geomorphic research conducted on northeast Graham
Island, Haida Gwaii, at four distinct sites is combined with an assessment of
aeolian activity using meteorological data from three stations: Environment
Canada stations at Rose Spit and Sandspit as well as BLAST2, a specialized
station established by the UVic Geography Boundary Layer and Sediment
Transport (BLAST) lab in June 2002.
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Figure 1.2 Northeast Graham Island (the Naikoon Peninsula) is host to

prograding beach ridges on North Beach and active foredunes and parabolic

dunes on East Beach. b) Provincial airphoto BC40109 116 1984.
the Maritimes (e.g., Byrne and McCann 1993; Davidson-Arnott et al. 2003;
Walker et al. 2003; Hesp et al. 2004) plus the semi-arid dunes of the Great Plains
(e.g. Wolfe et al. 1995; Muhs and Wolfe 1999; Wolfe and Lemmen 1999; Wolfe
et al. 2000). There are very few studies focused on the dynamics of dunes on the
Canadian West Coast, or on dune systems in humid, high-energy macrotidal
environments. This study contributes to Canadian geomorphology by assessing
the contemporary aeolian geomorphology of East Beach, HG. To accomplish

this, the following objectives were identified:

1. To document and describe aeolian geomorphology on East Beach,



2. To assess regional aeolian activity and relate to seasonal dune
morphodynamics, and
3. To measure and examine the morphodynamics of a foredune-trough

blowout complex on East Beach.

1.1.2 Thesis outline

This thesis is structured as follows. Chapter 2 sets the context for this
research by reviewing key scholarship on aeolian sediment transport and coastal
dune evolution and morphology. Chapter 3 presents the methods used to obtain
each of the objectives above. Chapter 4 describes the aeolian geomorphology of
East Beach, including a discussion of the biogeographical setting of these dunes.
Chapter 5 assesses regional aeolian activity by applying and critiquing three
models of sediment drift potential and dune mobility. Chapter 6 focuses on the
morphological response of a foredune-trough blowout complex over a two-year
period (June 2002-June 2004). A summary and general conclusions from the

thesis form the seventh chapter.



2.0 Research Context

2.1 Aeolian sediment transport

Aeolian sediment transport is the movement of sediment by the force of
wind and occurs when the forces of lift and shear stress (t) exerted by the wind
exceed the resisting forces of weight and interparticle cohesion acting on grains
at the surface. Lift results from the decrease in fluid static pressure at the top of
the grain, and shear stress is exerted by the wind blowing over the surface (Sarre
1987). The resisting forces of weight and cohesion are related to grain
characteristics (i.e., size and sorting) and the presence of agents that bond
grains together (e.g., moisture, precipitated salts, algae) (Nickling and Davidson-
Arnott 1990).

When air flows over an aerodynamically smooth surface, boundary layer
theory states the lower 10 to 20% of the boundary layer, where the surface
continues to affect the flow, can be described by a log-linear increase in velocity
with elevation (Oke 1978). The Law of the Wall, described by the Prandtl-von
Karman equation, describes this portion of the profile, or the constant stress

regions of the boundary layer, as follows:

w_1,.2 (1)
Us z,

where u. is the wind speed (m s™) measured at height z (m), w, is wind shear
velocity (m s™) at the bed, z, is the aerodynamic roughness length (m) and k is
the unitless von Karman constant (~0.41) (Schlichting 1955). In sedimentary

environments, t is primarily responsible for sediment transport, but this value can



not be measured directly. A relation of shear velocity («.) and air density (p) is
used to estimate shear stress:

T=pu’ (2)
To estimate u,, the slope of a time-averaged wind speed profile plotted from
anemometers set at logarithmic spacing can be used.

The initiation of sediment transport occurs when a threshold shear velocity
(u.,) is reached (Hsu 1971; Nickling 1988). This velocity can be converted to wind
speed measured at a different elevation (e.g., 10 m) using Equation 1 and a
roughness length for the surface. Commonly accepted wind speed thresholds for
aeolian sedimentary systems, measured at 10 m (u+10), range from 5to 8 m s™
(Bagnold 1941; Fryberger 1979; Pye 1985; Arens 1996b; McKenna Neuman et
al. 2000; Davidson-Arnott et al. 2003; Tsoar and Arens 2003).

Once particles begin to move, they are transported in one of four main
modes: surface creep, suspension, saltation and modified saltation, where the
trajectories of saltating grains are modified by turbulent eddies. These modes of
transport exist in a continuum dependent on particle size, sediment availability
and wind speed (Sarre 1987). From wind tunnel tests, grains travelling in
saltation generally range from 100 to 1,000 ym in diameter (McKenna Neuman
1993) and account for at least 75% of the total sediment in transport (Baghold
1941). Finer grains (< 100 pm) may be kept aloft by turbulent eddies over longer
distances in suspension, whereas larger grains (> 1,000 ym) are generally
transported as surface creep by rolling and bouncing along the surface (Nickling

and Davidson-Arnott 1990).



Bagnold (1941) was the first investigator to develop a mathematical
relation to quantify aeolian sediment flux based on field observations and wind
tunnel tests. He found that mass sediment flux (q), in both saltation and creep, is
proportional to the cube of the shear velocity, as shown in the following

expression:

q=uf*%*C(%))% (3)

where g is acceleration due to gravity (9.8 m s?), C is a unitless empirical
constant related to grain size distribution ranging from 1.5 for nearly uniform sand
to 3.5 for a pebbly surface, d is the mean grain size and D is a standard grain
size (250 um). This model expresses sediment flux as a function of wind shear
and characteristics of the grains to be transported. In Bagnold’'s (1941) original
equation, there is no threshold term, and therefore, sediment transport is
predicted at shear velocities lower than that required for sediment entrainment.
This serves to inflate sediment flux estimates (Belly 1964).

Kawamura (1951) was the first to propose a model that includes a
threshold shear velocity term in a predictive equation of sediment transport as
follows:

g=C(u, —w,)(u. +u,)’plg (4)
where u., is the shear threshold velocity. Unlike Bagnold's (1941) equation, this
model does not include parameters that characterize grain size.

Similar in form to Bagnold's (1941) model, Lettau and Lettau (1978)
provide a sediment transport equation that incorporates a threshold shear

velocity (u+) and includes parameters to describe grain characteristics:



q=C\/z£u*2(u* - u,) (5)

Dg
where C has a value of 4.2. These three equations yield sediment flux values (g)
in dimensions of M L™ T' or mass of sediment transported per unit width of
surface per unit time (e.g., kg m™ s”). The dimensions of flux do not include a
height term, therefore the height of measurement is assumed to be infinite
(Nickling and McKenna Neuman 1999).

Since Bagnold’s (1941) pioneering work, a multitude of sediment transport
equations, derived both empirically and theoretically, have been developed to
predict rates of sediment transport as reviewed by Sarre (1987), Anderson and
Willetts (1991) and Sherman et al. (1998). One major limitation for most models
when applied in natural environments is that they assume a ‘transport-limited’
condition (i.e., the major control on flux rates is the frequency, magnitude and
directional variability of the wind) (Bird 2003). However, most natural sedimentary
surfaces tend to be limited by the availability of the surface to supply grains to the
wind (e.g., grain characteristics, moisture, bonding agents, vegetation) (Sherman
and Hotta 1990; Kocurek and Lancaster 1999). Thus, when models of sediment
flux are applied without consideration of these conditions, sediment flux
estimates can deviate by orders of magnitude from the actual measured rates
(Anderson and Willetts 1991; Arens 1996b; Jackson and McCloskey 1997;

Sherman et al. 1998; van der Wal 1998).



2.1.1 Controls of aeolian sediment transport

In general, natural surfaces have a higher threshold shear velocity and a
lower sediment availability as textural and surficial conditions hold the grain to
the bed (e.g., grain characteristics, surface moisture, precipitated salts) (Nickling
and Davidson-Arnott 1990). Grain characteristics that control the threshold of
entrainment are grain size, shape, sorting and density (Sarre 1987). The size of a
grain will directly influence its weight; thus, increasing the sediment particle size
will increase the threshold of entrainment (Folk 1966; Willetts 1979; Willetts
1983). This does not hold, though, for silt- and clay-sized particles, as their platy
shape increases their surface area and potential cohesion, as well as the
additional electrostatic charges, resulting in an increase in the threshold of
entrainment (Sarre 1987). Grain sorting will alter the availability of sediments to
entrainment, as fine sediments are more easily removed by wind, leaving behind
larger grains that could potentially shelter a layer of fines underneath (Willetts
1979; Willetts 1983; Kocurek and Lancaster 1999). Grain density also influences
the entrainment of sediment, as increased density increases the weight of grains,
thereby increasing the transport threshold.

The second major control, moisture on sandy surfaces, limits the
availability of sediments for aeolian transport by increasing the interparticle
cohesion, thereby increasing the threshold for sediment transport (McKenna
Neuman and Scott 1998; Wiggs et al. 2004). Wind tunnel experiments conducted
by McKenna Neuman and Nickling (1989) found that even strong winds can not

entrain sediments with surface moisture contents greater than 1% by weight. A
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more recent field study by Wiggs et al. (2004) determined that the critical
moisture content for sediment transport on a beach ranged from 4 to 6%, much
higher than found in earlier studies.

The sources of moisture on sandy surfaces are variable but include
precipitation, mist, dew, ground water emergence and, in coastal areas, tidal
swash, storm wave run-up and sea spray. As most sands are highly porous,
water can generally permeate quickly away from the surface to lower layers
(Tsoar 2002). Thus, the frequency and quantity of moisture received over a
certain time will alter the capacity of the surface to yield transportable sediments.
For instance, when large quantities of rain fall over a short period, a sedimentary
surface will have a high moisture content for a short period of time, but the upper
transportable sediments will dry relatively quickly once the rainfall stops (Jackson
and Nordstrom 1998). During light to moderate rainfall over longer periods, the
surface sediments remain saturated longer, preventing or limiting entrainment
(van Dijk et al. 1996; Jackson and Nordstrom 1998).

Recent field and wind tunnel experiments of aeolian sediment transport
under varying surface moisture conditions indicate that due to rain splash effects
and differential drying, sediment transport may occur even when models estimate
no transport due to high surface moisture content (van Dijk et al. 1996). Although
us, for the moist surface has not been reached, the force of raindrops on the
surface can eject grains into the air where they can then be transported in the
airflow (Erpul et al. 2004). Differential drying of the surface sediments occurs as

high winds blow over a moist surface, thereby enhancing evaporation of the
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surface layer (Wiggs et al. 2004). For these reasons, actual rates of sediment
flux during precipitation are controlled not only by the magnitude, duration and
frequency of the precipitation event, but also by the wind strength and duration
(Wiggs et al. 2004). The effects of surface moisture content on sediment
transport rates are usually modelled as an impact on the threshold shear velocity
as proposed by Belly (1964), which uses the percent moisture content per
weight.

When ground water emerges on a sedimentary surface, aeolian sediment
transport is inhibited, as the moisture at the surface prevents entrainment
(Kocurek et al. 2001). Unlike precipitation that falls for a short period of time and
then infiltrates, ground water emergence maintains moisture at or near the
surface over much longer periods.

The availability of sediment for transport is also limited by the presence of
bonding agents. These include precipitated salts as well as chemical or organic
bonding agents that increase the interparticle cohesion of grains, thereby
increasing the threshold of entrainment (van den Anker et al. 1985; McKenna
Neuman and Maxwell 1999). Precipitated salts develop when saline surface
water evaporates, crystallizing the salts and cementing particles together (Pye
and Tsoar 1990). Cementing is also caused by the presence of clay skins, fungal
hyphae, algae and lichens (van den Anker et al. 1985; McKenna Neuman and
Maxwell 1999).

Surface roughness elements (e.g., vegetation, driftwood, flotsam)

influence sediment transport by lowering the transport ability of the wind by
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disrupting airflow and by covering the surface, limiting the ability of sediments to
be entrained. Surface roughness elements alter the lower portion of the wind
speed profile by imposing enhanced drag on the flow versus flow over a flat
surface (Arens et al. 1995; Nickling and McKenna Neuman 1999). Surface
roughness elements further reduce the shear stress available to entrain sediment
by displacing the surface at which the shear stress acts upward and by extracting
a large portion of the shear stress on a non-erodible surface (Nickling and
Davidson-Arnott 1990; Wolfe and Nickling 1993; Wiggs et al. 1996a).

Vegetation on a sedimentary surface may also act as a surface cover,
reducing the exposure of sediments to entrainment by airflow, as well as creating
an obstaclie for saltating grains, causing entrained sediments to be deposited
(Wasson and Nanninga 1986; Blumberg and Greeley 1993; Wolfe and Nickling
1993). When airflow encounters vegetation, wind speed is significantly reduced
by up to 1,000 times (Arens 1996a). If the wind speed is reduced below the
threshold of entrainment, sediment will be deposited. At higher wind speeds,
when enhanced erosion of the surface might be expected, vegetation can reduce
actual entrainment as grasses may be blown flat over the surface, providing a
dense cover over a larger surface (Wiggs et al. 1995; Lancaster and Baas 1998).

Recently, driftwood has been recognized as a major roughness element
on the backshore in coastal environments (Komar 1976; Hesp 2002; Walker and
Barrie 2004). Driftwood is a hard, relatively large roughness element that
interrupts airflow, reduces wind speed and results in the deposition of entrained

sediments. Driftwood may also induce localized jetting and erosion, but in higher
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densities, it appears to act as an accretion anchor, producing a sediment sink on
the backshore (Walker and Barrie 2004). Sediment-laden driftwood jams may
provide a buffer for a coastline against wave attack by releasing stored
sediments, or by preventing or slowing major scarping of the foredune toe,
depending on the severity and frequency of wave attack.

Topography influences aeolian sediment transport and the pattern of
deposition through localized flow perturbations. As airflow approaches a hill or
dune, wind speed, and thereby shear stress, is reduced at the base (McKenna
Neuman et al. 1997; Walker and Nickling 2002). This results from a stagnation
effect where positive pressure builds up on the lower windward slope of the hill.
As air flows over the hill, it is accelerated up the windward slope due to flow
streamline compression, which results in a rapid increase in wind speed and
surface shear stress (Taylor and Lee 1984; Rasmussen 1989; Wolfe and Nickling
1993; Wiggs et al. 1996b; Bullard et al. 2000; Walker and Nickling 2002).

Perturbations induced on airflow by topography pose difficulties for
estimating sediment transport over dunes. Estimates of «., T and, hence, g are
ideally derived from the lower portion of the wind speed profile within the
constant stress region (Walker and Nickling 2002). However, this constant stress
region has been estimated at only a few centimetres thick over small to moderate
sized dunes (McKenna Neuman et al. 1997), prohibiting the measurement of
wind speed and the development of a profile for this region. In light of this, a
proxy measure of near surface stress is derived by assuming horizontal stress

remains constant within a wider region and developing a wind speed profile from
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measurements within this region. Using this profile technique, there may be non
log-linear segments to the profile resulting in an over- or underestimation of

surface stress and thereby 4.

2.1.2 Aeolian sediment transport in coastal environments

In continental settings, aeolian sediment transport is generally limited by
the availability of sediment grains to be transported, controlled by the parameters
described above. In environments where there is no external supply of sediment,
the supply is directly proportional to the sediment availability. For example,
during droughts when vegetation cover is reduced, sediment availability, and
thereby supply, is increased. However, in fluvial, lacustrine and coastal settings,
an external source of sediment increases supply, and the sediment budget is no
longer solely dependent on vegetation cover and moisture.

In coastal environments, an additional sediment supply may be present
through nearshore dynamics, littoral transport and aeolian transport from the
beach into the dune system. Tidal stage combined with varying fetch lengths
influence the rate and efficiency of aeolian sediment transport from the beach by
limiting boundary layer development and sediment available for transport (Bauer
and Davidson-Arnott 2002). The width of the beach influences the efficiency of
sediment transport not only via increased availability of sediment, but also by
providing greater distance for boundary layer and sediment transport
development. For the sediment transport process to become fully developed, a

critical fetch distance is required (Nickling and Davidson-Arnott 1990; Dong et al.



15

2003). From empirical studies, Davidson-Arnott and Law (1990) determined that
the critical fetch length on a beach for winds exceeding 50 km hr' (~13.9 m s™)
is 40 m.

In areas subject to tides, sediment availability is also dependent on water
level fluctuations as the beach and nearshore are rhythmically exposed and
covered by water. On a beach, fetch distance changes continuously with tide
stage and incident angle of the wind (Sherman 1990; Bauer and Davidson-Arnott
2002). Winds blowing directly onshore will have markedly less distance over
which to entrain sediments than those blowing oblique (e.g., 35-60 degrees) to
the foredune crest (Sherman and Bauer 1993). In coastal environments, an
increase in wind speed will not directly relate to increased sediment flux, as
would be predicted from many sediment flux models. This results from decreased
beach fetch due to increased storm surge height and wave run-up during high

magnitude on-shore winds (Davidson-Arnott and Law 1990).

2.2 Coastal dune geomorphology

Coastal dunes form above the high water mark on coastlines where there
is an ample supply of sand-sized sediments and competent onshore winds to
transport them. Because coastal dunes develop at the interface of three
environmental systems (i.e., marine, atmospheric and terrestrial), they are
dynamic, responsive and complex landforms (Carter 1988). Coastal dunes play
an important role in the evolution and stability of sedimentary coasts, as they can

buffer and protect against wave attack and storm surge by storing and recycling
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sediments to the beach when depleted by heavy storms (Hesp 2000). They also
shelter inland waters, wetlands and developed landscapes and provide habitat
for wildlife and recreational areas for human activities (Klee 1999). The following
is a brief discussion of the evolution and morphology of the four predominant
coastal dune types: foredunes, blowouts, parabolic dunes and transgressive

dunefields.

2.2.1 Foredunes

Foredunes are depositional shore-parallel dune ridges that form on the
backshore (Hesp 1999). Their morphology is diverse but is generally classified
into two main categories: incipient and established foredunes (Hesp 2002).
Incipient, also known as embryo or newly forming, foredunes develop by the
accretion of aeolian sands in discrete zones of vegetation or high tide debris on
the backshore. Their morphology depends principally on the density and height
of vegetation or roughness, the wind regime and the rate of sand transport to the
backshore (Hesp 2002). Incipient foredunes are exposed frequently to marine
influences (i.e., waves and storm surge), and as such, they are ephemeral
landforms.

Established foredunes are generally older landforms, often developing
from incipient foredunes that are maintained over several seasons or years. They
are distinguished from incipient foredunes by the establishment and growth of
intermediate plant species and the increased morphologic complexity (Hesp

2004). Established foredune morphology reflects the rate of sediment supply, the
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distribution and type of plant species (a function of local climate and
biogeography), the pattern of aeolian sand transport and the frequency and
magnitude of wind and waves, as well as the degree of human interference and
the stability of the coastline (e.g., retreating stable or prograding) (Hesp 1999).

There are several foredune morphologic classifications (Hesp 1982, 1988;
Carter 1988; Arens 1994), but the most recent by Hesp (1999) combines aspects
of its predecessors to provide a comprehensive model of foredune morphology
and evolution (Figure 2.1). The five main morpho-ecological stages (1 to 5)
depict decreasing vegetation cover progressing with increased aeolian activity
and erosion. Hesp (1999) associates foredune stages 1 to 3 with generally
prograding coasts, while stages 3 to 5 are more likely associated with erosional
coasts. Hesp’s (1999) model can be used to assess foredune evolution at
varying temporal scales from annual and event-based changes (e.g., wave
scarp) to medium- or long-term coastal dune evolution.

Hesp’s (1999) model illustrates morphological stages of an established
foredune in which the foredune may remain for most of its existence, or the
evolutionary stages through which it may progress given changes in vegetation
cover, varying conditions of erosion or wave scarp events. Hesp (2002) states
that under favorable conditions for dune formation and stabilization, a foredune
may progress in reverse, for example, from a Stage 4 to a Stage 3, although
complete reversal from a Stage 5 to a Stage 1 is unlikely. A wave erosion event,

as in Box D, of either wave scarp or overwash, will rapidly shift a foredune into a
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new stage. As the foredune recovers, it will likely pass through several stages of

foredune evolution.

2.2.1.1 Airflow over coastal foredunes

Airflow over foredunes has received much recent attention within coastal
aeolian geomorphic research (e.g., Rasmussen 1989; Sarre 1989; Arens 1994;
1996a; Arens et al. 1995; Davidson-Arnott 1996; Olivier and Garland 2003;
Walker et al. 2003; Hesp et al. 2004). This research shows that as airflow
approaches a dune, wind speed is reduced due to positive pressure buildup or
flow stagnation. Where present, surface roughness elements such as vegetation,
driftwood and debris further reduce wind spéeds, increasing the potential for
deposition at the foredune toe (Arens 1996a). Above the vegetation canopy,
airflow is topographically accelerated up the windward (stoss) slope of a
foredune, typically increasing surface shear stress and sand transport (Arens et
al. 1995; Hesp et al. 2004). Due to flow expansion and separation at the
foredune crest, wind speed is reduced, resulting in crest and lee slope
deposition.

Winds that approach from oblique incident angles tend to maintain higher
speeds over a foredune than those blowing dune-normal, as the foredune causes
less stagnation as it appears less steep to the flow (i.e., effectively has a lower
aspect ratio to the flow) (Hesp et al. 2004; Parsons et al. 2004). Oblique winds
are also topographically steered toward dune-normal (i.e., toward an incipient

angle of 90° to the foredune crest) as the dune-normal flow vector increases up
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the stoss slope (Arens et al. 1995; Hesp et al. 2004; Walker et al. in press).
Arens (1996a) found that a combination of dune-normal and oblique onshore
winds promotes foredune development and maintenance, as oblique winds
transport the majority of sediment from the beach to the toe of the dune, while
dune-normal winds promote the transport of sediment up the stoss slope. Recent
studies by Walker et al. (in press) also found that even during offshore wind
events, airflow may be steered alongshore on the beach and then deflected

toward the foredune, promoting dune maintenance.

2.2.2 Blowouts

Blowouts are erosional dune features that form on established dunes and
are initiated by an alteration in the airflow causing localized flow acceleration and
amplified erosion rates. Blowouts are characterized by an unvegetated to
sparsely vegetated hollow or erosional basin and a landward depositional lobe
(Hesp 1996) (Figure 2.2). Although there are a wide variety of blowout
morphologies, most can be classified into two main types: saucer or trough
(Cooper 1958). Saucer blowouts are semi-circular or saucer shaped with
shallower deflation basins, whereas trough blowouts tend to be more elongated,
with a deeper deflation hollow or throat and steeper lateral walls (Hesp 1999)
(Figure 2.2).

Blowouts maybe initiated in a variety of ways, including wave and water

erosion, topographic acceleration of airflow, changes in vegetation cover, and
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Figure 2.2 Morphology and generalized flow conditions for saucer (a) and

trough (b) blowouts (Hesp 1999: p. 161, reprinted with permission of the

author).
human disturbances (Hesp and Hyde 1996). The actual size, shape, location and
subsequent evolution of blowouts are dependent on several factors including: i)
the height and width of the sediment deposit in which the blowout is developing,
i) the size of the initial constriction, iii) the type of vegetation and its distribution,
iv) the frequency, magnitude and direction of the wind, and v) the degree of
exposure of the blowout to those winds (Hesp 1999). Each of these operates at
varying temporal and spatial scales, providing diverse blowout morphologies.

Blowouts are self-amplifying geomorphic features (Hesp and Hyde 19986).

Once initiated, significant topographic acceleration up the axis of the blowout
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increases erosion in the deflation basin and lateral walls (Hesp 2002). Sediments
are eroded from the basin and deposited downwind, creating a depositional lobe
and depositional plain. Steep topography from the basin up the windward slope
of the depositional lobe causes airflow expansion and deceleration, resulting in
deposition of entrained sediments (Hesp and Hyde 1996). In many blowouts, the
deflation basin continues to erode until it reaches the water table or a less
erodible surface, followed by scarping of the lateral walls, widening the feature
(Carter et al. 1990). Due to topographic steering and acceleration, rates of
sediment transport within blowouts can be significantly greater than potential flux
rates calculated from regional or remotely sensed wind data (Hesp and Hyde
1996).

Pressure differences within a trough blowout versus the open beach draw
airflow in and accelerate it via streamline constriction and topographic forcing.
When wind approaches the entrance of a blowout at incident angles normal to
the foredune crest, flow acceleration along the central axis yields the highest
wind speeds and maximum potential for erosion (Carter et al. 1990; Hesp 2002).
During oblique to shore-parallel incident wind angles, topographic deflection
results in large helical vortices altering the location of maximum erosion away
from the centreline axis to a lateral wall (Byrne 1997; Fraser et al. 1998; Hesp
2002).

The evolution of blowouts is varied, as it is dependent on wind speed and
directional variability, vegetation types and potential for re-vegetation, and the

maghnitude and frequency of beach/dune erosion. Blowouts may advance through
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stages of evolution from erosional notches and incipient blowouts to large active
blowouts to decaying, revegetated blowouts (Hesp 2002). During their active
lifespan, blowouts act as conduits, accelerating airflow and sediment transport,
thereby enhancing sediment delivery from the beach and backshore to landward

of the foredune crest.

2.2.3 Parabolic dunes

Parabolic dunes, named for their shape, are characterized by vegetated,
trailing ridges that connect to U-shaped depositional ridges downwind (Hesp
1999). Parabolics can develop by disruption and activation of older vegetated
sand deposits, or, with continued sediment supply, the depositional lobe of a
blowout may become mobile (Figure 2.3) (Hesp 1999). As the depositional lobe
transgresses downwind over terrain, trailing arms are formed as migrating sands
are trapped by marginal vegetation (Hesp and Thom 1990). Between the trailing
arms, a deflation basin may continue to erode until a non-erodible surface is met
(e.g., water table, layer of pebbles or shells) (Hesp 1999).

Unless relict and highly stabilized by vegetation, the heads of active
parabolic dunes consist of a windward slope with bare sand and a steep, convex,
vegetated lee slope (Robertson-Rintoul 1990), as well as convex outer slopes of

the trailing arms. Parabolic dunes can range from tens to thousands of metres in
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Figure 3.2 Location and spatial extent of the topographic surface survey,
approximate location of cross-shore profiles A and B and the location of the
SCP network used to assess the morphodynamics of a foredune-trough
blowout complex. BM is the established benchmark used for recurrent
surveying.

the driftwood, at topographic highs and lows in June 2002, June 2003, February
2004 and June 2004.

For this analysis, only two transects were selected to describe the
morphological changes of the foredune, backshore and beach shown in Figure
3.2. These profiles were selected based on quality of the data, with 98% of all
data points within 4  of the actual transect line of 118’ (i.e., 2" on either side of the
transect) (Figure 3.3). It is recognized that there is topographic variation within 4°
of the transect over its length, approximately 200 m; however, this variation is
believed to be minor compared with the scale of the analysis. Profiles were

plotted as horizontal distance (HD) from the pin versus ellipsoidal elevation (Z)
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This term is applied generally to many coalesced, migrating dune types including
blowouts and parabolic dunes. More specifically, the term transgressive dunefield
is used to define a coastal dune type that is characterized by a moderate- to
large-scale active sand sheet migrating over terrain (Hesp and Thom 1990).
Transgressive dunefields may range in size from hundreds of metres to
many square kilometres (Hesp et al. 1989). Their morphology is characterized by
extensive, laterally continuous deflation basins, and an unvegetated to partially
vegetated sand sheet terminating in a landward sinuous ridge (Hesp et al. 1989;
Hesp and Thom 1990). The deflation plains of transgressive dunefields may host
a variety of other dune types, including barchan dunes, transverse ridges, and
coppice and shadow dunes (Hesp 1999). Transgressive dunefields generally
develop when there is moderate to high onshore sand supply, strong onshore

winds and limited pioneering plant growth (Hesp and Thom 1990).

2.3 Regional models of aeolian activity and dune mobility

The previous sections discussed the processes of aeolian sediment
transport and the evolution and morphology of coastal dunes. One of the major
challenges in aeolian geomorphology is linking the micro-scale process of
aeolian sediment transport to the meso-scale morphological landforms it creates
(Bauer and Davidson-Arnott 2002). To assess aeolian activity without detailed
process-based wind measurements, a multitude of regional scale models have
been developed that use standard meteorological data. Three models of this type

that will be applied and critiqued for HG are: i) Fryberger's (1979) sediment drift
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potential, ii) Lancaster's (1988) dune mobility index, and iii) Tsoar and
lllenberger's (1998) modified dune mobility index. This section briefly introduces

these models.

2.3.1 Fryberger’s (1979) sediment drift potential

The Fryberger (1979) sediment drift potential model was developed to
characterize desert dune morphology from standard meteorological data and
broad coverage Landsat satellite imagery. Fryberger (1979) developed this
model as part of a study on Global Sand Seas (McKee 1979) for the United
States Geological Survey in coordination with the U.S. National Aeronautics and
Space Administration to assess wind energy and sand transport potential in
relation to dune form.

The Fryberger (1979) model uses standard wind data recorded at 10 m
height to calculate the maximum regional sediment drift potential (DP) using a

modified Lettau and Lettau (1978) (Equation 5) sediment transport equation:

= |4 (V - Vt) t (6)
100

DP

where V is mean wind speed measured at 10 m (in knots), Viis the threshold of
sediment transport (i.e., 12 knots, or 6 m/s) also measured at 10 m, and t is the
time wind blew expressed as a percentage of the period of analysis. DP values
are calculated for each wind direction, and through vector addition, the
magnitude and direction of predominant drift are determined through the
resultant drift potential (RDP) and resultant drift direction (RDD), respectively,

which are expressed graphically by a sediment drift rose — a circular histogram.
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Fryberger (1979) did not express DPs and RDPs as a measure of
sediment flux (e.g., kg m's™). Rather he created a unitless measure of sediment
transport potential called vector units, or VU, which is typically expressed as a
volume of sediment transported per width per year (e.g., m* m™ a™) (Fryberger
1979; Bullard 1997). Vector units can be converted to proper flux values if the
wind speed units are converted to m s™ and an appropriate value for the bulk
density of sand is used (Bullard 1997).

Through an assessment of over 130 sites distributed across Africa and
Asia, Fryberger (1979) created a classification of wind regimes and aeolian
landforms. To do this, he used DP as a measure of total transport potential and
the RDP/DP ratio to characterize the directional variability in the wind regime
(Table 2.1). The RDP/DP ratio, equivalent to the unidirectional index of Wilson
(Wilson 1971), ranges from zero to one, where higher values indicate a uni-
modal regime and lower values reflect a more complex or multidirectional wind

regime.

Table 2.1 Fryberger's (1979) classification of wind energy environments using
total DP and RDP/DP ratios.

Drift Energy of Directional variability

Potential wind (RDP/DP)
Ranges (VU) environment
<200 Low <03
Complex to obtuse
bimodal
200-400 Intermediate 0.3t0o<0.8
Obtuse to acute bimodal
>400 High >0.8

Wide to narrow unimodal
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1.5 m

a) not to scale D) 03 -
Figure 3.5 Surface change pins (SCP) used to monitor morphological and
volumetric change of a trough blowout. At installation and reset (b), pins are
set to the lower line with the washer at the surface (i). Washer and surface at
the same height indicate only erosion (ii). Surface reworking occurs when the
washer is deflated to some depth and redeposition occurs (iii). Dys = distance
from washer to surface, D,s = distance from zero line to surface and D, =
distance from zero line to washer.

Pins with washers are widely used to monitor depth of change in marine
nearshore environments, where they are known as “depth of disturbance” (DOD)
rods (e.g., Greenwood and Hale 1980, Greenwood and Sherman 1984). This
research adapts this monitoring technique to a terrestrial sedimentary
environment. The morphodynamics of a trough blowout-depositional lobe
complex were assessed by plotting measurements of net surface change (D),
maximum deflation depth (D,y) and redeposition (Dws) on digital terrains maps
produced from the 2002 topographic surface survey. To simplify the discussion,
measurements from the SCP network are described by an ordinal classification

(Table 3.2). However, the interval between recurrent measurements of the SCP

network varies between three to eight months, and these measurements have
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areas are active when values range between 100 and 200, and dunes are fully
active when M is greater than 200 (Lancaster 1988). Through empirical
assessments in predominantly continental desert environments (Ash and
Wasson 1983; Pye and Tsoar 1990; Lancaster 1997b; Wolfe 1997; Lancaster
and Baas 1998; Lancaster and Helm 2000; Knight et al. 2003), this model was
shown to be a good indicator of dune mobility when used for longer-term
monitoring over larger spatial scales. Attempts to calculate volumes or estimate
rates of actual sediment transport over shorter time scales have failed, and this

was not the intended use (Lancaster and Helm 2000).

2.3.3 Tsoar and llienberger’s (1998) dune mobility index

Tsoar and lllenberger (1998) argue that the mobility of an aeolian
sedimentary environment is not accurately depicted by the P/PET ratio, as high
infiltration rates in sand rapidly reduce the moisture available for vegetation
growth. Instead, they suggest that dune mobility is best represented by the
frequency, magnitude and directional variability of the wind, as wind provides the
energy source for aeolian transport and limits vegetation growth on sand. They
also suggest that the Fryberger (1979) model represents well the sediment drift
potential of wind in aeolian environments and should be used to assess dune
mobility. They provide the examples of an environment with low DP and high
direction variability (lower RDP/DP ratio) where the potential for vegetation

growth is greater as wind attacks are shared among the dune’s slopes; whereas
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in unidirectional environments there is more attack on one slope, thus less ability
for vegetation to grow on that slope (Tsoar and Arens 2003).

From their analysis of 40 sites of aeolian dunes, Tsoar and llienberger
(1998) developed a dune mobility index by plotting DP versus RDP/DP values as
follows:

M- L. (8)
1000 - (750——)
DP

where annual average values of M greater than 1 suggest sedimentary
environments in which dunes are unvegetated and likely mobile (Tsoar and
lllenberger 1998; Tsoar 2002). As of yet, this model has not been widely tested,

and the sites from which it was derived are not provided.
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3.0 Research Methods

This chapter describes the methods used to conduct a geomorphic
assessment of the coastal dunes on East Beach, HG, to obtain each of the three

objectives outlined in Section 1.2.

3.1 Morphological assessment of East Beach

The aeolian geomorphology of East Beach is assessed through the
qualitative description and classification of four geomorphically distinct sites that
illustrate the morphological diversity of this coast. For each site, dune form and
evolution are discussed using three air photo series (Table 3.1), aerial videos
and oblique photos taken during each field season. Coastal retreat is measured
from the air photos between 1966 and 1980, but due to the small scale of the
1997 series, common features were not distinguishable and retreat rates could
not be determined. Aerial video and digital oblique photos of the study region
were captured simultaneously during two survey flights in the summers of 2002
and 2003. As the exact elevation, azimuth and speed of the plane are unknown,
these images could not be used for quantitative measurements but are used for
gualitative description. To facilitate the interpretation of the landforms from the
photos, bar scales and north arrows have been added to all images.

Table 3.1 BC provincial air photo series and scales used for a morphological
assessment of dune form and evolution on East Beach, HG.

Air photo series Series number Date taken Scale
1966 BC4362 May 30 1:15840
1980 BC80008 May 10 1:12000

1997 BC97036 August 9 1:40000
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3.2 Calculating aeolian activity and dune mobility
3.2.1 Meteorological data

Meteorological data for this analysis were obtained from three stations
along the east coast of HG (Figure 1.1). Two are Environment Canada (EC)
stations, located at Rose Spit (ID-1056869) and Sandspit (ID-1057050), and the
third is a specialized meteorological station established by the UVic Geography
Boundary Layer Airflow and Sediment Transport (BLAST) lab in June 2002,
hereafter known as BLAST2 (Table 3.2).

The EC meteorological stations record wind speed and direction at the
World Meteorological Organization’s (WMO) standard height of 10 m. Wind data
are recorded hourly but are not averages of the whole hour; rather, they are 1-
minute, or since 1985, 2-minute, averages recorded on the hour to the nearest
whole kilometre per hour (1 km hr'' ~ 0.278 m s™). Wind direction is recorded as
the direction the wind blew from in degrees to true north to the nearest tens of
degrees on a 36-point compass (e.g., 10 degrees represents winds from 5 to 15
degrees). Precipitation data are recorded as hourly totals in millimetres for a 29-
year period (1971-1999) at EC-Sandspit. No precipitation data are available for
EC-Rose Spit.

Due to harsh weather and the remote nature of the two EC stations, there
are large gaps in the data, as maintenance is delayed when instruments

malfunction. For the analysis of aeolian activity, the selection of years is based
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Table 3.2 Metadata for meteorological stations.

EC-Rose Spit EC-Sandspit BLAST2
Station location 0 0 0
(latitude and 54.17° N 53.25° N 54.07° N
longitude) 131.670 W 131.820 W 131.680 W
Station number 1056869 1057050 N/A
Tower height (m) 10 10 5
Units and
precision of wind g km h 0 km h” 0.00 ms

speed recorded
Average of 2

Wind speed minute

recording recording on
the hour

Wind direction Tens of

grouping degrees

Precipitation

(mm) N/A

Period of data

used 1995-1999

Average of 2

minute Hourly average of
recordingon 1 Hz sampling
the hour
No aggregation
Tens of (hundredth
degrees decimal
precision)
Hourly sum Hourly sum
1971-2000 August 15, 2002

to June 3, 2004

N/A - not available

primarily on the availability and continuity of the data (i.e., the years with the

lowest percentage of missing data).

BLAST2, the second source of meteorological data for this analysis, is

located on the largest parabolic dune complex on East Beach, approximately 170

m inland from the foredune crest (Figure 3.1). The station is located at Site 2,

also the location of the two-year geomorphic assessment of a foredune-trough

blowout complex (Chapter 6). BLAST2 consists of a Campbell Scientific Inc.

meteorological station recording hourly averaged wind speed (m s™*) and wind
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June 2003

a) June 2002

Figure 3.1 BLAST2 is located 170 m inland from the foredune crest on the
longest parabolic dune complex on East Beach (Site 2 — Figure 1.1). This
station measures on-site winds at 5 m and other meteorological variables
including temperature, relative humidity, precipitation and atmospheric
pressure. Tree snag indicates a common point of reference.

direction (degrees to true north) with no aggregation, from a Gill™ Windsonic
ultrasonic anemometer mounted at 5 m. This instrument samples wind speed
and direction at 1 Hz, then records an average for the whole hour. For logistical
reasons, the BLAST2 wind speed data are recorded at 5 m, not at the WMO
height of 10 m. To allow comparison between meteorological data and to apply
the Fryberger (1979) sediment drift potential model (see below), the Law of the

Wall (Equation 1) was applied, using an intermediate roughness length of 0.05 m
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to characterize surface roughness of the vegetation (Touma 1977; Taylor and
Lee 1984).

The BLAST2 station was installed to characterize the wind regime and
conditions experienced by the dunes, rather than applying wind data from a
remote station that may not reflect on-site conditions. However, the average wind
speed from the BLAST2 station (4.8 m s™) compared with that from EC-Rose
Spit (7.7 m s™) for the same period was markedly lower. This results from the
location of the two stations as well as the height of their anemometers. BLAST2
is situated in the deflation plain of a large parabolic dune with low hummocky
terrain and trees to the north and west, while EC-Rose Spit is completely
exposed from all directions except the southwest, as it is situated on a spit.

As the BLAST2 station records wind speed at 5 m height, the conversion
of wind speed from 5 m to that at 10 m required the application of the log-law,
similar to Equation 1, which is sensitive to variations in surface roughness length
and wind speed. For this analysis, a single intermediate value for roughness
length (0.05 m) (Oke 1978) was chosen and used to convert all wind speeds,

there by both under- and over-estimating the actual wind speed at 10 m.

3.2.2 Assessing regional wind regime

To characterize the wind regime in this region, one annual and 12 monthly
average wind roses were produced using Golden Software Grapher™ 4.0 from a
5-year wind record from EC-Rose Spit (1995-1999). This period was selected as

it contained the smallest proportion of missing data for wind speed and direction
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at 2%, with annual percentages of missing data ranging from 0.48% to 4.66%.
Only EC data were used for this characterization as BLAST2 had limited
temporal coverage (i.e., less than two years).

Wind speed data were aggregated into four wind speed classes, with all
non-transporting winds (< 6 m s™") in the lowest class, increasing at intervals of 6
ms™ (i.e., 6-12, 12-18, >18 m s™"). Wind direction data were aggregated into 12
direction classes centred on the major cardinal directions (north, east, south,
west), each containing 30 degrees of the compass. To characterize the regional
wind regime, the frequency and magnitude of winds, their directional variability
and modality, and the proportion of winds above the threshold for sediment

transport were assessed, both annually and monthly.

3.2.3 Calculating sediment drift potential

Fryberger's (1979) sediment drift potentials were calculated using wind
data from both EC-Rose Spit and BLAST2. EC-Rose Spit data were used to
characterize the long-term average regional wind regime, while BLAST2 data
were only used to characterize aeolian activity experienced by the trough blowout
complex during the two-year morphological study due to the limited temporal
coverage. Wind data were processed into frequency tables consisting of six wind
speed classes in knots (i.e., 12 - 16.99, 17 - 21.99, 22 - 26.99, 27 - 31.99, 32 -
36.99, >37 knots) and 36 direction classes, each containing 10 degrees and
centred on north (0°. Frequency of wind is proportional to the entire data set,

including non-transporting winds, but only wind classes above the threshold of
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sediment transport of 6 m s (~12 knots) were used to calculate drift potential
(DP). The Fryberger sediment transport equation (Equation 6) was applied to
each wind speed and direction class using the wind speed class mid-point for V
(e.g., for wind speed class 12-16.99, the mid-point is 14.5 knots), the threshold of
transport (Vi) of 12 knots and t as the percentage of time wind blew in that wind
class.

Directional DPs for each of the 36 direction classes were calculated by
summing the six DPs in the direction bin. Subsequently, a total DP was
determined by summing all directional DPs. The RDP and RDD were calculated
through vector analysis using the mid-point of the wind direction class (e.g., for
wind direction class 15-25° the midpoint is 20°). Sediment drift roses were

plotted manually in a graphics program (i.e., Adobe lllustrator 10).

3.2.4 Calculating dune mobility

The Lancaster (1988) mobility index (M) was calculated for the study
region using the 30-year EC climate normals (1971-2000) from the Sandspit
meteorological station. These data were used due to the lack of precipitation data
at EC-Rose Spit and the high percentage of missing precipitation data at EC-
Sandspit during the 5-year period (1995-1999) used for the regional wind
assessment. Although climate normals conceal inherent climate variability, they
are the most complete record available and represent the average annual and

monthly values for precipitation and temperatures under WMO standards.
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Lancaster’s (1988) dune mobility index (Equation 7) was applied using the
annual wind competence (W), precipitation (P) and potential evapotranspiration
(PET). Annual W was extracted from the 30-year wind record (1971-2000) from
EC-Sandspit with a threshold value of 6 m s™ (21.5 km hr™). For this period,
there is a low average percentage of missing data for wind speed at 0.8%, with
annual values ranging from 0% to 11.8%. Monthly precipitation and air
temperature, from the 30-year climate normals, were used in combination with
tables developed by Thornthwaite and Mather (1957) to calculate monthly PET
values that were summed to yield an annual PET.

The Tsoar and lllenberger (1998) dune mobility index (Equation 8) was
calculated using the annual DPs and RDPs from the 5-year (1995-1999) record

from EC-Rose Spit.

3.3 Geomorphic monitoring

Since June 2002, a foredune-trough blowout complex on the highly
energetic, retreating coast of East Beach was monitored through topographic
surveys, cross-shore profiles and repeat measurements of an extensive surface

change pin (SCP) network.

3.3.1 Topographic surveys
In June 2002, benchmark (BM) at 54°04.1’N by 131°40.7’W was
established to the north of the site, marked by a 1.5 m rebar stake driven into the

ground. A relative coordinate system was established at this BM oriented to
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magnetic north with arbitrary coordinates of northing (N) = 1,000 m, easting (E) =
500 m and elevation (Z) = 50 m. All elevation values were recorded as distance
below the arbitrary benchmark at 50 m and converted to ellipsoidal elevation.
Ellipsoidal elevations are used throughout as they provide a good relative
measure of elevation, whereas converting to mean sea level or chart datum on
East Beach would introduce error and decrease accuracy. Measurement error,
due to rod placement and sinking at the surface, is estimated to be + 2 cm for
points shot from the Topcon™ total station.

A detailed topographic survey of the foredune and foredune plain was
conducted in June 2002 covering 270 m by 90 m with sampling density of 0.23
pts m2 (5,700 points) (Figure 3.2). Re-measured in early July 2004, the survey
was extended to include the driftwood jam on the backshore, with resulting
coverage of 120 by 270 m with sampling density of 0.17 pts m (5,260 points).
The surface survey was conducted by running transects perpendicular to the
foredune crest with point selection at significant changes in slope. Point
resolution varies across the surface, with highest density along the
topographically complex foredune crest and stoss slope, with decreasing point
density seaward across the driftwood jam and landward over the foredune plain.

Morphological change of the beach-foredune complex was monitored
through the recurrent survey of six cross-shore transects (118°) tied into the
same coordinate system as the surface survey. Transects commenced at a rebar
pin located approximately 80 m landward from the foredune crest to the waterline

at the time of measurement. Measurements were taken of the sand surface, not



40

Figure 3.2 Location and spatial extent of the topographic surface survey,
approximate location of cross-shore profiles A and B and the location of the
SCP network used to assess the morphodynamics of a foredune-trough
blowout complex. BM is the established benchmark used for recurrent
surveying.

the driftwood, at topographic highs and lows in June 2002, June 2003, February
2004 and June 2004.

For this analysis, only two transects were selected to describe the
morphological changes of the foredune, backshore and beach shown in Figure
3.2. These profiles were selected based on quality of the data, with 98% of all
data points within 4° of the actual transect line of 118’ (i.e., 2 on either side of the
transect) (Figure 3.3). It is recognized that there is topographic variation within 4°
of the transect over its length, approximately 200 m; however, this variation is
believed to be minor compared with the scale of the analysis. Profiles were

plotted as horizontal distance (HD) from the pin versus ellipsoidal elevation (Z)
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with three times vertical exaggeration. As they run near crest normal, profiles
were rotated to dune normal so that the horizontal measurements were not
exaggerated. These measurements, combined with photos taken during field
visits, were used to describe morphological change during the two-year period of

study.

3.3.2 Surface change pins (SCP)

To assess seasonal morphologic and volumetric change of a trough
blowout-depositional lobe complex, a network of surface change pins (SCP) was
established in June 2002. The SCP network was oriented parallel to the trough of
the blowout, consisting originally of 174 pins spaced 2.5 m perpendicular to and
5 m parallel to the axis of the blowout (Figure 3.4). The network was expanded to
275 pins in June 2003 with pins added along the north and west edges to further
include the depositional lobe (Figure 3.4). The location and elevation for each pin
were tied into the referencing system presented above.

SCP are aluminum rods 1.5 m in length, each inscribed with a unique
identification number and two lines: one at 50 cm and the other at 756 cm from the
top of the pin (Figure 3.5). In February 2003, washers were installed on 70% of
the pins and by September 2003, washers were installed on all pins. At initial
installation and pin reset, SCPs were driven ihto the ground and set to the lower
line (Figure 3.5 a). Pin measurements were conducted by measuring the height
of the surface to the top of the pin or one of the measurement lines, while washer

depths were measured to the surface with a measurement error of + 2 mm.
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Figure 3.4 Location of surface change pins (SCP) within the trough blowout-

depositional lobe compex. Components of the trough blowout are labeled to

facilitate description of morphological change discussed in Chapter 6.

Elevations are in metres above the ellipsoid with a 0.5 m contour interval.

Surface elevations were determined by associating the pin identification

number with the location and elevation from the topographic survey measured as
the height above the ellipsoid. Traditionally, SCPs or erosion pins have been
used to quantify net surface change by measuring the distance from the zero line
to the surface at time of measurement (D) (Figure 3.4), a value that is positive

for net accretion or negative for net erosion. With the addition of washers to the

SCP network, a new dimension of geomorphic change can be monitored.
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1.5m

a) not to scale
Figure 3.5 Surface change pins (SCP) used to monitor morphological and
volumetric change of a trough blowout. At installation and reset (b), pins are
set to the lower line with the washer at the surface (i). Washer and surface at
the same height indicate only erosion (ii). Surface reworking occurs when the
washer is deflated to some depth and redeposition occurs (iii). Dys = distance
from washer to surface, D, = distance from zero line to surface and D,y =
distance from zero line to washer.

Pins with washers are widely used to monitor depth of change in marine
nearshore environments, where they are known as “depth of disturbance” (DOD)
rods (e.g., Greenwood and Hale 1980, Greenwood and Sherman 1984). This
research adapts this monitoring technique to a terrestrial sedimentary
environment. The morphodynamics of a trough blowout-depositional lobe
complex were assessed by plotting measurements of net surface change (D.s),
maximum deflation depth (D) and redeposition (Dws) on digital terrains maps
produced from the 2002 topographic surface survey. To simplify the discussion,
measurements from the SCP network are described by an ordinal classification

(Table 3.2). However, the interval between recurrent measurements of the SCP

network varies between three to eight months, and these measurements have



45

Table 3.2 Ordinal classification of SCP measurements.

Measurement range Ordinal classification

Surface Change (m) - distance zero line to surface (Dzs)

>0.3t0 0.45 major deposition
>0.161t00.3 moderate deposition
>01t00.15 minor deposition
>-0.15t0 0 minor erosion
>-0.3t0-0.15 moderate erosion
-0.4510-0.3 major erosion

Deflation (m) - distance zero line to washer (Dzw)
0 no deflation

>-0.05t0 0 minor deflation
>-0.15t0 -0.05 moderate deflation
-0.45 to -0.1 major deflation
Redeposition (m) - distance washer to surface (Dws)
0 no redeposition

>0t0 0.15 minor redeposition
>0.151t0 0.3 moderate redeposition
>0.3t0 0.5 major redeposition

not been temporally standardized. As such, the magnitude of surface change,
deflation and redeposition must be considered as relative to the length of the

measurement period.

3.3.3 Morphological and volumetric change
Raw topographic and SCP data were processed using Golden Software
Grapher™ 4.0 and Surfer™ 8.0. These programs allowed the plan, cross-
sectional and three-dimensional representation and spatial analysis of
geomorphic change, as well as the calculation of volumetric change between
surfaces.
For the volumetric change of the foredune complex, the two surface

surveys were gridded by the default Kriging approach, with grid resolution set to
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1.5 m. This resolution produced the lowest calculated residuals compared with 1
m and 2 m grid spacing. To calculate volumetric change between surfaces, the
spatial extent of each survey was constrained to the same area, and the same
grid size was used. The 2002 surface survey was then subtracted from that in
2004. Results of surface change were plotted on a contour map of the site, with
blue as deposition and red as erosion.

Volumetric change for each measurement period of the SCP network was
also determined by gridding each surface with the default Kriging approach but
with 1 m grid resolution, which provided the lowest residuals. Each grid was
spatially constrained by the area of the SCP network (i.e., pre-June 2003 versus
post-June 2003). Once the grid size, spatial extent and reference elevations were
the same, earlier surfaces were subtracted from later surfaces (e.g., June 2003 —
February 2003) to yield negative surface values when erosion occurred.
Volumetric results yielded a net positive surface, a net negative surface and a
total surface change. Values of volumetric change were standardized both
spatially (by dividing by the spatial area of the SCP network at that time of
measurement) and temporally (by the number of months the measurement
period covers), yielding a value with units of m® m? month™ or surface change of

m month™.

3.3.4 Aeolian activity
Volumetric change of the foredune and foredune plain were compared

with estimates of potential sediment drifts calculated from the BLAST2 wind data
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using the Fryberger (1979) model. This was conducted using the two years of
BLAST2 data, with wind velocity measured in m s™, to yield an annual RDP.
Using Line A from Bullard’s (1997) conversion of DP in VU to rate of sand
transport potential in m® m-width™ a™', the RDP was converted to a rate of
sediment transport.

“For each of the measurement periods of the SCP network, wind roses
were plotted using BLAST2 data. To assess and compare wind energy between
measurement periods, the Fryberger (1979) sediment drift potential model was
applied using BLAST2 wind data (see Section 2.2.3). To allow comparison, wind
energies were temporally standardized by the number of months for each
measurement period. As nearly two months of BLAST2 data were lost (late June
through mid-August 2002) due to insufficient memory in the datalogger, this
period was standardized by the number of months of wind data available, not the

length of time between measurements of the SCP network.
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4.0 Aeolian geomorphology of East Beach, HG

This chapter presents the environmental setting of the coastal dunes on
East Beach, HG, including a discussion of: i) the Quaternary history, ii) the
regional climate, iii) the wind, wave and current regimes, iv) the sediment source
and properties, and v) the types and influence of various ‘roughness elements,’
including vegetation and driftwood. This is followed by the documentation and

qualitative description of four distinct sites of aeolian dunes on this coast.

4.1 Environmental Setting
4.1.1 Quaternary History

HG has experienced a very different glacial history than mainiand British
Columbia, yielding a complex and dynamic landscape (Clague 1982). The
Cordilleran ice sheet reached its maximum in this region after 21 ka BP (C™
years) but before 15 ka BP (Blaise et al. 1990). At its greatest extent, it did not
cover HG. Instead, HG was covered by independent piedmont and ice-cap
glaciers that originated in the Queen Charlotte Mountains to the south (Barrie
and Conway 2002). These glaciers retreated from HG much earlier (13.5 — 13 ka
BP) than the Cordilleran ice sheet from the mainland (10 ka BP), resulting in
varied isostatic response.

Relative sea levels on HG during the Holocene have been influenced by
isostatic depression, eustatic sea-level changes and tectonic activity, although
over the last 100 years tectonic activity effects on sea-levels have been

negligible (Larsen et al. 2003). When the Cordilleran ice sheet retreated from
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northern Hecate Strait (13 ka BP), a forebulge of 50 to 100 m magnitude
developed in response to crustal depression of the mainland (Hetherington and
Barrie 2004). As a result, HG uplifted, producing a sea-level low stand of 150 m
below present levels (Hetherington and Barrie 2004). During this period, the
eustatic sea level was rising, but at a much slower rate.

The eustatic sea-levels continued to rise throughout the Holocene but
sometime after 12.4 ka BP, subsidence of the glacio-isostatic forebulge yielded a
rapid sea-level transgression (Barrie and Conway 2002). By 9.1 ka BP, sea
levels reached current levels and continued to rise to a high stand of 13 to 16 m
above current levels by 8.9 ka BP (Clague 1982; Fedge and Josenhans 2000).
Since 3.8 ka BP, the sea level has regressed, leaving relict, prograding beach
and dune ridges on the north coast, most of which are formed by or capped with
aeolian sands (Walker and Barrie 2004) (Figure 1.2b). On East Beach, the relict
dune ridges are separated by low-lying inter-dune areas that are presently being
transgressed as the coastline retreats at 1 to 3 m a™ (Barrie and Conway 2002).
This rapid rate of retreat, combined with high wind energy, is creating a
landscape of highly active Holocene dunes interspersed with eroding Pleistocene

cliffs.

4.1.2 Climate

The Koéppen classification system designates HG as having a marine
West Coast cool (Cp) climate, where C is a moist, subtropical, mid-latitude

climate, f signifies no period of precipitation deficiency, and b signifies a median
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of temperature where summers are cool and winters are mild. Moderated
Pacific Ocean, temperatures are mild year-round, with an annual average
C, and a seasonal variation with daily means from 3.2°C in January (high

low 0.7°C) to 15.0°C in August (high 17.9°C, low 12.1°C) (EC-CMC 2002)

(Figure 4.1). Freezing temperatures are infrequent in this region, with an average

of 4.7

days a™' below 0°C for 1971-2000, a notable decrease from the previous

climate normals for 1969-1990, with 38 days a™.
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Figure 4.1 Monthly 30-year climate normals from EC-Sandspit (1971-2000)
illustrate the seasonality of both temperature and precipitation. Values shown
for precipitation (mm) represent total monthly average values of both rain and
snow. Values for temperature (°C) represent average monthly temperatures
determined by calculating the mean from the highest monthly high and lowest

low.

HG experiences high year-round precipitation, with a total annual average

of 1,398.4 mm recorded at EC-Sandspit (1971-2000). Of the total precipitation,
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53% falls in four months from October through January, with markedly less (11%)
precipitation during the summer (June through August) (Figure 4.1). November
experiences the greatest monthly average precipitation (198.2 mm), while the
least is received in July (46.6 mm). Snowfall may occur during the winter months
(December through March) but is short-lived and constitutes only 4% of the total

precipitation.

4.1.3 Wind regime

The prevailing winds in the northeast Pacific are controlled by the location
and intensity of the Aleutian Low (AL), centred over the Gulf of Alaska, and the
Pacific High (PH), generally centred at 35°N and 150°W (Thomson 1995). During
winter months, the AL deepens, resulting in the development of storms that track
northward along the west coast of British Columbia, intensifying rapidly as they
approach the centre of the pressure system. These storms bring strong moisture-
laden winds exceeding 30 m s~ from the south to southeast over Hecate Strait. In
May, the AL dissipates and retreats, while the PH intensifies and generates west
to northwest winds from June to August. During summer months, however, HG
still experiences frequent gale-force (i.e., 18 m s™') southeast storms as low-
pressure systems migrate over northern waters.

The annual average wind regime on East Beach is oblique bimodal
(Figure 4.2). The strongest and most frequent winds blow from the southeast
(obliquely onshore), while a secondary mode of winds of lower magnitude blow

from the west to northwest (offshore). The average annual wind speed recorded
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at EC-Rose Spit for 1995-1999 is 8.5 m s™. For this period, 62% of winds
recorded were above the threshold of sediment transport (i.e., 6 m s™), with calm
conditions recorded less than 1% of the time. For a detailed annual and monthly
assessment of the wind regime, see Section 5.1.

Prominent sources of inter-annual variability in weather patterns and storm
events in the Pacific Northwest are known climate phenomena such as the El
Nifio Southern Oscillation (ENSO) and the Pacific Decedal Oscillation (PDO)
(Viles and Goudie 2003). Positive, or warm, phases of the ENSO result in deeper
than normal Aleutian Lows during December through February (Shabbar et al.
1997). In negative, or cool, phases of the Southern Oscillation (La Nifa), a high-
pressure area forms south of Alaska that blocks the deepening of the Aleutian
Low, thus moderating storm activity. During warm phases of the PDO, warmer
water is observed along the west coast of North America and the Aleutian Low is
enhanced in the winter months, while the cool phase shows roughly the opposite
conditions (Zhang et al. 1997). A warm phase of the PDO will enhance an ENSO
event. El Nifio events occur every three to seven years (Allan and Komar 2002),
while the PDO shifts from warm to cool phases approximately every 25 years
(Gedalof and Smith 2001).

Recent El Nifio events have produced enhanced storm waves and wind
events along the Pacific coast of North America from California to Washington

(Storlazzi et al. 2000; Allan and Komar 2002). During the 1997-98 El Nifio, when
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Figure 4.2 Haida Gwaii experiences an oblique bimodal wind regime, with the
predominant wind direction from the southeast blowing obliquely onshore to
East Beach, and a second mode of winds from the west blowing offshore
(EC-Rose Spit 1995-1999). Photo mosaic from BC provincial airphotos
BCB97035_4,6,12,14,184,187,189)
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regional sea level rose 0.4 m, Barrie and Conway (2002) observed 12 m of
coastal retreat. To date, the full extent of influence of these two modes of climate
variability on HG is unknown, though preliminary results from
Abeysirigunawardena and Walker (unpublished data) show strong linkages
between storm winds and the PDO. From their analysis, storms characterized by
strong winds from the east and the south have become more frequent in
response to the sharp regime shift in the PDO in the mid 1970s from negative to
positive, supporting the recent observations of increased storminess in this

region.

4.1.4 Tide, current and wave regime

The tidal regime in this area is mixed semi-diurnal and macrotidal ranging
from 4.5 to 7 m, with HHWMT exceeding 7 m. As the east coast of HG is
sheitered from Pacific swell, waves experienced on this coast are typically
generated locally by wind, therefore the waves follow a similar seasonal regime.
The annual average significant wave height (Hs) is 1.8 m, rising to an average Hs
of 2.8 m during the winter months of November through January, with a
maximum observed Hs of 14.3 m in December (Eid et al. 1993).

Waves and currents produced by southeast winds run oblique to East
Beach, driving a strong northerly longshore sediment drift (Harper 1980). This
active littoral system transports sediments in the nearshore and creates multiple,
migrating shore-attached sand bars along the northern section of East Beach

(Barrie and Conway 1996) (Figure 4.3). These bars often become exposed at low
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tide, allowing wind to transport sediment onshore to the beach and backshore

(Walker and Barrie 2004).

PYure £73"STUMIEMS are stored iMhe nearshore andTansporte
alongshore in multiple-shore parallel and shore attached bars maintained by
tidal currents and storm driven wind-waves.
4.1.5 Sediment characteristics and source

The Naikoon Peninsula is a relatively flat plain of unconsolidated
Quaternary glacio-fluvial sands (Barrie and Conway 1996). Sediments were
deposited during the last glacial retreat and have subsequently been reworked
into the current landscape of relict shorelines, bars and offshore deposits.

Samples from a foredune on East Beach show that the aeolian sediments on this

coast are mainly quartz sands with traces of magnetite and shell fragments.
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Sediments h:\ave an average grain size of 1.65 ¢ (i.e., 320 um), and thus are
slightly larger than Bagnold’s (1941) standard grain size (i.e., 250 um), are well-
sorted (standard deviation = 0.44) and are finely skewed (skewness = 0.27).

The sediment supply for the dunes on East Beach is from the nearshore,
and the glacio-fluvial and Holocene aeolian sands eroding from bluffs like those
of Cape Ball (Figure 4.4a and b) and Cape Fife (Figure 4.4c and d). These bluffs
experience frequent wave attack, resulting in retreat of the bluff as sediments are
transferred to the nearshore littoral system. Intense swash action and strong
alongshore tidal currents transport sediments northward in shore-parallel bars
that become shore-attached along the north of East Beach (Figure 4.3). These
bars become exposed at moderate to low tides, greatly enhancing the supply of
sediments to aeolian processes and the backshore dune systems.

Walker and Barrie (2004) observed heightened erosion of the beach and
bluff systems at the heads of these bars. Nearshore bars dissipate storm surge
energy, but at the heads of the bars, wave energy appears to be focused,
thereby enhancing erosion. Subsequently, as the bars migrate northward, the
sediment supply to the backshore is enhanced, allowing increased delivery of
aeolian sands to the backshore, thereby infilling wave-cut scarps and feeding the

dunes.

4.1.6 Vegetation

The vegetation on the backshore and dune systems of East Beach is

predominantly American dune grass (Elymus mollis) (Figure 4.5a) and several
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Figure 4.4 Eroding cliffs along East Beach provide a major sediment source
for the dunes on this coast. Cape Ball (a and b) and Cape Fife (c and d) have
minimal driftwood stored at the base, thus they are exposed directly to wave
attack at high tide and during storm surge.
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Figure 4.5 Pioneer vegetation colonizing the coastal dunes on East Beach,
HG: a) American Dune grass (Elymus mollis), b) various species of rush (gn.
Jenus), c) large-head sedge (Carex macrocephela). d) vegetation cover on a
foredune as seen in summer compared with (e) winter, when grasses and

rushes die back.
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species of rush (genus Juncus) (Figure 4.5b), as well as the large-head sedge
(Carex macrocephala) (Figure 4.5¢) (Wiedemann et al. 1999). All are robust,
perennial species that thrive in sandy and salty environments, exposed to full
sun, and are resistant to water-level changes and aeolian abrasion and
deposition (Pojar and MacKinnon 1994). These grasses provide a surface
roughness that promotes deposition of aeolian sediments and dune stabilization.

The predominant tree species on the dunes of East Beach is Sitka Spruce
(Picea sitchensis), a coastal species that thrives in moist environments and is
resistant to transporting sand and sea spray (Cooper 1958). Other tree species
include Red Alder (Alnus rubra), Western Hemlock (Tsuga heterophylla) and Red
Cedar (Thuja plicata) (Pojar and MacKinnon 1994).

During the spring and summer, with increased daylight and warmer
temperatures, vegetation cover increases on the backshore and foredunes, with
grass heights up to 1 m and densities as high as 95% (Figure 4.5d). During
winter months, when aeolian activity is greatest, surface roughness is
dramatically reduced as vegetation dies off and becomes buried by aeolian

sands (Figure 4.5e), promoting increased aeolian activity (Hesp 2002).

4.1.7 Driftwood
Driftwood along the backshore of East Beach plays an important
geomorphic role. Comprising mostly felled timber, driftwood distribution varies
along the coast, ranging from several scattered snags at the base of the capes

(Figure 4.4a and b) to extensive driftwood jams up to 200 m wide (Figure 4.6a).
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Driftwood along this coast has been recognized by Walker and Barrie (2004) to
serve three important geomorphic functions.

First, driftwood jams act as ‘accretion anchors’ on the backshore. As a
roughness element, driftwood interrupts the airflow, causing localized turbulence
and jetting. As the wind encounters this roughness, much of the entrained
sediment load transported from the beach is deposited. During storm wave
attack, these sediment-laden driftwood jams act as buffers, releasing and
reworking sediments and logs instead of eroding the foredunes. There is
evidence, though, of scarping at the bases of the established foredunes behind
extensive logjams, suggesting that, historically, these jams have been completely
removed, exposing the foredune to direct wave attack (Figure 4.6a). Although
driftwood in the backshore can provide protection, if mobilized in nearshore
currents, driftwood can also locally enhance erosion of foredunes as logs
become ‘battering rams’ thrust up against the base of the bluffs and foredunes by
the waves.

The second geomorphic function of driftwood is to provide nuclei for
incipient dune formation. As aeolian sediments are deposited within the driftwood
jam, they may form shadow dunes around individual logs (Figure 4.6b and c)
(Walker and Barrie 2004). Provided continued supply of sediments and low
frequency of destructive wave attack, the driftwood matrix will continue to fill with
sand to develop into an incipient foredune (Hesp 2002). With a mild climate and
high year-round precipitation, the environmental conditions of HG promote high

vegetation growth rates, which promote stabilization of these new
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Figure 4.6 a) Sediment laden driftwood jam along the base of a scarped
foredune, creating a buffer against future wave attack. b) Driftwood jam
infilled with sediment and stabilized by vegetation. c) Shadow dunes develop
around individual logs. d) Lakes formed on the backshore as creeks and
streams from the wetlands are dammed by driftwood jam.
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foredunes. Unlike incipient foredunes developing in backshore vegetation
described by Hesp (2002), the size, morphology and stability of incipient
‘driftwood’ foredunes on this coast are determined by the characteristics of the
driftwood matrix, not the density, distribution and species of vegetation.

Third, driftwood jams along East Beach dam wetland and stream
discharge, creating lakes at the base of the established foredunes (Figure 4.6d).
These lakes reduce the sediment available for aeolian transport onshore into the
dune systems and reduce the intrusion of salt water into the coastal freshwater
table. These lakes are subject to rapid drainage when the driftwood jams are
breached by wave attack, and to infilling by aeolian sediments (Walker and
Barrie 2004).

There is wide spatial and temporal variability in the density and distribution
of driftwood along East Beach. While the controls on this variability are not well
understood (Amos et al. 1995), one factor is the frequency and magnitude of
storm surge. There is likely greater erosion at the base of the foredune if a high
spring tide and moderate onshore wind event are experienced after multiple
swash events that have already depleted driftwood jams than if such an event
occurred with no preceding wave scarping. Although there have been no
investigations into the influence of increased logging during the last century on
the amount of driftwood on this coast, it is highly likely that the amount of

driftwood on East Beach has increased during that time.
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4.2 Aeolian geomorphology of East Beach

East Beach is host to highly active, aggrading Holocene dunes
interspersed with eroding cliffs of Pleistocene sediments (Conway and Barrie
1994). During the last sea-level regression from the high stand 16 m above
current levels, relict shorelines were abandoned, interspersed with low-lying
shore platforms (Figure 4.2b). The poorly drained areas of muskeg were
transgressed during the late Holocene by large parabolic dunes. Currently, the
stabilized features that developed over the Holocene are being eroded and
reworked due to high rates of coastal retreat on East Beach (i.e., 1to 3m a™).

The average orientation of the coastline is 12° to true north, with
foredunes aligned roughly with the coastline. The parabolic dunes on this coast
have an average alignment of 336 * 8° to true north, oblique to the shoreline but
closely aligned with the predominant southeast wind direction (Walker and Barrie
2004).

The following section documents and describes the aeolian
geomorphology of four sites along East Beach: Site 1 — Parabolic and blowout
dunes, Rose Point East; Site 2 — Foredune-parabolic dune complex; Site 3 —
Locally prograding foredunes south of Lummi Creek; and Site 4 — Eroding relict
parabolic dunes (Figure 4.2). This selection of sites demonstrates the

morphological diversity of aeolian features along this coast.
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4.2.1 Site 1 - Parabolic and blowout dunes, Rose Point East

From the ocean landward, Site 1 consists of a narrow driftwood jam, a
low, discontinuous, established foredune at the vegetation boundary, and a
vegetated dune plain backed by blowouts and parabolic dunes (Figure 4.7). This
site has experienced differential retreat of the driftwood jam, with the northern
portion around Rose Point retreating 43 m from 1966 to 1980 (3.1 m a™), while
the southern portion, just north of Cape Fife, retreated only 12 m (0.9 m al)
(Figure 4.7). By 1997, the driftwood line on the backshore had retreated
approximately 10 m further.

Site 1 has a relatively narrow beach (< 50 m), with the seaward extent of
the backshore demarcated by a laterally discontinuous longshore driftwood jam
(Figure 4.8). In June 2004, the driftwood jam was sediment-laden, with multiple
linear depositional lobes aligned with the southeast winds. Exposed driftwood is
present as much as 200 m inland from the beach, and has experienced infilling
by aeolian sediment and stabilization by vegetation. The vegetated plain between
the driftwood jam in the backshore and Dune Road comprises buried driftwood
and a complex array of hummock, coppice and shadow dune features. Along the
vegetation boundary, a discontinuous established foredune is present that
resembles a Stage 1 of Hesp’s (1999) morphological classification (Figure 2.1).
This feature is at a Stage 1 on the erosional cycle as it is a low foredune, newly
vegetated with increasing stabilization during the last 20 years, and is located on
a stable portion of this coast (Figure 4.8a and b). It is not currently subject to

wave erosion events as the driftwood jam provides a buffer. The vegetated plain
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Figure 4.7 Site 1 is host to a wide driftwood jam, a discontinous established
foredune, a vegetated dune plain backed by a suite of blowout and parabolic
dunes. The coastline at this site has retreated 43 m between 1966 and 1980.
Roman numerals indicate common features discussed in the text. a)
BC4362_222 1966, b) BC80008_ 228 and 230 1980, c) BCB97035_4 1997.



Figure 4.8 Site 1 is host to diverse aeolian landforms including a wide
vegetated dune plain backed by a suite of blowout and parabolic dunes
reactivated by recreational vehicle traffic. (d) Airphoto BCB97035 4 1997
highlights the location of features found in a, b and c.



67

narrows from the northern part of Site 1 to the south, where the established
foredune disappears completely just north of Cape Fife (Figure 4.8c).

During the 31 years of airphotos assessed (1996 to 1997), vegetative
cover has increased, reducing the sediment availability. In 1966, the vegetation
line (Figure 4.7a i) was located just to the north of Rose Point. In 1980, the
vegetation line has receded northward (Figure 4.7b i), suggesting an increase of
aeolian sediment supply. By 1997, vegetation covered the entire dune plain
landward of the driftwood jam (Figure 4.7¢ i) and the parabolic blowout dunes on
the north of Rose Point (Figure 4.7c ii). These air photos were taken during
different months (i.e., 1966 and 1980 in May, while 1997 was taken in August,
see Table 3.1), which might, to some extent, account for the enhanced
vegetation cover observed in 1997. However, during field visits between 2002
and 2004, increased complexity of vegetation species on this dune plain, from
pioneering grasses and reeds to flowering plants and patches of Sitka Spruce
saplings was observed, suggesting this plain currently maintains vegetation
cover year round and has for many seasons (Figure 4.8a).

Landward of Dune Road, parabolic dunes with active deflation basins exist
(Figure 4.8b and c). The parabolic dunes along the central portion of this site
have densely vegetated, steep lee slopes, as sediments transported from the
deflation basins are deposited landward and avalanche down the slope into full
forest stands. These features are not actively migrating but have very tall and
steep depositional lobes. Figure 4.8b shows ghost forests in the deflation plains

of these dunes, where stumps remain in situ after the migrating sands have
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transgressed and killed the trees. The deflation basins of these parabolic dunes
remain active, as evident from the exposed erosional scarps on the lateral walls
and the lack of vegetation (Figure 4.7).

As Hesp (1999) suggests, distinguishing between blowouts and parabolic
dunes is difficult but may be done by determining the presence or absence of
trailing arms. At this site, the broader shaped features in the central portion of the
site are parabolic dunes, while the features close to Cape Fife appear to be
blowouts. The blowouts have narrower shapes with bare sediment deflation
plains and steep lee slopes. These features may be a younger evolutionary stage
of the parabolic dunes in the central portion of this site.

The southern blowout in Figure 4.8c is aligned approximately 10° to the
west of all the parabolic and blowout dunes at this site. This slight shift in the
dune trend is likely a result of anthropogenic influence, as ATV tracks can be
seen up the central axis of this dune. Site 1 experiences human disturbances
such as ATV and other vehicle traffic, as Dune Road, which provides access
from North to East Beach, transects this site. Vehicle traffic kills vegetation,
destabilizes slopes and reactivates dune sands. There are extensive trails and
tire tracks observed not only landward of the established foredune (i.e., at Dune
Road) but up the face and over the heads of the blowouts and parabolics. This is
the case with the head of the parabolic dune highlighted in Figure 4.7 iii, which

has migrated landward slightly during the last 31 years.
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4.2.2 Site 2 — Foredune-parabolic dune complex

Site 2 hosts the longest (1.2 km) parabolic dune complex on East Beach
(Figure 4.2), fronted by a discontinuous established foredune and wide (> 50 m)
backshore driftwood jam. This discussion will be limited to tWo parabolic dune
heads that share a common trailing arm to the south. To simplify description,
these two features have been labelled A and B (Figure 4.9), where A is the
longer parabolic and B is the shorter.

The trailing arms and heads of these features are densely vegetated on
the outer slopes, predominantly by Sitka Spruce (Figure 4.10). The southern arm
and western portion of the north arm have steep, convex outer slopes (25-30°)
with muskeg at the base (Figure 4.10). The northern arm is not visible, as the
deflation plains of two other parabolic dunes to the north have coalesced.

The head of Parabolic Dune B is at the same landward extent as the
parabolic dunes to the north and the south of this site, while Parabolic A extends
approximately 300 m further inland (Figure 4.9). There are exposed stumps and
ghost trees in the deflation plain and on the sides of the arms of the dune where
the surface has been deflated. The relict shoreline just to the south of these
parabolic dunes is dated to 5240 years (sample ID SAW03-20, Lat. 54° 04' 20"
Long. 131° 41' 32", Wolfe and Walker unpublished data).

Currently, Parabolic A remains active, as observed during field visits in
June 2002 and 2003, with exposed sand throughout most of the deflation plain at
the head of the parabolic. During the 31 years of air photo records (Figure 4.9),

vegetation cover has increased along the northern edge of the parabolic complex
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Figure 4.9 Site 2 hosts the longest parabolic dune complex on East Beach.
This site has experienced rapid retreat of the coastline (34 m between 1966
and 1980) while increased vegetation growth on the parabolic dune complex
has stabilized the inland dunes. a) BC4362_227 1966, b) BC80008 221
1980, c) BCB97035_184 1997.
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Figure 4.10 The longest parabolic dune complex on East Beach is 1.2 km
long and 300 m at the seaward margin. It comprises two distinct heads
located at A and B. These parabolics have transgressed relict interdune areas

that are currently muskeg.



72

and in the deflation plain, suggesting increased stabilization since 1966 (Figure
4.9 ii).

There has been significant retreat of the established foredune at this site
since 1966 (Figure 4.9 i and ii). Between 1966 and 1980, the foredune retreated
approximately 34 m (2.4 m a'). Evidence of further retreat between 1980 and
1997 can be seen at the grouping of trees highlighted at i in Figure 4.9 and along
the bluff to the south at ii in Figure 4.9, where the width of the densely vegetated
ridge has decreased.

In 2002, there is a single established foredune ridge, with no evidence of
wave scarp, breached in several locations by erosional hollows (Figure 4.11a).
Some of these hollows have developed into full blowouts of both trough (Figure
4.11b) and saucer shape (Figure 4.11c), while others remain as small
depressions that may develop into blowouts in the future (Figure 4.10a). The
trough blowout in Figure 4.11b is the site of the detailed morphological
assessment in Section 6.3. This feature has a long (30 m), narrow (11.5 m)
trough 4 m deep with a depositional lobe extending 25 m landward of the blowout
rim. The saucer blowout, located approximately 100 m north along the foredune
ridge, is a shallow, broad deflation basin with a linear depositional ridge through
the centre that has developed during the last two years (Figure 4.11c). The ridge
is aligned to the southeast and is a continuation of a linear depositional ramp
built up at the foredune toe (seen in Figure 4.11c¢).

As the established foredune at this site has a single dune ridge breached

in several areas with blowouts, both incipient and fully developed, this foredune
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resembles a Stage 3 on the erosional cycle of Hesp’s (1999) morphological
classification (Figure 2.1). There is no wave scarp or evidence of multiple
generations of foredune growth. The backshore at this site hosts a sediment-
filled driftwood jam extending more than 50 m from the foredune toe in June
2002, with an incipient foredune developing at the seaward margin (Figure
4.11a).

At the base of the foredune, behind the driftwood line, a lake has formed
as seen in the 1997 air photo (Figure 4.9c). This lake receives water from the
wetlands over which the parabolic dunes have transgressed. Over the period of
study, this lake has varied in size throughout the seasons, getting smaller during
the summer then enlarging during the fall and winter with increased precipitation.
By the summer of 2003, the driftwood jam had been breached, the lake
completely drained and by summer 2004, this region had been infilled with
aeolian sands.

This site is prone to episodic reworking or removal of the driftwood jam as
seen in the 1980 air photo, where waves have removed most of the driftwood
from the base of the foredune. Currently, there is no wave scarp present at the
base of the foredune, unlike other sites, suggesting that the driftwood jam is able
to sufficiently buffer against wave attack or that the onshore aeolian sediment

transport allows for the rapid recovery of the backshore.
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4.2.3 Site 3 — Locally prograding foredunes south of Lummi Creek

Site 3 comprises four parabolic dunes with coalesced deflation plains and
multiple generational established foredunes with locally prograding incipient
foredunes (Figure 4.12). Between 1966 and 1980, the foredune at this site
retreated 52 m (3.7 m a™"), while between 1980 and 1997 the foredune retreated
significantly less (Figure 4.12 i and ii), while progradation occurred in the
backshore driftwood jam.

The heads of the parabolic dunes at this site are bordered by Lummi
Creek, which meanders along the landward extent. In 1966, there are two places
where the parabolic dunes have transgressed the creek (Figure 4.12 iii and iv).
No further landward migration of the parabolic dunes is observed by 1980;
instead, these features appear to have become increasingly stabilized with
vegetation. By 1997, the heads and trailing arms of the parabolic dunes have
significantly increased vegetation cover, with predominantly Sitka Spruce
saplings and Red Alder (Figure 4.12 v). Vegetation cover on the deflation plain
has also increased during the 31-year record with pioneering grasses and Sitka
Spruce saplings (Figure 4.12).

The backshore driftwood jam at this site underwent significant change
during the 31-year record (Figure 4.12). In 1966, the driftwood jam along the
north of the site is approximately 30 m wide, narrowing to 10 m on the south. In
1980, the driftwood jam extends over 100 m along the northern section, while the

southern area has a driftwood-dam lake at the toe of the foredune, with driftwood
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Figure 4.12 Site 3 host four parabolic dunes with coalesced deflation plains
with increasing vegetation cover since 1966 suggesting increased
stabilization. The foredune at this site has retreated 52 m between 1966 and
1980. Roman numerals locate several points of discussion in the text. a)
BC4362 227 1966, b) BC80008_220 1980, c) BCB97035_187 1997.
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on the seaward edge of the lake. By 1997, the lake to the south has mostly
drained, and the driftwood jam is not distinguishable on the small-scale air photo.

In 2003, the driftwood jam is relatively narrow adjacent to the outfall of
Lummi Creek, rapidly widening to the south (Figure 4.13a and b). Adjacent to the
creek, the narrow driftwood jam is backed by an established foredune with a
discontinuous ridge breached in many places by blowouts of both trough and
saucer shape (Figure 4.13a and 4.14a). As this foredune is highly erosional, it is
classified as a Stage 4 on Hesp’s (1999) morphological classification (Figure
2.1). Along the southern portion of this site, there are multiple generations of
incipient and established foredunes (Figure 4.14b).

An incipient foredune can be seen developing in the seaward extent of the
driftwood jam just landward of the storm scarp (Figure 4.13 i). This is backed by
a region of sediment-laden driftwood and a second driftwood line with some
pioneering American dune grass (Figure 4.13 ii). An interdune depression exists
between points ii and iii in Figure 4.13 where sparsely vegetated depositional
ramps have formed at the base of the established foredune (Figure 4.14b). There
are three distinct generations of growth on the established foredune (Figure
4.13biii, iv and v), likely resulting from the presence of the driftwood-dam lake in
the backshore evident in 1980 (Figure 4.12b). After the lake drained, the
backshore has infilled with aeolian sediments at the base of the established
foredune (Figures 4.13b and 4.14b). Currently, the established foredune along

the southern portion of this site resembles a Stage 4b on the accretional portion
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Figure 4.13 Site 3 is a locally prograding section of East Beach. a) The
northern portion of Site 3 has a single established foredune breached by
blowouts of both trough and saucer shape. b) The southern portion has a
wide driftwood jam and multiple generations of incipient and established

foredunes.
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|gure 4.14 a)A hiHiAy eroded foredune with complex blowout morpholgies.
b) Multiple generations of foredune growth stabilized by vegetation. The dash
grey lines roughly delineate the incipient and established foredunes.
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of Hesp’s (1999) classification (Figure 2.1), as it is a locally prograding section of

East Beach.

4.2.4 Site 4 — Eroding relict parabolic dunes

Site 4 comprises a relatively narrow beach and backshore with a rhythmic
sinuous dune ridge from the truncated portions of relict parabolic dunes
highlighted in Figure 4.15 i. The heads of four relict parabolic dunes, currently
stabilized with dense woody vegetation (predominantly Sitka Spruce and
hemlock), extend 450 to 600 m inland from the current shoreline aligned from
southeast to northwest (Figures 4.15 i).

Between 1966 and 1980, the shoreline, defined by the base of the dunes,
retreated 48 m (3.4 m a™'). By 1997, the shoreline retreated farther but the
backshore increased in width with the presence of a nearshore bar. In 1980, the
head of a nearshore bar can be seen in the centre of Site 4 (Figure 4.15b). By
1997, the head of the bar has migrated northward but the bar remains in the
nearshore (Figure 4.15c).

The erosional features at this site appear to be the truncated arms of relict
parabolic dunes. As the shoreline retreats, wave attack erodes the base of the
dunes, causing slumping and removal of sediment to the nearshore. Recent
observations show that wave scarps are present along this entire site, but most
have partially recovered through infilling of aeolian sands (Figures 4.16 and
4.17). The exposed arms of the relict parabolics are currently being eroded by

aeolian process, behaving much like blowouts. These features have active, non-



Figure 4.15 Site 4 has a narrow backshore with the relict heads of parabolic
dunes (i). The truncated relict arms are being exposed as the coastline
retreats (measured retreat of 48 m between 1966 and 1980). a) BC4362 233
1966, b) BC80008_207 1980, c) BCB97035_14 1997.
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as the coastline rapidly retreats. The short white dashes delineate the dune
ridge, while long white dashes highlight the depositional lobe, where visible.
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Figure 4.17 Site 4 hosts a narrow backshore with minimal driftwood that is
accumulating aeolian sediments. Wave scarps are evident along most of this
site, although incipient foredunes are developing in the driftwood as sediment

accretes.
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vegetated deflation plains that supply sediments to be transported landward to
densely vegetated depositional lobes.

Figure 4.16 shows that the depositional lobes are vegetated with tall Sitka
Spruce trees, but the understorey of these forests directly downwind of the
blowout ridge does not comprise complex vegetation. Instead, the depositional
lobes appear to be covered with pioneering grasses similar to those found along
the wave scarp and on the backshore. This suggests that aeolian sands are
being eroded from the deflation plain, transported by onshore winds and
deposited just landward of the blowout ridge. As sediments are eroded from the
deflation plains, ghost forests are being exposed (Figures 4.16 and 4.17).

Figure 4.15 ii shows localized stabilization of a blowout through increased
vegetation cover between 1966 and 1980, followed by significant retreat (> 100
m) by 1997, while in Figure 4.15 iii, a blowout has continually stabilized with
increased vegetation cover since 1966. Therefore, the blowouts at this site are
responding to localized controlling conditions such as airflow, surface moisture,
vegetation growth and sediment supply.

Site 4 has a much narrower beach and backshore than the other three
sites, with minimal driftwood (Figures 4.15 and 4.16). As it lacks the buffer
provided by an extensive sediment-laden driftwood jam, this site is highly
susceptible to storm surge attack. During field research in June 2003 and 2004,
there were scattered patches of driftwood with minimal sediment accretion, while

wave scarp(s) were visible along the base of the dunes (Figures 4.15 and 4.16).
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As observed during field visits in June 2003 and 2004, the wave scarp at the
base of the dunes was infilled with aeolian sediments and was moderately
covered with pioneering grasses (Figures 4.16 and 4.17). This process is similar
to that presented by Hesp (1999) in the Box D wave erosion event (Figure 2.1).
There is no established foredune at this site comparable to those in the erosional
and accretional cycles of Hesp’s (1999) classification. There is incipient foredune
development along the backshore driftwood at this site, with pioneering
vegetation growing, but no features appear to have persisted to develop into an

established foredune (Figure 4.17).

4.3 Summary and Conclusions

Of the four coastal dune types described by Hesp (1999), three are found
on East Beach: foredunes, blowouts and parabolic dunes. These features are
maintained by strong, year-round winds and an abundant supply of sediment
transported from nearshore bars to the beach-dune systems, despite high
precipitation. Primarily due to the high vegetation cover and high annual
precipitation, fully established transgressive dune fields are not found on this
coast. Within each of the three coastal dunes types (Hesp 1999), East Beach
displays a wide morphological diversity.

All four sites have incipient foredunes developing on the backshore, with
driftwood acting as accretion anchors (Walker and Barrie 2004). These dunes
are not dependent on the presence of vegetation to initiate growth, but vegetation

does provide long-term stability by protecting the dunes from aeolian erosion.
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The morphology of these dunes is primarily dependent on the characteristics of
the driftwood, including the width and height of the logjams, and the density and
distribution of the wood within them. The logjams, and in turn the dunes, are
further influenced by the frequency and magnitude of wave attack and storm
surge as these processes erode the driftwood jams and recycle sediment back to
the beach and nearshore.

By applying Hesp’s (1999) (Figure 2.1) model of established foredune
evolution, the morphological stages for the foredunes at three of the four sites
were determined. Due to a narrow backshore and rapid retreat rate at Site 4,
there is no established foredune, only evidence of wave scarp similar to that
presented by the Stage D (Figure 2.1). At Site 1, a low-lying, discontinuous
foredune resembles a Stage 1, as this portion of the coastline has been relatively
stable, allowing a foredune to grow, while increased vegetation cover has been
observed since 1980. Site 2 appears to be a Stage 3 on the erosional cycle with
no evidence of recent historic wave scarp. There are numerous breaches in the
foredune of aeolian origin, and the vegetation cover is moderate along most of
the foredune except in the blowouts. The northern portion of Site 3 is a Stage 4
as it is a highly eroded, discontinuous foredune with many deep and wide
blowouts and variable vegetation cover. However, there is no clear evidence of
wave scarp. The southern portion appears to be a Stage 4b as there is clear
evidence of historic scarping at the base of the foredune and subsequent
accretion and revegetation of multiple generations of foredunes at this site while

locally progradation occurs behind an extensive driftwood jam.



87

Blowouts also display wide morphological diversity on this coast. As the
blowouts on East Beach are subject to similar climatic and biogeographical
conditions (e.g., precipitation, vegetation type, wind regime), their size and
morphology are primarily determined by the size and type of sedimentary
landform on which they are developing and the process of initial disturbance or
erosion. Blowouts from the four study sites range from small (< 1 m wide)
incipient blowouts along the seaward face of the established foredune at Site 2,
to broad (> 50 m) and tall (> 10 m) blowouts with exposed ghost forests in the
deflation plains at Site 4 developing in the truncated heads of relict parabolic
dunes.

Parabolic dunes on East Beach also display wide morphological diversity.
These range from active landforms that have migrated into dense vegetation with
currently active deflation plains at Site 1, to fully stabilized relict parabolic dunes
at Site 4. The parabolic dunes at Sites 2 and 3 have transgressed low-lying
muskeg, and over the last 31 years, the deflation plains have become
increasingly stabilized with vegetation growth.

East Beach is subject to a highly energetic wind and wave regime
resulting in a high rate of coastal retreat at 1 to 3 m a' and up to tens of metres
in extreme years (e.g., 1997-98 EIl Nifo) documented by Barrie and Conway
(2002). This analysis has shown retreat rates the four sites between 1966 and
1980 ranging, 0.9 to 3.7 m a™'. These values are similar to those calculated by
Barrie and Conway (2002), but this assessment has shown that differential

retreat occurs along this coast, producing varied morphological response of the
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aeolian landscape. Site 3, for example, rapidly retreated during 1966 to 1997 but
is currently prograding behind an extensive driftwood jam. While Site 2 has a
wide backshore driftwood jam, this site does not have multiple generations of
foredune development.

As this coastline retreats, the response of these aeolian features is of
great interest. The dominant view of sedimentary shoreline response to landward
retreat due to sea-level rise is described by the Bruun model (1962), with net loss
of sediment from the upper beach to the nearshore at a rate proportional to the
sea-level rise (S) ranging from 50 to 100S for most beaches. This model was
recently challenged by Davidson-Arnott (2003), who stated that the failure to
include the onshore sediment transfer and dune sediment budget into a model of
coastal retreat is a conceptual weakness. He proposed an alternate model (the
RDA model) that considers onshore aeolian transport of sediment to the beach-
dune system from the nearshore, resulting in no net loss of sediment to the
nearshore (Davidson-Arnott 2003). If this were the case, the response of a
sedimentary coastline to sea-level rise would be the landward migration of
foredunes.

The beach-dune systems on East Beach during the last 31 years
demonstrate that this coast is retreating and that the foredunes are migrating, but
that they continue to accrete, as does the driftwood jam on the backshore. The
driftwood jams provide a sediment store, a matrix for incipient foredune

development as well they provide a buffer against storm wave attack.
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5.0 Aeolian activity of northeast Graham Island

This chapter presents a discussion of the aeolian activity of northeast
Graham Island. First, the local annual and monthly wind regimes are
characterized. Second, regional meteorological data are used to apply and
critique three models of sediment drift potential and dune mobility: i) Fryberger's
(1979) sediment drift potential model, ii) Lancaster’'s (1988) dune mobility index

and iii) Tsoar and lllenberger’s (1998) modified dune mobility index.

5.1 Wind regime

HG is exposed to high year-round wind energy, with an average annual
wind speed of 8.5 m s™, infrequent periods (0.035%) of calm winds (i.e., < 0.5 m
s} and frequent (62%) transporting winds (i.e., > 6 m s™). The annual wind rose
from EC-Rose Spit for 1995-1999, selected due to data quality (i.e., the least
percentage of missing data at 1.86%), shows a strong bimodal wind regime with
a primary mode from the southeast and secondary mode from the west (Figure
5.1). The southeast winds show the greatest frequency (27%), as well as the
greatest magnitude, of winds with 3.5% of wind speeds greater than 18 m s™.
The westerly component has a total frequency of 15% of the total record.
However, the magnitude of the westerly winds is markedly less, with the bulk of
the winds in the 6-12 class and with no recorded winds greater than 18 m s™.
Other modes in the wind regime include moderate (6-18 m s™) winds from the
south and east, as well as low frequency (i.e., < 2%) but high magnitude (> 18 m

s') winds from the east-southeast.
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Figure 5.1 The annual wind rose from EC-Rose Spit (1995-1999) for HG
shows the greatest magnitude winds from the southeast and a secondary
mode of lower magnitude winds from the west.

The wind regime in HG is seasonally opposed, with the greatest
magnitude winds from the southeast experienced from September to April
(Figure 5.2). During May through August, westerly winds of lesser magnitude
predominate, but southeasterly winds still show the greatest magnitude (Figure
5.2, Table 5.1).

Average monthly wind speeds range from 6.37 m s in August to 9.68 m

s in December (Table 5.1). The annual pattern of the mean monthly wind

speeds
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Table 5.1 Annual and monthly wind regime characteristics of northeast HG
from five years of EC-Rose Spit wind data (1995-1999).

Percent Primary
Average wind competent winds directional Secondary
speed (m/s) (>6m/s) mode mode or range

Annual 8.10 62.3 SSE W
January 8.71 69.4 SSE ENE to ESE
February 9.17 68.6 SSE S
March 8.37 65.5 SSE S

April 7.97 59.0 SSE S

May 7.48 62.9 W SE
June 7.99 66.6 W SE

July 7.03 57.4 w SE
August 6.37 455 w SE
September 6.97 516 SSE W
October 8.69 62.2 SSE S
November 9.08 69.6 SSE S
December ’ 9.68 70.6 SSE E

is highest in December, decreasing through the spring until August, followed by a
steep and steady increase through the fall into December (Figure 5.3).
Throughout all months, the highest magnitude winds (i.e., > 18 m s™') are from
the southeast, with the greatest proportion of these experienced in February and
October (Figure 5.2).

The monthly trend for competent winds (i.e., winds above the threshold of
sediment transport of 6 m s™') is similar to that of the monthly wind speeds, with
the greatest percentage in December at 70.6%, and the lowest in August at
45.5% (Figure 5.3). Wind competence decreases steadily from a high in
December through April, although a late spring maximum of 66.6% is
experienced in June. A dramatic decrease in July and August is followed by a
steep and steady rise of competent winds through the fall to December (Figure

5.3).



93

14

75

-
w

-
N

T
-
—_

+ 10

70
o — -~ r
694  cpo N /69
65 ™\ 2 7/
653y 666\

» 60 \ ” 629 \ éz
8 (g \ /
3 59.0 \ /
£ % 574\ 7
I3 \
g 50 \ /16 9.7
© /\ \ 4 / ' 1
R 45 9.2 7/ 9.1

[(«]
Wind speed (m/s)

8.7 45.5
8.4

35

8.7
40 N
80 N~ 80
7.5

6.4

30 r T T T ; ; T T T
J F M A M J J A S (0] N
Month

— — Competent winds (%) Average wind speed (m/s)

Figure 5.3 Mean monthly wind speeds and percent monthly wind

competence from EC-Rose Spit (1995-1999) show a seasonal shift from high
magnitude winds in the fall, winter and early spring while lesser magnitude

winds during the summer.

5.2 Regional models of aeolian activity and dune mobility

To assess sediment transport potential and dune activity under these wind

conditions, the same five-year period was used to calculate the results for two of

the models under investigation (i.e., Fryberger (1979) and Tsoar and lllenberger

(1998)), while the Lancaster (1988) model was calculated using the 30-year

climate normals from EC-Sandspit (see Section 3.2.4).
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5.2.1 Fryberger’s (1979) sediment drift potential model

The Fryberger (1979) sediment drift potential model characterizes wind
regimes and dune morphology using standard meteorological data. This model
was originally developed using 134 predominantly arid sites to develop a
classification of wind energies and aeolian landforms. From his work, Fryberger
(1979) found wind energies ranging from 89 to 489, but subsequent work in both
coastal and arid regions (Carson and Maclean 1986; Fryberger 1991; Nickling
and Wolfe 1994; Anthonsen et al. 1996; Muhs and Wolfe 1999; Wolfe and
Lemmen 1999; Tsoar and Arens 2003; Walker and Barrie 2004) shows a much
broader range. For instance, the Great Sand Hills in the Canadian Prairies have
DP values ranging from 863 to 1,395 VU (Wolfe and Lemmen 1999), the coastal
dunes in I[Jmuiden, Netherlands have a DP of 1,224 VU (Tsoar and Arens 2003),
and the highest calculated DP on Earth is found at Esperanza, Antarctica (Lat.
62° 24S; Lon. 56° 59W), with a DP of 10,246 VU (Pye and Tsoar 1990).

When applied to HG using five years of wind data from EC-Rose Spit
(1995-1999, the Fryberger (1979) sediment drift potential model yields an annual
average DP of 3,176 VU, an RDP of 1,826 VU to the RDD of 313° and an
RDP/DP ratio of 0.58 (Figure 5.4). According to Fryberger's (1979) classification
(Table 2.1), this environment is classified as high wind energy with an obtuse to
acute bimodal regime. The drift rose illustrates the predominant sediment drift
from the southeast, with a secondary vector from the west (Figure 5.4). There are
also notable drift vectors from the east and northeast, but no drift vectors from

the southwest.
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Figure 5.4 Annual Fryberger (1979) sediment drift potential, calculated from 5
years of wind data from EC-Rose Spit (1995-1999), shows significant drift
toward the northwest.

Although this region experiences high annual DP due to the location and
seasonal shift of the AL and PH, there is considerable seasonal variability
(Section 4.1.3). The monthly drift roses in Figure 5.5 show that the greatest
potential for sediment drift is experienced from September through February,
when all DPs are greater than 200 VU, with a maximum of 364 VU in December
(Table 5.2). During the spring months (March through May), while the AL
dissipates, DP is reduced and directional variability increases (Table 5.2, Figure

5.5). In June, DP increases to 247 VU but then dramatically decreases to a

minimum of 160 VU in August. This period of low DP occurs while the PH
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Table 5.2 Summary of annual and monthly results for the Fryberger (1979)
sediment drift potential model for HG.

RDD (degrees
DP (VU) RDP (VU)  totrue north) RDP/DP

Annual 3176 1826 317 0.58
January 292 201 291 0.69
February 340 260 311 0.77
March 310 196 300 0.63
April 266 210 321 0.79
May ‘ 195 78 358 0.40
June 249 107 4 0.43
July 183 87 35 0.48
August 160 99 337 0.62
September 182 132 324 0.73
October 298 213 321 0.71
November 346 249 302 0.72
December 364 209 299 0.57

dominates the weather circulation of HG, and moderate westerly winds
predominate.

Figure 5.6 shows the monthly RDPs ranging from a high of 260 VU in
February to a low of 79 VU in May. During the period of May through August, the
RDPs are lowest, ranging from 79 VU to 107 VU (Table 5.2, Figures 5.6 and
5.7). The greatest directional variability is observed in May, with an RDP/DP ratio
of 0.4, and uni-modal winds are most frequent in April (RDP/DP = 0.79). From
Fryberger’s (1979) classification (Table 2.1), each month has a wind directionality
of obtuse to acute bimodal, although April (RDP/DP = 0.79) and February
(RDP/DP = 0.77) are closer to a wide uni-modal directionality.

The monthly RDPs trend closely to monthly DPs, with greatest RDPs
observed in the fall and winter, decreasing through the summer (Figure 5.6).
There are two notable deviations from this trend in April and December. In April,

there is a peak in RDP, while the DP does not vary from its decreasing trend.

i
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Figure 5.5 Monthly average DP and directional variability for EC-Rose Spit
(1995-1999) show a distinct seasonal shift from the fall and winter to the

summer.

This increase in RDP is explained by the high RDP/DP ratio of 0.79, which is the

lowest observed directional variability. Under uni-modal wind directionality,

predominant drift comes from only one direction, therefore the DP and RDP are

very similar. In December, the opposite situation occurs. The observed DP is the

greatest (367 VU), while the RDP decreases slightly. Again, this is explained with

the reduced RDP/DP ratio showing an increase in directional variability.
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Figure 5.6 Monthly results of the Fryberger drift potential model for the QCI,
EC-Rose Spit (1995-1999) show seasonal trend with greater drift potential in
the winter and less in the summer, while directional variability increases
(closer to zero) in the late spring to early summer.

At 313°, the annual RDD (Figure 5.4) is oblique onshore to East Beach
and close to the average parabolic dune alignment of 336 + 8° (Walker and
Barrie 2004). Figure 5.7 shows monthly RDDs with oblique onshore drift
fromJanuary through April, followed by a period of alongshore drift to slightly
offshore in July, returning to oblique onshore through December. These results
show that greatest aeolian drift potential occurs in the fall, winter and early spring
months, which likely promotes major dune building. The winds in the late spring
and summer months, which blow offshore but are of lesser magnitude, likely

modify the dune form by reworking the heads of the dunes, but they do not the

alter the dune trend.



99

AN

\ i
AN '
N

Nov (249) N !
N | Average coastal
h +  alignment of

N ]
Oct (213) ", East Beach
A
N '90&
Sept (132) N /;(9

Fall

\ e
Aug (99) Y

Summer [ July (87) >
June (107) N
May (78) N

Apr (210) N

Spring Mar (196) .

Jan (201)

Winter Dec (209)

Figure 5.7 Monthly RDP (in brackets) and RDD variation from EC-Rose Spit
(1995-1999) show a seasonal shift in drift direction from oblique onshore in
the winter shifting to shore parallel in the late spring and obliquely offshore in
the summer, then returning to onshore in the fall.
5.2.2 Lancaster’s (1988) dune mobility index
Lancaster’'s (1988) dune mobility index was first derived and verified in a
continental setting, where the primary variables controlling dune activity are
considered to be the transport capacity of the wind and sediment availability.
Lancaster’s index provides an ordinal measure of dune activity using the
relationship in Equation 7 with W, the percentage of time that wind speed is

greater than the threshold of entrainment (i.e., 6 m s™'), and the P/PET ratio, a

surrogate measure for vegetation cover or moisture availability for vegetation
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growth. In this respect, the Lancaster (1988) model considers the amount of
sediment supply to be sediment available.

Applied in HG, the Lancaster (1988) model yields a dune mobility value of
16.5 calculated from the 30-year climate normals (1971-2000) from EC-Sandspit.
According to Lancaster’s (1988) index, this value suggests a dune system that is
fully vegetated and inactive. From Section 4.2, the dunes in this region are
partially to fully vegetated, yet dune activity is spatially variable and ranges from
fully inactive in the inland regions and the heads of the parabolic dunes to highly
active along the foredunes, in the blowouts and in the déflations of the
parabolics. The active areas on this coast are predominantly those that are
adjacent to the beach, as these areas have the additional supply of sediment
from the littoral system and are subject to dune reactivation due to the rapid

retreat rates of this coastline.

5.2.3 Tsoar and lllenberger’s (1998) dune mobility index
Tsoar and lllenberger (1998) challenge the premise of Lancaster’'s (1988)
index, suggesting that the P/PET ratio is not an effective measure of moisture
availability for plant growth in sand due to the high infiltration rates in sand. They
suggest dune mobility is more effectively determined by the frequency,
magnitude and directional variability of the wind, as wind provides the energy
source for aeolian transport and also limits vegetation growth (Tsoar and Arens

2003). Tsoar and lllenberger’s (1998) model uses the Fryberger (1979) sediment
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drift potential to assess vegetation cover and dune mobility by the relationship in
Equation 8.

Annual results for the Tsoar and lllenberger (1998) mobility index for HG,
calculated from five years (1995-1999) of wind data from EC-Rose Spit, yield an
M value of 5.6. As this value is greater than 1, this index classifies the dunes in
HG as mobile and unvegetated. Dune mobility and activity in HG is variable, from
highly vegetated and relatively stable inland to moderate to low vegetation cover
and highly active adjacent to the beach. Tsoar and lllenberger (1998) do not
define “mobile” for their classification, but if it refers to actively migrating dunes,
this is not the case in HG. The parabolic dunes are predominantly highly
vegetated but not mobile. The foredunes may be considered to be mobile, but
their landward migration results from coastal retreat combined with high onshore
sediment supply and wind energy, not from wind energy alone, as this model
suggests.

The Tsoar and lllenberger (1998) model does not differentiate between
inland and coastal dunes. In fact, Tsoar and lllenberger (1998) do not provide the
locations from which their original assessment was conducted, nor does Tsoar, in
his subsequent work with this model (Tsoar 2002; Tsoar and Arens 2003),
provide further detail regarding its derivation. The application of this model to

assess the mobility of dunes is therefore very limited.
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5.3 Discussion

The Fryberger (1979) model provides a measure of the potential drift of
sediment based solely on wind data. It represents well the potential transport of
sediments by wind as it recognizes the exponential increase in sediment drift with
increase in wind speed (Equation 6). However, this model does not incorporate
controls on the aeolian transport process such as surface moisture, vegetation,
fetch length, topographic effects, or sediment supply or availability. As such, the
magnitude of the DPs may not accurately predict sediment flux, but this model
does provide a good relative measure of wind energy and a methodology for
characterizing the wind regime both visually and quantitatively. Furthermore,
Fryberger (1979) developed a morphological classification of aeolian
sedimentary features by combining wind energy assessments with landform
interpretations.

In Fryberger's (1979) original work, only one site of the 134 hosted
parabolic dunes. This was at the Holloman Air Force Base, New Mexico,
classified as a low-energy wind environment with considerable directional
variability (RDP/DP=0.37), where both barchanoid and parabolic dunes were
found (Fryberger 1979). This limited assessment of sites with parabolic dunes
may be due to the scale and quality of satellite imagery used in 1979, in which
parabolic dunes were not distinguishable, or perhaps, as Fryberger (1979)
suggests, the limited temporal extent of his assessment restricts accurate
landform interpretation. For example, Fryberger's (1979) methodology classifies

the current wind regime and associates it with an interpretation of the aeolian
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landforms. However, those aeolian features may be centuries or millennia old
and perhaps were formed under a wind regime very different than that
experienced today. In these instances, the morphological classification would
incorrectly associate the morphology of a dune system with a wind regime. In
coastal dune systems, the Fryberger (1979) morphological classification is further
limited as it pre-dates the major research on coastal dune geomorphology
conducted in the 1980s and '90s. As a result, there is insufficient supporting
evidence in Fryberger's (1979) original work to accurately predict wind regimes
where parabolic dunes might occur.

To extend the application of Fryberger's (1979) morphological
classification to coastal systems, the wind energies and climatic conditions of
four coastal sites with parabolic dunes are presented. These sites are: the
Oregon dunes, the Greenwich dunes in Prince Edward Island, the transgressive
dunes in Aberffraw, North Wales, and those on East Beach, Haida Gwaii, British
Columbia. The Oregon coast is host to a wide range of dune morphologies
including transverse dunes, barchanoid ridges and parabolic dunes (Cooper
1958; Fryberger 1991). These transgressive dunefields are currently mobile,
migrating north-eastward at 3.8 m a™ (Hunter et al. 1983). The Oregon coast has
a temperate, rainy climate (average annual precipitation = 1,436 mm a™") with an
obtuse bimodal wind regime (Hunter et al. 1983; Fryberger 1991). The higher
magnitude winds occur during the rainy season (winter), but from the southwest
(oblique onshore), while a secondary mode of lower magnitude wind from the

northwest occurs during the summer. The wind energy in Oregon is low, with a
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DP of 261 VU, an annual average wind speed of 4.1 m s and an annual
competence of winds at 22% (Table 5.3). The directional variability is obtuse to

acute bimodal with an RDP/DP ratio of 0.63 (Table 5.3).

Table 5.3 Summary of wind regime characteristics for four coastal dune sites.
DPs for Oregon and PEI are calculated by wind speed in knots by the same
methodology outlined in Section 3.2.3. Data for Aberffraw are from Bailey and
Bristow (2004).

Greenwich Aberffraw,

Haida Gwaii, Dunes, PEI, Oregon north Wales,

BC, Canada Canada Dunes, USA UK
Annual mean wind speed (m/s) 8.5 3.9 4.1 5.7-8
Annual wind competence (%) 62.3 12.8 22 N/A
Calm winds (%) 0.035 8.7 9.8 0.6
DP (VU) 3176 226 261 2084
RDP (VU) 1826 98 165 1657
RDP/DP 0.57 043 0.63 0.80
Annual precipitation (mm) 1399 1159 1436 1433
Data acquired EC-Rose Spit EC-Stanhope ~ *
Years of assessment 1995-1999 1995-2002 1982-1990 N/A

N/A - data not available

EC - Environment Canada

~ Data source: Samson surface met data (http://www.webmet.com/State_pages/SAMSON/24284_sam.htm)
* Data source: Bailey and Bristow 2004

The coastal dunes at Greenwich, PEI, also exist in a moist environment
(annual average precipitation = 1,159 mm a), but with lower winter
temperatures (i.e., 73 days below 0°C), 25% of the total precipitation is received
as snow (EC-CMC 2002). During the winter months, the dunes are typically snow
covered, dramatically reducing the availability of sediment for transport (Hesp et
al. 2004). The dunes in this area show a nearly continuous, well-vegetated
foredune ranging in height from 4 to 10 m, with active blowouts backed by

parabolic dunes with migration rates ranging from 0.8 to 13.5 m a™ (Catto et al.
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2002). From wind data from Stanhope, PEI, the wind energy is similar to that in
Oregon with a DP of 226 VU, an annual average wind speed approximately half
of that of HG, but similar to Oregon, at 3.9 m s, and a low frequency of
competent winds at 12.8% (Table 5.3). The directional variability in PEI is
moderate, with an RDP/DP ratio of 0.43.

The coastal dunes at Aberffraw, North Wales, experience an annual
average temperature of 12.6°C and high annual precipitation (1,433 mm a™)
(UKMetOffice 2004). With a DP of 2,084 VU, an RDP of 1,657 VU, low frequency
of calm winds (i.e., < 0.6%) and a low directional variability (RDP/DP = 0.79), the
dunes in Aberffraw experience only two-thirds the wind energy affecting the
dunes in HG (Table 5.3), yet they are highly mobile (Bailey and Bristow 2004).
This site hosts a fully developed, transgressive dune complex 3 km long and 1
km wide, comprising two foredune ridges and three rows of compound parabolic
ridges migrating at 1.3 m a™ (Bailey and Bristow 2004). It is constrained on both
edges by low headlands comprising Precambrian rock ridges that extend inland
(Bailey and Bristow 2004).

To extend the Fryberger (1979) morphological classification, these four
coastal sites could be added, as they indicate that parabolic dunes can also be
found in intermediate to high wind energy environments (226 to 3,176 VU) with
directional variability ranging from obtuse bimodal to narrow uni-modal (0.43 to
0.8).

Results of applying the Lancaster (1988) dune mobility index in HG using

the 30-year climate normals (1971-2000) suggest that the dunes on East Beach
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are vegetated and inactive. From the dune geomorphic assessment (Section
4.4), the heads and trailing arms of the parabolic dunes on East Beach are
stabilized by dense woody vegetation (e.g., trees, shrubs), but the deflation
plains remain only partially vegetated, with aeolian transport of sediment
occurring. Furthermore, the foredunes and blowouts on this coast remain fully
active. From the air photo assessment, stabilization, via vegetation cover,
increased on the trailing arms and heads of the parabolic dunes on East Beach,
while minimal migration is observed during the 31-year air photo record (1966-
1997) (Section 4.4).

The use of precipitation and PET as a proxy for vegetation cover in the
Lancaster (1988) model, and hence sand transport potential, simplifies the
dynamics of vegetation growth and may provide a good estimate for inland or
continental environments, but this ratio does not represent the conditions well for
HG. Tsoar (2002) argues that the P/PET ratio oversimplifies the control of
vegetation cover primarily because the water balance is not an effective measure
in dune sands. Due to the large pore spaces in sand, precipitation infiltrates
quickly, away from the surface, and is thus not readily available for plant growth
unless precipitation occurs in frequent, low-magnitude events (Tsoar and
lllenberger 1998; Tsoar 2002). In regions with very low precipitation (~0 mm), this
model yields values that suggest infinite dune mobility, which is not possible
(Knight et al. 2003).

In addition, this model uses the percent wind competence (W), thus the

full effect of wind energy in dune mobility is poorly represented. The potential
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transport of sediment by aeolian processes increases exponentially with an
increase in wind speed (Bagnold 1941). Therefore, in regions that experience
strong winds, the use of W grossly under-represents the effectiveness of aeolian
activity. As suggested by Lancaster and Helm (2000), perhaps a different value
for wind energy should be used that places greater weight on faster wind speeds,
such as the cube of the mean wind speed.

Lancaster (1997a) recognized that the critical factors controlling dune
mobility vary significantly from region to region. Lancaster and Helm (2000) found
that mobility of the dunes in the Kalahari, the Great Plains, the Mojave and
southern California deserts is controlled by vegetation cover, while mobility of the
dunes in the Australian and Sonora deserts is controlled by wind strength. HG is
subject to high wind energy and is not an arid environment. Precipitation and
vegetation cover seem to have less influence on dune mobility in this region than
wind energy.

The major limitation of the Lancaster (1888) mobility index in HG is that it
was developed in a continental setting where sediment supply is equal to
sediment availability. Therefore, it only accounts for changes in transport
capacity and sediment availability through the P/PET ratio, not variations in
sediment supply. When applied to dune systems that have a fixed sediment
supply controlled by vegetation cover (e.g., continental dunes), this model
performs well. As this model does not account for external sediment supply, if it
is applied to a dune system in which the mobility is not controlled solely by

transport capacity and sediment availability, it performs poorly. When applied in
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HG, the Lancaster (1988) dune mobility index predicts well the dune mobility of
the inland dunes that are removed from the external sediment source (i.e., the
beach).

As this model was developed for inland dune systems, it does not
consider the mode of dune reactivation. In continental settings, drought is the
most likely control on dune mobility, which is accurately represented by this
index. In coastal environments, dune mobility and reactivation are less controlled
by variations in aridity but are more dependent on coastal erosion events as a
result of sea-level variations coinciding with increased storminess (Tsoar and
Arens 2003). Tsoar and Arens (2003) suggest this is the case for the coastal
dune systems in western Europe and the northwest coasts of North America.
From Section 4.2, this is also the case for East Beach, as the rapidly retreating
coastline and high onshore sediment supply appear to control dune activity, not
vegetation cover.

The application of the Lancaster (1988) model in HG to calculate long-
term dune mobility is therefore cautioned, as it provides an overall assessment of
dune mobility that is only partially accurate. The parabolic dunes have become
increasingly stabilized by vegetation, but they are not inactive. Due primarily to
the rapidly retreating coastline, in combination with high year-round wind energy,
the foredunes and blowouts on this coast are highly active, as are the deflation
plains of most of the parabolics. If this model were to be applied remotely to
assess the mobility of the dunes on East Beach, the results would not be able to

capture the complex activity of these features. However, understanding the
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limitations of its application, this model does provide an accurate estimation of
the propensity for coastal dunes to stabilize once they head inland and are
removed from the beach sediment supply.

According to the annual results of the Tsoar and lllenberger (1998) model,
the wind energy in HG is sufficient to hamper the ability of vegetation to grow,
thereby creating highly mobile dunes. From the 31-year air photo record and
morphological assessment in Section 4.2, the parabolic dunes on this coast are
partially to fully vegetated, and although they are active, they are not mobile
(Section 4.2) like the dune fields in Oregon and Aberffraw. However, the
foredunes on this coast are active and migrating, primarily from rapid coastal
retreat rates and continued onshore sediment supply, not from variations in
vegetation cover.

When applied in HG, the Tsoar and lllenberger (1998) model incorrectly
classifies this system as unvegetated and highly mobile. Tsoar and Arens (2003)
propose that dune systems that deviate from the original model are likely
stabilized artificially as part of anthropogenic sand dune management (e.g., the
coastal dune systems of the Netherlands), or that the dunes were covered by
vegetation in the past when the climate was different than current conditions and
M was less than 1.

It is unlikely that either of these proposals explain the deviation in HG.
Although some areas of East Beach were used in the early 1900s for
homesteads, cattle grazing and gold mining (Dalzell 1989), there is no evidence

of anthropogenic management of the dunes of northern East Beach. Vegetation
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cover appears to have increased during the last 31 years, thereby stabilizing the
inland portion of the dunes, while the foredunes remained active due to the
external sediment source and high wind energy. These conditions are not
differentiated in the Tsoar and lllenberger (1998) model and should be assessed
in more detail in different environmental settings to determine if this model can in
fact accurately determine regional dune mobility.

Tsoar and lilenberger (1998) proposed a dune mobility index that, unlike
Lancaster’s (1988), is not limited to certain environmental conditions. However,
as the development and the interpretation of the model are not fully defined by
the authors, further discussion and verification of its application in varying dune
settings is required before it can be widely used. From its application in HG, this
model does not provide additional information about dune mobility than can
presently be assessed from the Fryberger (1979) model alone. In fact, the Tsoar
and lllenberger (1998) model coarsens the results and removes valuable
information that is provided by the Fryberger (1979) model. Therefore, the
application of this model in HG is cautioned, and further assessment and

clarification of its application is recommended.

5.4 Summary and Conclusions

The wind regime experienced in HG is seasonally bimodal, with the
strongest and most frequent winds from the southeast and a secondary mode of
lower magnitude winds from the west during the summer months. This wind

regime results from the intensity and position of the Aleutian Low pressure



111

system and the anticyclonic circulation from the Pacific High in the summer. The
seasonal shift of wind speed and direction is reflected in the monthly drift roses,
with high onshore drift potential on East Beach in the fall, winter and early spring,
decreasing and shifting to alongshore and slightly offshore in the late spring
(Figures 4.5 and 4.7). The parabolic dunes align closely with the southeast
winds, therefore the secondary modes in the wind regime make rework the
dunes system but they do not alter the predominant dune trend.

From applying and critiquing the three models of dune mobility and
sediment drift potential in HG, only two of the models appear to provide accurate
results. The Fryberger (1979) model provides a good relative measure of
potential sediment drift and illustrates that this site experiences comparably very
high annual drift potential and moderate directional variability. The application of
the morphological classification is limited in this environment; however, this study
has presented four additional sites and a range of DPs and directional variability
in which coastal parabolic dunes are found. Further assessment of parabolic
dunes and the addition of coastal dune morphological assessment would greatly
enhance the application of the Fryberger (1979) model.

The Lancaster (1988) model, as suggested by Lancaster and Helm
(2000), was found to predict the mobility of dunes accurately when applied under
the same conditions it Was developed in (i.e., continental and arid). However, this
model can not accurately predict dune mobility when the controls on the dune
system are sediment supply from an external source rather than vegetation cover

controlled by aridity. In HG, this model may be used cautiously to predict the



112

propensity of dune mobility for the inland portion of the dunes that are removed
from the nearshore sediment source. This would require a greater understanding
of the sedimentary system on this coast and the extent to which the beach
sediment source influences the inland dunes.

This analysis has shown that the Tsoar and lllenberger (1998) model
requires further discussion from the developers as to how it was developed and
its interpretation. When applied in HG, the results do not provide any more
analysis or insight- into the aeolian activity of this sedimentary environment. In
fact, the Tsoar and lllenberger (1998) model coarsens the results, hiding valuable

information the Fryberger (1979) sediment drift model provides.
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6.0 Morphodynamics of a foredune-trough blowout complex

This chapter presents a meso-scale examination of the morphodynamics
of a foredune-trough blowout complex on East Beach (Site 2, Figure 4.12) over a
two-year period (June 2002 to June 2004). This assessment includes a
morphologic and volumetric analysis from a topographic survey, recurrent
measurements of cross-shore profiles and a detailed assessment of
morphological response of a trough blowout from a surface change pin (SCP)
network.

The study site is a 270 m stretch of foredune at Site 2 (Section 4.2.2)
extending from approximately 70 m up to 90 m landward of the foredune crest to
the waterline, including the beach and an extensive driftwood jam in the
backshore (Figure 3.2). No detailed airflow measurements were conducted at
this site, therefore the discussion of morphological response of this foredune-
trough blowout complex draws on relevant literature to describe the observed

changes.

6.1 Geomorphic and volumetric changes in a foredune backshore driftwood
jam complex
6.1.1 Topographic (surface elevation) change -~ June 2002 to June 2004
Figure 6.1 shows that the dominant surface change during the two-year
period of study is positive, ranging from 0 to 3 m of aeolian sediment deposition.
Landward of the foredune crest, the foredune plain accreted 0 to 2 m, while the

greatest accretion occurred in the backshore at the foredune toe (2 to 3 m).
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Figure 6.1d i, ii, iii and iv shows four linear lobes of enhanced deposition (> 1.5
m) along the foredune plain closely aligned with the southeast wind direction.
The longest lobe (> 65 m) is located directly downwind from a small blowout in
the foredune crest (Figure 6.1d i), and a second lobe, approximately 40 m long,
is located 10 m to the north (Figure 6.1d ii). Both of these features are aligned
with unvegetated sediment ramps at the base of the foredune (Figure 6.1a).
There is a smaller depositional lobe landward and slightly to the north of the
saucer blowout (Figure 6.1d iii), and two long linear depositional lobes (> 50 m)
that are not visibly associated with other features on the foredune or in the
backshore (Figure 6.1d iv and v).

Although the predominant surface change is depositional, localized
erosion is observed in the deflation basins of the two large blowouts (Figure 6.1d)
and at several areas along the seaward face of the foredune in small incipient
blowouts. Interestingly, the foredune crest, in white, shows minimal vertical and
horizontal change during the study period (Figure 6.1d).

The volumetric change at this site shows a net accretion of 29,692 m°.
The total deposition amounts to 30,474 m?, while localized erosion accounted for
782 m®. When standardized spatially, by beach width (270 m), and temporally, by
the two years, this result yields +55 m®> m™ width a™'. As the topographic survey
only extends up to 90 m from the foredune crest, this flux value is an
underestimate of the total volume of sand transported from the beach into the

foredune plain. This is also supported by field observations of active sediment
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transport and sediment ripples landward of the topographic survey that suggest
aeolian sediments are being transported further inland than the grid monitored.
This flux value is compared with a calculated estimate of potential
sediment drift using wind data from BLAST2 and the Fryberger (1979) model.
Using Bullard's (1997) line A conversion of VU to sediment flux, the RDP
calculated from the BLAST?2 wind data in m s™' yields a volumetric RDP of 21 m®
m™' width of beach a™ (Table 6.1). This RDP was calculated for the same period
as the topographic survey (June 2002 to June 2004). During this period, almost
two months of meteorological data are missing from BLAST2 (June 26 to August
15, 2002), which has influenced the resulting RDP. However, as the missing data
are from the summer months, in which westerly or offshore winds of lower

magnitude predominate, the resulting error in the RDP is assumed to be minor.

Table 6.1 Summary of BLAST2 wind data and sediment drift potentials for
August 2002 to June 2004. Volumetric change calculated using Bullard’s
(11997) Line A conversion of VU to sediment flux using RDP calculated from m
s™.

Average wind speed (m/s) 4.8
DP (VU) from knots 1418
RDP (VU) from knots 1384
DP (VU) from m/s 155
RDP (VU) from m/s 148
RDD (degrees) 313
RDP/DP 0.96

Volumetric change from RDP
(m?3/m/a) 21
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As discussed in Section 2.2, models of sediment transport generally
assume a transport-limited condition where a uniform, steady wind blows over a
simple, dry surface with unlimited supply of sediments. Estimated rates from
these models tend to overestimate actual rates of transport (Arens 1996b).
However, at this site the actual transport observed is 60% greater than the
estimated value. This likely results from under-sampling of wind speed due to the
height, local topography and inland location of BLAST2, as well as enhanced
sediment transport from the beach into the foredune due to topographic steering
and airflow acceleration over the foredune, which can not be captured by a

meteorological station 170 m inland.

6.1.2 Seasonal cross-shore profile change

Figures 6.2 and 6.3 show cross-shore profiles A and B, respectively, both
established in June 2002, then measured in June 2003, February 2004 and June
2004. From Profile A, the beach face decreased by 0.7 m, and the backshore
driftwood jam receded 38 m and increased in height by 2.2 m (Table 6.2). The
stoss slope of the foredune and the foredune plain experienced minimal change
during this period (Figure 6.2). Profile A in February 2004 contains a minor
deviation in positioning (2 m), which results in a shift of the dune crest (see
Figure 3.3a).

In June 2002, a sediment-laden driftwood jam (Figure 6.1b) extended

approximately 50 m from the toe of the established foredune to an incipient
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Figure 6.2 Profile A measured in June 2002 (a), June 2003, February 2004
(b) and June 2004 (c). a) Extensive sediment-laden driftwood jam is seen with
incipient foredunes. b) In February 2004, most of the driftwood jam was
removed. ¢) By June 2004, the driftwood jam infilled with aeolian sediments
and an incipient dune is forming. Photos a) and c) are looking south, while b)
is looking north.
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Table 6.2 Horizontal and vertical change between profiles of the backshore
driftwood jam and beach from cross-shore profiles A and B.

Vertical
Horizontal Vertical change of the
change of the change of the beach
backshore backshore seaward of
driftwood jam  driftwood jam driftwood jam
Measurement period (m) (m) (m)
Profile A
June 2002 to June 2003 -23 1 0.7
June 2003 to February 2004 -15 0.7 0
February 2004 to June 2004 1 0.5 -0.1
Profile B
June 2002 to June 2003 -12 0.6 -0.6
June 2003 to February 2004 -15 0.2 -1
February 2004 to June 2004 -1 0.2 N/A
N/A - not available (positive values = (positive values = (positive values
seaward change) accretion) = accretion)

foredune at the seaward scarp (Figure 6.2a). Landward of the incipient foredune,
the driftwood jam decreased slightly in elevation (i.e., < 1 m), then rose to the
established foredune, creating an interdune depression. By June 2003, the
backshore driftwood jam retreated landward 23 m and the depression infilled with
aeolian sediments, thereby increasing in elevation by 1 m (Table 6.2). The beach
face seaward of the driftwood jam decreased in elevation by 0.7 m during this
period.

Between June 2003 and February 2004, the driftwood jam retreated 15 m
landward while increasing in height by 0.7 m (Table 6.2). Much of the aeolian
sediment in the driftwood jam was removed, while accretion of sediment was
observed at the base of the foredune (Figure 6.2b). From the February-2004
profile, the development of a new incipient foredune within the driftwood jam was

observed as a slight increase in elevation at the toe of the foredune. By June
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2004, the previously exposed driftwood on the backshore was buried by
sediments, raising the base of the foredune a further 0.5 m while widening the
backshore by 1 m (Figure 6.2c). In June 2004, an incipient ‘driftwood’ foredune
had formed at the seaward extent of the driftwood jam with no vegetation cover
(Figure 6.2c).

From Profile B, a similar pattern of change was observed, although the
magnitude of change was less (Figure 6.3). From June 2002 to June 2003, the
driftwood jam eroded 12 m and increased in height by 0.6 m, while the foredune
and foredune plain experienced minimal change (Figure 6.3a). From June 2003
to February 2004, the driftwood jam eroded landward 15 m, the same as Profile
A during that period, while accretion of aeolian sediments increased the elevation
at the foredune toe by 0.2 m (Figure 6.3b). By June 2004, the backshore at
Profile B had moved landward 1 m further and increased in elevation slightly by
0.2 m (Figure 6.3c).

During the year between June 2002 and June 2003, the backshore
experienced differential retreat (i.e., 23 m from Profile A and 12 m along profile
B). This was due to the presence and subsequent draining of the backshore lake
(Figure 6.1b and c¢). In June 2002, the driftwood jam was much wider along the
north of the study site than the southern portion, but during that year the
driftwood jam was breached, draining the lake and straightening the seaward
extent of the driftwood jam (Figure 6.1c). From June 2003 to February 2004, 15

m of landward retreat was observed along both profiles. As of June 2004, the
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Figure 6.3 Profile B measured in June 2002, June 2003, February 2004 (b)
and June 2004 (c). Although no measurement was taken in February 2003,
photo a) illustrates well the morphology of the backshore from June 2002 to
June 2003. Minimal change is seen on the foredune plain and stoss slope,
while major retreat occurred in the backshore. Photos a) and ¢) are looking
south, and b) is looking north. The white arrows show the same snag for
reference.
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backshore driftwood jam was approximately 10 m wide from the base of the
foredune (Figures 6.2 and 6.3).

During this two-year study, HG was subject to a strong southeast storm
event (i.e., 25 m s™), resulting in a 100-year-record water level of 8.1 m in Queen
Charlotte City (Figure 1.1). This event occurred on December 24, 2003, and
caused major erosion along the east coast of Graham Island. At the study site,
during the measurement period that included this event (i.e., June 2003 and
February 2004), the backshore retreated 12 m, largely in response to the

Christmas Eve storm surge.

6.2 Seasonal morphologic and volumetric change in a trough biowout-
depositional lobe complex

The trough blowout under investigation is approximately 30 m long from
throat to back rim, with a maximum width of 11.5 m and maximum depth of 4 m
(Figure 6.4a). A depositional lobe extends 30 m inland from the trough, while a
larger depositional plain extends 45 m further landward of the lobe. The spatial
extent of the surface change pins (SCP) network (Figures 3.4 and 6.4a) was
established to cover this erosional landform and depositional lobe (Section
3.3.2). The blowout trough is aligned well with the predominant southeast winds
and lacks vegetation, while the blowout rim and depositional lobe have moderate
to high vegetation cover in the summer (Figure 6.4). During the fall and winter,
vegetation cover is reduced as the grasses and reeds die and are buried by

aeolian sands (Section 4.1.6).
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Figure 6.4 The trough blowout-depositional Tobe complex at Site 2 under
investigation shown in both summer (a and b) and winter (c). Short dashed
lines mark the rim of the main trough blowout and two incipient blowouts to
the north. The long dashed line highlights a depositional ramp at the base of
the foredune that is topographically steered into the northern incipient

blowout.
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Due to the remote nature of this research site, measurements of the SCP
network were conducted only once or twice a year, not at the beginning of each
of the four seasons, precluding a true seasonal analysis. However, from the five
measurements of the SCP network, a diétinct seasonal morphological response
is observed between the summer and winter months, as well as between the
winter-summer (including spring months) and summer-winter (including fali

months) (Table 6.3).

Table 6.3 Volumetric change and sediment drift potential for each period of
measurement of the SCP network. Surface change is standardized both
spatially (by the area of SCP network) and temporally (by the number of
months during the measurement period). Drift potentials are also temporally
standardized by the number of month of wind data during the measurement
period.

Summer-winter Winter-summer Summer | Fall - winter

Period of measurement (June 02 - (June 03 -| (Feb03- (Feb 04- | (June03-| (Sept03-

Feb 03) Feb 04) | June03) June 04) | Sept03) Feb04)
Volumetric change from surface change pin measurements
Positive volume change
(deposition) (m 3) 221 571 119 135 83 506
Negative volume change
(erosion) (m 3) 17 10 14 15 3 19
Total volumetric change (m
3) 203 561 105 120 80 487
Standardized surface
change (10 -2 m/month) 1.5 2.0 1.2 0.8 0.7 2.8
Percent erosional surface 9% 2% 13% 12% 4% 4%
Potential aeolian activity
DP (VU/month) 243 131 264 210 99 282
RDD (degrees) 313 314 315 31 310 314
RDP/DP 0.97 0.95 0.96 0.96 0.98 0.94

For all periods, the net surface change is positive (i.e., sediment accretion)
in the blowout-depositional lobe complex. Maximum erosion over the two-year
period at any one pin is -41.2 cm (February to June 2003), and the greatest

deposition recorded at one pin is 42.3 cm (September 2003 to February 2004).
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To assess the morphodynamics in this trough blowout, the patterns of surface
change (Dz), the surface deflation from the washer depths (Dn) and the
magnitude of redeposition (Dws) are plotted and discussed with seasonal
comparisons made (Figure 6.5 to 6.10). When assessed in combination, these
three measurements from the SCP network highlight a process that can be
termed reworking, where the surface is deflated, and then redeposition occurs.
To compare aeolian activity during each measurement period, wind roses and
drift roses are presented. To facilitate the description of results, Figure 3.4
locates the descriptive labels assigned to morphological components of the

blowout.

6.2.1 Summer - winter

Figure 6.5 shows the wind rose, drift rose and surface elevation change
measured for an eight-month period between June 2002 and February 2003.
Major surface erosion is evident along the central axis of the blowout trough, with
moderate erosion along the base of both lateral walls. One pin in the trough
shows major deposition on the western edge of the north lateral wall. The
depositional lobe exhibits predominantly accretion, except for one pin located on
a northwest-facing slope directly downwind of the blowout (Figure 6.5). Minor
deposition is observed on the depositional lobe within 20 m of the blowout
trough, while enhanced deposition is observed in a linear lobe farther than 25 m
from the blowout rim (Figure 6.5 i). This area is closely aligned with the trough of

the blowout, the resultant drift direction (RDD) and predominant southeast winds.
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The standardized surface change for this period is +1.5x10? m month™
with an 8% erosional surface (i.e., negative volumetric change/total volumetric
change x 100) (Table 6.3). This period of measurement has a calculated drift
potential of 243 VU month™, with 45% of the winds from the south-southeast and
east-southeast.

For the period of June 2003 to February 2004, net surface change, shown
in Figure 6.6, is determined by adding the surface measurement from June to
September 2003 and September 2003 to February 2004. Aithough this period
includes the same seasons as above (summer to winter), the pattern of
deposition and erosion in the blowout is much different than that of the previous
year. Moderate erosion is observed at the seaward edge of the blowout throat,
and minor erosion along the base of the north lateral wall. The rest of the north
wall, though not measured by pins, is heavily scarped, exposing the rhizomes of
stabilizing grasses on the surface (as in Figure 6.4c). There is minor deposition
along the central axis of the throat and the south lateral wall, plus major
deposition recorded on the same pin from the previous year on the western edge
of the north lateral wall. Generally, the depositional lobe shows moderate
deposition throughout, with four localized points of major deposition.

With the addition of pins to the north and west of the network, a secondary
erosional trough is observed (highlighted in Figure 6.6 i). It extends 15 m
landward from the foredune crest, and directly downwind, a linear lobe of
enhanced deposition has developed (Figure 6.6 ii). This incipient blowout is

aligned closely with an unvegetated depositional ramp at the base of the
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foredune (Figure 6.4a). The trough and depositional lobe align closely with the
RDD.

The standardized surface change for this period is higher than the
previous year at +2.0x102 m month”'. However, there is a notably lower
percentage of erosional surface at only 2% and a lower drift potential at 213 VU
month™, compared with the same season the previous year (Table 6.3). Westerly
winds constitute 13% of this period, while south-southeast and east-southeast
winds show the greatest magnitude and frequency at 32%. This period also has
slightly higher directional variability in the wind regime at 0.95, compared with the

previous year at 0.97 (Table 6.3).

6.2.2 Winter - summer

Figure 6.7 shows the pattern of surface change, maximum deflation
depths and redeposition within the trough-blowout complex for a four-month
period from February to June 2003. Along the north lateral wall of the trough,
minor (< 0.15 m) erosion is observed (Figure 6.7), and at the time of
measurement, no loose sediments were present on the surface, while the
rhizomes from the grasses above were exposed (as in Figure 6.4¢). The eastern
portion of the south lateral wall shows minor erosion, but when measured, it was
covered in loose sediments with two avalanche slumps like those seen in Figure
6.4b. Along the central axis of the trough and the western part of the south lateral
wall, there is minor accretion (< 0.15 m). The depositional lobe shows

predominantly minor accretion throughout, except for a linear lobe aligned with
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the RDD downwind from the blowout trough that shows moderate accretion
(Figure 6.7aii).

Without washers, analysis of the change to this feature is limited to the
observations made above. With washers, another dimension is added to the
analysis that presents areas within this trough blowout that experience greater
surface activity of both deflation and redeposition. Along the central axis of the
trough, minor accretion is observed at two pins. With washers, these pins also
show minor to moderate deflation followed by redeposition up to 0.15 m (Figure
6.7). Redeposition values also highlight pins in the throat of the trough and along
the northern lateral wall where reworking has occurred as the surface deflated
and sediments were redeposited.

The depositional lobe shows predominantly accretion during this period,
but with the washers, it is also apparent that just after pin reset, the depositional
lobe experienced minor surface deflation followed by minor to moderate (> 0 to <
0.3 m) redeposition (Figure 6.7). With the washers, the depositional lobe is
shown to experience surface reworking and not be a solely accretional feature.

During this period, this is a distinct pattern of redeposition ranging from no
redeposition along the southern edge of the SCP network, to minor redeposition
along the central axis of the deposition lobe and portions of the trough to
moderate (> 0.15 m) redeposition along the northern portion of the SCP network
(Figure 6.7¢c). In general, during this period, reworking is minimal to moderate as
surface deflation is predominantly less than 0.05 m, with a few localized pins of

moderate deflation.
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Standardized surface change over the SCP network for this period is
+1.2x10? m month™, with a high percent of erosional surface at 13%. High
potential for sediment drift occurred during this period at 264 VU month™ (Table
6.3), with 30% of winds from the west having lower magnitude than the winds
from the south-southeast and east-southeast with 42%.

Figure 6.8 shows SCP measurements for a four-month period from
February to June 2004. Although this is the same winter-summer period, the
magnitude and distribution of surface change is quite different from that of the
previous year. In addition, the SCP network has greater spatial coverage with the
additional pins along the northern portion of the network.

Minor accretion (< 0.15 m) is observed along the central axis of the trough,
while the lateral walls show localized areas of both erosion and accretion. At the
base of the north lateral wall, the first two pins show minor erosion, while the third
shows moderate deposition (Figure 6.8a). Erosion is observed along a vertical
line on the south lateral wall, while 5 m to the inland, minor deposition is
observed, likely a result of slumping and avalanching of sediments. This occurs
as the base of the lateral walls erodes and the upper slope destabilizes and
slumps, thereby resulting in localized enhanced deposition af the base of the
walls.

From the washer measurements, the throat of the trough has experienced
greater activity than can be observed with net surface change measurements
alone. During this period, the central axis has undergone reworking as the

surface has been moderately deflated followed by minor to moderate
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redeposition (> 0.15 to < 0.3 m) (Figure 6.8b and c). Along the base of the south
lateral wall, two pins show minor accretion with neither surface deflation nor
redeposition. On the north lateral wall there are four pins that show solely erosion
with no redeposition. These conditions may suggest that no reworking has
occurred at this location or that the reworking has occurred during the
measurement period but was not initiated by surface deflation after pin reset (i.e.,
the surface may have deflated and sediment redeposited, but these processes
did not coincide with the timing of the measurements).

The western edge of the SCP network shows minor erosion similar to that
observed in spring 2003 (Figure 6.8 ii). This region experienced minimal
reworking as both surface deflation and redeposition show values of 0 to < 0.15
m. As this measurement period includes the spring and early summer months,
some westerly winds are recorded in the wind rose suggesting the western edge
of the SCP network is influenced by these winds.

The depositional lobe landward of the blowout trough shows a uniform
pattern of minor accretion, while a linear region of heightened deposition is
observed 20 m inland from the blowout, roughly aligned with the RDD (Figure 6.8
i). Predominantly, the depositional lobe and plain experienced minor deflation
and minor redeposition, but the linear lobe experienced moderate reworking, as
shown from the washer measurements with minor deflation (Figure 6.8b)
followed by moderate to major redeposition (Figure 6.8c v).

The standardized surface change for this period is 0.8 x 102 m month™,

with 12% erosional surface throughout the study area. The sediment transport
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potential for this period is 210 VU month™ with 40% of the winds from the south-

southeast and east-southeast, while 31% are from the west.

6.2.3 Summer

Figure 6.9 shows the surface change and pattern of deflation and
redeposition for a three-month period from June to September 2003. Along the
central axis and the base of the north lateral wall, minor erosion is observed,
while minor deposition is observed along the entire south lateral wall (Figure
6.9i). Over the majority of the depositional lobe, minor accretion is observed.
However, unlike other measurement periods, the western edge of the SCP
network shows numerous pins with minor erosion (Figure 6.9 ii).

During this period, surface deflation is predominantly between 0 and 0.05
m, although no distinct pattern is evident. There are two pins with recorded
deflation greater than 0.15 m, one at the base of the north lateral wail and the
other in the incipient blowout to the north of the main trough (Figure 6.9b). Along
the north lateral wall of the trough, minor redeposition combined with minor
deflation have occurred, resulting in reworking, while the southern wall shows no
reworking (i.e., no surface deflation and no redeposition). Throughout the
depositional lobe and plain there are relative equal proportions of minor and no
redeposition, with no evident pattern. There is one localized pin with major (> 0.3
m) redeposition on the northern edge of the SCP network, which also

experienced minor deflation resulting in surface reworking (Figure 6.9b and c).
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Along the northern portion of the SCP network, very little reworking is
observed, as most pins show no deflation and no redeposition. Although the
surface change measurements show a distinct pattern with erosion in the trough
and deposition throughout the depositional lobe, the washers provide an
additional dimension of morphological change that is observed within this feature.

This is the shortest measurement period, with only three months, resulting
in the least surface change and only five pins recording measurement values of
moderate or greater. The standardized surface change for this period is 0.7 x102
m month™, with a low percent of erosional surface of 4% (Table 6.3). This period
has the lowest drift potential at 99 VU month™, with 36% south-southeast and
east-southeast winds and 35% west winds. Unlike the monthly wind
assessments, no westerly winds above the threshold of sediment transport are
shown in the wind rose (Figure 6.9). This is unexpected, as westerly offshore
winds were observed transporting sediments within the SCP network during the
field season in June and July 2003. This under-sampling of the westerly winds by
the BLAST2 station is likely a result of the location and height of the station,
which is sheltered by trees to the north and west, thereby decreasing the

magnitude and frequency of winds recorded at the station.

6.2.4 Fall - Winter
During a five-month period from September 2003 to February 2004, there
is predominantly minor to moderate accretion in the depositional lobe and plain,

while the trough and the incipient blowout show localized regions of erosion
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(Figure 6.10a). The pattern of net surface change in the blowout trough is more
complex than during other periods. There is localized erosion at the throat of the
trough, minor deposition along the central axis and localized minor erosion at the
base of both lateral walls (Figure 6.10a). All pins within the trough show minor
redeposition, suggesting that this location is not solely erosional, as reworking is
occurring within the trough (Figure 6.10c).

Throughout most of the depositional lobe, moderate accretion is observed,
except within 15 m directly downwind of the throat of the blowout (Figure 6.10 i),
where deposition is predominantly less than 0.15 m. Deflation in the depositional
lobe is predominantly minor, with several localized pins recording moderate
deflation and one with major deflation (Figure 6.10b). As most of the depositional
lobe experienced only minor deflation but moderate to major redeposition,
reworking is occurring during the fall-winter period, but only minimally, as
redeposition predominates.

Major erosion is observed along the central axis of a small incipient
blowout to the north of the main trough that aligns closely with an unvegetated
sediment ramp that runs along the driftwood jam and up the foredune (Figure
6.10 i). This region also shows major deflation but only minor redeposition,
therefore minimal reworking is occurring (Figure 6.10b and c). Directly downwind,
there are four pins with enhanced deposition (> 0.3 m) (Figure 6.10 ii). These
pins also show minor deflation (< 0.05 m) and major redeposition (> 0.3 m),

therefore this region also shows minimal reworking. This incipient blowout
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appears to be a new conduit transporting sediment from the backshore driftwood
jam through the foredune to the foredune piain.

The standardized surface change for the fall-winter is the highest of all
periods at 2.8 x10? m month™ but has a lower percent erosional surface at 4%,
the same as the summer (Table 6.3). The potential sediment drift for this period
is also the highest at 282 VU month™, with 50% of all winds from the south
through east-southeast, and minimal westerly winds. Despite the minimal

westerly winds, reworking is observed in the trough during the fall-winter months.

6.3 Discussion
6.3.1 Morphodynamics of the foredune-backshore driftwood matrix

During the two-year period of study at this site, the following morphological
changes are observed from the cross-shore profiles and topographical survey of
the foredune and foredune plain. First, major retreat of the backshore driftwood
jam is observed, with a slight increase in elevation at the foredune toe. Second,
localized erosion is seen along the seaward face of the foredune in blowouts of
varying size. Third, minimal change is observed to the established foredune
ridge, both horizontal and vertical. Finally, accretion, generally less than 1 m, is
observed on most of the foredune plain landward of the crest.

As discussed in Section 5.1, this region is exposed to a high annual
frequency of competent winds (62.3%), predominantly from the southeast. These
winds blow obliquely onshore to East Beach, thus encountering a longer effective

fetch than shore-perpendicular winds that may provide a greater supply of sand
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delivery, dependent on surface moisture and tidal stage (Svasek and Terwindt
1974; Sherman and Bauer 1993; Davidson-Arnott and Law 1996; Bauer and
Davidson-Arnott 2002). As HG experiences a macro-tidal range, the fetch length
can range from O m at a spring high tide to greater than 500 m at a spring low
tide, as daily tidal fluctuations control the supply of sediments for aeolian
transport to this foredune complex (Ruz and Meur-Ferec 2003).

Recent research shows that secondary airflow effects, including
topographic forcing and steering, alter the beach-dune sediment transport
process, thereby influencing the morphology of a foredune system (Svasek and
Terwindt 1974; Rasmussen 1989; Arens et al. 1995; Hesp 2002; Hesp et al.
2004; Walker et al. in review). At this site, there is evidence of secondary airflow
effects including: i) airflow stagnation at the foredune toe, combined with surface
roughness effects, resulting in enhanced deposition; ii) steering of airflow toward
dune normal; and iii) compression, acceleration and separation of flow up the
stoss siope of the foredune.

Oblique onshore winds transport sediment from the beach to the
backshore, where surface roughness elements (e.g., vegetation and driftwood)
interrupt the airflow, causing rapid reduction in wind speed through flow
stagnation and subsequent deposition of entrained sediment (Davidson-Arnott
and Law 1990; Arens 1996a; Hesp 2002). Though vegetation on the backshore
is thought to be a major control on sediment deposition and dune development in
coastal environments (Arens 1996a; Hesp 2002; Walker et al. 2003; Hesp et al.

2004), this may not be the case in HG. Driftwood and flotsam that litter the
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backshore on this coast provide an extensive roughness matrix for sediment
deposition and accumulation (Walker and Barrie 2004). From the cross-shore
profiles and physical observation, the backshore continues to accrete with
aeolian sediments until scarped by wave attack of sufficient height and
magnitude to remove the logs. After a scarping event, like that observed during
the measurement period of June 2003 to February 2004, high onshore sediment
delivery to East Beach promotes a beach-dune system with a relatively rapid
recovery rate (Figures 6.2 and 6.3).

As sediment accumulates in the driftwood jams, incipient foredunes may
develop. This process, contrary to Hesp (2002), does not require vegetation. This
is evident by the presence of a well-developed incipient foredune in June 2004
with no vegetation present (Figures 6.2c and 6.3c). At this site, the morphology of
these incipient dunes is not dependent on the characteristics of the vegetation
(Hesp 1989; Hesp 2002), but rather on the nature of the driftwood matrix (i.e., the
shape, size, density, and arrangement of logs).

During this study, the wide driftwood jam (> 50 m) has provided a broad
region over which the airflow can be interrupted to induce sediment deposition.
When the driftwood jam retreated 15 m between June 2003 and February 2004,
the surface area of the sediment sink was reduced. When the driftwood jam is
filled with sediment, the surface is smoother, inducing less perturbation of the
airflow, thus enhancing aeolian transport and providing a ready source of
sediment to the foredunes. During the recovery of the backshore since February

2004, most incoming sediments from the beach were likely trapped in the
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driftwood jam, allowing relatively less sediment to be transported into the
foredune complex.

Over the two-year study, the driftwood jam receded between 27 (Profile B)
and 38 m (Profile A). If the driftwood jam had been smaller or not present, it is
likely that the established foredune would have been scarped, as the tens of
metres of retreat observed in the backshore might have eroded the foredune. As
such, the driftwood jam acts as a buffer for the established foredune, protecting it
against major erosion.

Depositional ramps on this coast develop on the driftwood jam and are
sparsely vegetated, linear features aligned with southeast winds (Figure 6.11).
They are sediment delivery features that form on the backshore, providing
enhanced sediment transport up the foredune stoss slope. The photograph in
Figure 6.11a was taken during a high onshore wind event in June 2002 at Site 3,
in which sediment transport is occurring, as evident from the light coloured,
rippled surface along the ramp and at the base of the foredune. In Figure 6.11b,
the surface sediments are dark, as the finer quartz sands have been winnowed
away, leaving larger, heavy sediments with traces of magnetite.

Evidence of deflection of oblique onshore airflow toward crest normal can
be seen from the depositional ramps on the backshore as they curve up the
stoss slope (Figures 6.1a and ¢ and 6.11a). Oblique onshore winds are steered
toward crest normal as they approach the foredune and the shore normal
component is accelerated, thereby shifting the pattern of sediment transport

(Svasek and Terwindt 1974; Arens et al. 1995; Hesp et al. 2004). This process is
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highlighted by the white dashed arrow in Figure 6.11a where airflow is steered
toward the throat of a blowout. Airflow is steered toward the blowout due to
pressure differences between the blowout and the beach as well as topographic
steering.

The accretion on the foredune plain is generally less than 1 m during the
two-year study period, with several linear lobes of enhanced deposition. These
linear features show enhanced accretion 10 to 40 m landward of the foredune
crest over a moderately to highly vegetated surface (Figure 6.1c). It is unlikely
that all of this sediment was delivered by saltation. A recent study of airflow and
sediment transport over a foredune-parabolic dune plain (Anderson and Walker
in review) at Site 3 (Section 4.3) identifies grainfall delivery, where sediments are
transported in suspension over large distances (i.e., > 250 m) landward of the
foredune. They suggest that during onshore wind events, separation of near-
surface airflow at the foredune crest may result in sediment entrainment and
transport in suspension over significant distances (hundreds of metres).

Over their eight-month period of study, Anderson and Walker (in review)
documented grainfall measurements ranging from 11 kg m? to 110 kg m? from
downwind of the foredune up to 200 m landward of the crest. This mode of
transport was also observed by Arens (1996a) where, during strong winds, dense
clouds of sand bypassed the foredune crest at a study site on the Dutch coast.
Due to the jet-like flow, Arens termed this special mode of suspension 'jettation’
(Arens 1996a). Generally, surfaces where saltation and surface creep occur have

loose to compact sediments and often have ripples. In contrast, grainfall creates
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a loose surface with no ripples and matted vegetation similar to surfaces subject
to snowfall. Along the foredune plain, there is evidence of both saltation and
grainfall, suggesting that sediments on this plain are transported in both modes.
During this two-year study, the foredune crest remained stable. McKenna
Neuman et al. (2000) found on a stoss slope of a transverse dune in Silver
Peaks, Nevada, that erosion at the crest occurred during wind speeds just above
the threshold of entrainment, while higher magnitude winds resulted in deposition
of sand just upwind of the crest. It appears that over the two-year study period,
this foredune was in gquasi-equilibrium. Onshore airflow was likely accelerated
and topographically steered up the stoss slope but instead of enhanced erosion,
a balance existed between the removal and the deposition of sediments at the
crest. As suggested by McKenna Neuman et al. (2000), the relations between
sediment transport and wind speed over the stoss slope are well understood, but
the longer term morphological response of these relations is not clear. In this
foredune complex over the two-year study, the backshore driftwood jam retreated
and the foredune plain accreted, while the foredune crest remained stable.
Aeolian sediment transport in beach-dune systems is a complex process
that is not characterized well by current mathematical models of sediment flux.
Arens et al. (1995) indicate that estimates of potential sediment transport can
underestimate actual rates by up to 70%. For this assessment, the estimated
sediment transport rate calculated using the Fryberger (1979) model

underestimates the actual volumetric change by approximately 60%.
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This major underestimation of sediment flux by applying the Fryberger
(1979) model results from the wind data used, as the BLAST2 station is located
inland in the deflation plain of a parabolic dune, sheltered by trees and
topographic highs to the north and west. As well, the anemometer is at 5 m
height instead of the 10 m required for the Fryberger (1979) model, which
reduces the magnitude of winds recorded. Although the wind speed was adjusted
to 10 m height using Equation 1, a single value for roughness length, was used
for all conversions. As wind speed conversions are highly sensitive to variations
in the roughness length it is likely that the wind speed at BLAST2 underestimates
the wind speed at 10 m. Furthermore, the BLAST2 station is a remote
measurement location in terms of the airflow dynamics operating at the foredune.
Topographic forcing and steering at the foredune enhance sediment transport
from the beach to the foredune complex (Arens 1995). Thus, use of the
Fryberger model to estimate rates of sediment transport is not recommended for
this foredune complex as it does not incorporate transport-limiting factors (e.g.,
roughness, localized airflow compression, stagnation and acceleration), nor does
it characterize well the supply-limiting factors (e.g., vegetation, moisture and
grain characteristics) that control sediment flux in this high-energy coastal
environment.

Over the two-year study period, major shoreline retreat was observed at
this site, but the established foredune complex did not experience major erosion.
The foredune plain accreted, the foredune stoss slope experienced little change,

and the backshore retreated and then infilled with aeolian sediments, although in
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a much narrower backshore. The sediment-laden driftwood jam has therefore
buffered the established foredune from wave scarp and erosion. This
morphological response of the established foredune during this study period
suggests that it may be responding to coastal retreat and sea-level rise with net
accretion as the RDA model predicts (Davidson-Arnott 2003). However, if the
backshore is included as part of the dune system, which on this coast is a major
part of the sediment budget, then this site experienced net sediment loss during

a period of coastal retreat, as suggested by the Bruun (1965) model.

6.3.2 Seasonal morphodynamics of a trough biowout-depositional lobe
complex
During this two-year study, seasonal patterns of morphological response
in this trough-blowout emerged. The summer months experience the lowest drift
potential (99 VU month™) and lowest surface change (0.7x10? m month™), while
the fall-winter months experience the highest drift potential (282 VU month™) and
the highest surface change (2.8 x10? m month™). However, both periods have
the same percentage of erosional surface (4%), with varied spatial distribution
and magnitude of erosion. During both periods, minor erosion is observed in the
trough blowout, but in the fall-winter, localized major erosion is observed in the
incipient blowout to the north of the main trough (Figure 6.10a), while in the
summer, no erosion is observed around the foredune crest but is seen along the

west of the SCP network (Figure 6.9a).
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This pattern of net surface change is directly related to the seasonal
bimodal wind regime, with minimal west winds observed in the fall-winter, while
west winds predominate in the summer (Section 5.1). There is also greater bare
surface observed in the winter months when precipitation is high (Figure 4.1) and
vegetation cover lower (Figure 4.5) than in the summer months, when the
opposite conditions occur. Although competent westerly winds do not represent a
significant portion of the wind roses from BLAST2 (i.e., < 4% for both years),
aeolian transport from westerly winds is observed along the western edge of the
SCP network during field visits in June 2002, 2003 and 2004.

During the winter-summer period, which includes the spring months when
the wind regime shifts from predominantly southeast winds to westerly winds of
lower magnitude (Figure 5.2), the highest erosional surface is observed (12-
13%). With this high erosional surface, the winter-summer period aiso receives
the second lowest positive surface change at 1.2 x102 m month™ in the first year
and 0.8 x102 m month™ in the second. When averaged from the two
measurement periods, the potential sediment drift for this period is the second
highest at 237 VU month™. The variation in surface change between these two
years may result from the removal of the driftwood jam in the winter of 2003,
which decreases the sediment supply to this system, combined with a lower
potential drift.

The measurement period of summer-winter, including the fall months,
varies significantly between the two periods of measurement with percent

erosional surface at 8% in 2002/03 to 2% in 2003/04. This is likely related to the
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addition of 101 pins along the north and west of the SCP network, as this region
shows minor to moderate deposition during all measurement periods since
installation, except for the pins in the incipient blowout to the north of the main
trough. When averaged for the two periods, the potential sediment drift for this
period is the second lowest at 187 VU month™, and it would likely have been
even lower if the wind data from June 26 to August 15, 2002, had not been lost.

The dominant southeast winds on this coast blow parallel to slightly
oblique to the trough of this blowout (Figures 6.5 to 6.10). Though no airflow
measurements have yet been conducted at this site, the flow patterns observed
by Hesp and Hyde (1996) for a trough blowout of similar type during onshore
winds are generally consistent with the pattern of deposition and erosion at this
site (Figure 6.12).

Onshore winds approaching a trough blowout are topographically
accelerated and steered due to lower pressure in the trough. The trough acts as
a conduit, accelerating flow and thereby sediment transport. Winds approaching
normal (90°) to the blowout trough are accelerated up the central axis, eroding
the trough base and transporting sediment downwind to the depositional lobe
(Hesp and Hyde 1996). When winds blow obliquely to the trough, they are
steered considerably, creating localized jetting and differential erosion as the
airflow shifts from the central axis to the lateral walls (Figure 6.12).

Airflow steering in the trough is evident at this site through the pattern of

surface change observed. During the first three measurement periods up to
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Figure 6.12 Hesp and Hyde’s (1996: p.521) schematic illustrating topographic
steering within a trough blowout when approach wind angles are oblique to
the alignment of the blowout trough. Contour intervals in metres. (Reprinted
with permission of the author)
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September 2003 (Figures 6.5, 6.7 and 6.9), enhanced erosion is observed along
the central axis of the trough and toward the northern wall, leaving exposed
sediment strata and rhizomes from the grasses on the surface (Figure 6.4c). This
pattern follows the observations made by Hesp and Hyde (1996) and Fraser et
al. (1998). In the fall and winter 2003/04 and spring 2004 (Figures 6.10 and 6.8),
the pattern of surface change in the trough becomes more complex, lacking
distinct zones of erosion and deposition as observed during the previous
measurement periods. Instead, there is localized erosion at the throat, minor
deposition along the central axis and erosion along the western edge of the south
lateral wall.

With the addition of washers to the SCPs, the patterns of maximum
surface deflation and redeposition are monitored in combination with the net
surface change. When assessed together, these pin measurements highlight
regions within the landform that experience surface reworking. During the winter-
summer period, reworking occurs on the linear deposition lobe directly downwind
from the main trough (Figure 6.13). From the surface change pins alone, this
lobe appears to be a region of enhanced deposition compared with the rest of the
depositional lobe. From the washers, this area experiences both surface deflation
and subsequent redeposition (Figures 6.7 and 6.8). This region does not show
reworking during the other measurement periods.

Reworking also occurs in the trough during most measurement periods.
The trough is highly erosional and is the conduit for sediment transport as airflow

and sediment transport are topographically accelerated. From the SCPs,
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Figure 6.13 From June 2004, vegetation in early growth stage is observed on
the depositional lobe. Both ripples and the surface characteristics of grainfall
are observed.
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predominantly minor erosion is observed during each of the measurement
periods. Before September 2003, a pattern of erosion is distinct, mostly localized
to the north lateral wall, with less on the south lateral wall. After September 2003,
the pattern of net surface change is less distinct, with both accretion and erosion
observed. Without the washers this complex pattern can not be easily explained,
but with the measurements of deflation and redeposition, the trough appears to
be a region of not only enhanced erosion but of enhanced activity through
surface reworking.

The blowouts at this site act as conduits of aeolian sediment transport by
topographically accelerating flow and increasing localized transport of sediments
to the foredune plain. The depositional lobe extends approximately 25 m
landward of the rim of the blowout trough. However, during the period of study,
the greatest sediment accretion is observed further inland from the blowout
trough at distances of 25 to 75 m. This may result from sediment transported
through the blowout trough, deposited within 20 m of the trough and then re-
entrained and transported further inland. This is supported by the presence of
ripples along the surface of the depositional lobe (Figure 6.13).

There is also evidence that the heightened accretion at distances greater
than 25 m from the blowout trough may also be from grainfall. As airflow is
accelerated up the back slope of the trough, sediments may be entrained and
transported in suspension over long distances, as observed by Anderson and
Walker (in review). The surface characteristics of grainfall were observed along

the northwest portion of the SCP network. Thus, this trough blowout acts as a
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conduit for sediment transport where airflow is steered in, accelerated, and then
separated, resulting in sand delivery in saltation (to approximately 25 m) and
beyond (to at least 75 m) via grainfall.

From studies of blowout dynamics during onshore winds, sediments are
eroded from the throat and deposited on the depositional lobe (Jungerius and
van der Meulen 1989; Gares 1992; Hesp and Hyde 1996; Byrne 1997). What is
less understood is the influence of a secondary mode of competent winds on
surface reworking. With the addition of washers, a new dimension of
morphological change is highlighted. Plots of the deflation and redeposition
highlight regions and seasons in which greater surface activity of the surface is
experienced.

Although not evident from the wind roses presented due to the under-
sampling of the BLAST2 station, the role of offshore winds does influence the
morphology and evolution of erosional features at this site, as observed during
field visits in the summers of 2002 and 2003. During strong offshore winds,
easterly transport of sediment occurs, moving sediment from the depositional
lobe into the trough and into the incipient blowout to the north. in addition, minor
surface deflation occurs, but the temporal scale of measurement of the SCP

network precludes the measurement of these events.

6.4 Summary and Conclusions
From this two-year study of morphological response of a foredune-trough

blowout complex, the following general conclusions can be made. The foredune
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plain experienced net accretion (+55 m®> m™ width a™) during the period of study,
while the foredune stoss slope and crest experienced minimal change. Major
reworking is observed in the backshore driftwood jam, with landward retreat up to
37 m while accreting up to 2.2 m. Secondary airflow effects influence the
morphological form, including flow stagnation causing sediment deposition at the
foredune toe, topographic steering and flow acceleration into blowouts and up
the stoss slope, and evidence of flow bypassing at the foredune crest, resulting in
grainfall on the foredune plain and minimal change to the foredune crest.

The driftwood jam plays a key role in the evolution of this dune complex,
acting both as a buffer against major wave attack and providing a ready source
of sediment for aeolian transport. Depositional ramps, which develop as shadow
dunes in the driftwood jam, provide enhanced sediment transport to the foredune
and beyond. At present, the formation, evolution and extent of influence of both
the driftwood jams and depositional rams are not fully understood, but due to
their geomorphic importance on this coast, they warrant further study.

in both the foredune plain and the trough blowout-depositional lobe
complex, saltation and grainfall appear to be the main mechanvisms of sediment
delivery. Bagnold’s (1941) studies show that saltation accounts for 75% of the
bulk transport of sediment. In this high-energy coastal foredune complex, the
contribution of grainfall to the overall delivery of sediment is likely high, as
evident from the distribution of grainfall surface characteristics (i.e., loose

powder-like effect) at this site.
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The blowouts at this site act as conduits of aeolian sediment transport by
topographically accelerating flow and increasing localized transport of sediments
to the foredune plain. From the SCP network, the general trend of surface
change observed is net accretion through the network, with localized erosion in
the blowout trough and incipient blowout. These data reveal a seasonal trend of
erosion and deposition within this trough blowout-depositional lobe complex,
resulting in the lowest surface change observed in the summer and the greatest
observed in the fall-winter. However, these two periods experience the same
percentage of erosional surface at 4%, while the winter-summer months,
including the spring, experience the highest erosional surface at 13%.

The spatial distribution of erosion is also seasonally dependent. During all
measurement periods, erosion occurs in the blowout trough, but in the summer,
localized erosion is also observed along the western portion of the SCP network,
while in the fall, winter and early spring, erosion occurs predominantly in the
trough of the incipient blowout. This seasonal variation can be partially explained
by the seasonal shift in the wind regime from predominant oblique onshore winds
in the fall, winter and early spring, and westerly offshore winds of lower
magnitude in the summer.

The enhanced erosion observed along the central axis of the trough and
along the north lateral wall illustrates that oblique onshore winds are
topographically steered in the trough and up the windward slope as presented by
Hesp and Hyde (1996) (Figure 6.12). There is evidence of a shift in the pattern

of surface change in the trough blowout during the last two measurement
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periods. A distinct zone of enhanced erosion along the north lateral wall, as seen
in previous measurement periods, is not evident from September 2003 onward.
The cause of this shift is not fully understood, although it may result from
topographically induced airflow alterations as this trough widens over time.

Surface change pins have been used in many studies to monitor the
spatial and temporal morphological change of blowouts and parabolic dunes
(Jungerius and van der Meulen 1989; Gares 1992; Byrne 1997; Wolfe et al.
2003). None of these studies have employed washers to monitor maximum
deflation depths. This study illustrates that adding washers to SCPs is a useful
technique for monitoring morphological change as it provides insight into a new
dimension of change within an aeolian sedimentary feature. Monitoring surface
deflation and redeposition highlights areas of greater activity though surface
reworking, which is not apparent from the SCPs alone. Generally, the washers
show that throughout the trough and depositional lobe, surface reworking is
occurring during all seasons. This study has shown that monitoring surface
reworking is possible. Further research is required to understand the processes
operating with the aeolian system that promote greater surface reworking. At
present it is not understood whether surface reworking occurs as a result of uni-
directional winds of varying frequency and magnitude or from winds from varying
directions that promote enhanced surface reworking.

One of the limitations of monitoring reworking using washers is that only
surface deflation that occurs after the pins are reset is recorded. If the surface

accretes and then is deflated, the change is not recorded by this technique. As a
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result, the conclusions regarding the aeolian dynamics during each of the periods
are limited, since this technique can not differentiate between no reworking
occurring at a certain location and no reworking recorded. If deflation occurs at
any time other than directly after pin reset, that deflation is not recorded.
Measuring and examining maximum deflation depth and redeposition with SCP
and washers shows that this trough blowout-depositional lobe complex, and by
extension, most aeolian sedimentary features, experience much more activity
and change than can be recorded accurately from surface change

measurements alone.
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7.0 Summary and Conclusions

The goals of this study were to: i) document and describe dune
geomorphology on East Beach, HG, ii) assess regional aeolian activity and relate
to dune morphology, and iiij) measure and examine the morphodynamics of a
foredune-trough blowout complex on East Beach. The geomorphology was
qualitatively described at four sites to demonstrate the morphological diversity of
dune forms on East Beach. To assess regional aeolian activity, the annual and
monthly wind regimes were presented, and three models of aeolian activity and
dune mobility were applied and critiqued, using regional meteorological data and
comparing with the geomorphic assessment. Finally, the assessment of
morphological response and volumetric change of a foredune-trough blowout
successfully demonstrates the seasonal morphodynamics of a representative
aeolian landform on this coast.

East Beach, HG, is host to a diverse aeolian landscape that is a product of
late Quaternary and modern sea-level variations, the biogeographical setting, the
littoral processes and onshore delivery of sands. Unlike many Canadian dune
fields, the coastal dunes of BC, but specifically those on East Beach, HG,
experience little or no snow cover throughout the year that would restrict
sediment availability for transport. Therefore, the major climatic limitations on
aeolian transport and dune development are the frequency and magnitude of
transporting wind events and their timing relative to tide stage and precipitation
events, as well as vegetation growth stage and cover. East Beach is subject to

high annual wind energy with distinct seasonal modes in the regime. Wind
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magnitude is greatest in the fall, winter and early spring, when precipitation is
greatest. In the summer months, when vegetation cover on the dunes increases
significantly, wind magnitude is much lower, with greater directional variability.
The morphological diversity of aeolian landforms is described for four
distinct sites. Site 1 (Parabolic and blowout dunes - Rose Point East) has a
discontinuous established foredune backed by a wide, vegetated dune plain with
coppice and shadow dunes. Landward of Dune Road, a suite of blowouts and
parabolic dunes are in varying stages of development. Site 2 (Foredune-
parabolic dune complex) hosts the longest parabolic dune complex (1.2 km) on
East Beach, with a single ridge established foredune. The foredune is breached
in several places by blowouts of both saucer and trough shape. There is a wide,
dynamic backshore driftwood jam at this site presently acting as a buffer for the
established foredune against scarping from storm surge. Site 3 (Locally
prograding foredunes south of Lummi Creek) has four large parabolic dunes with
a coalesced deflation plain. There are two distinct established foredune
morphologies at this site. The northern portion has a single ridge that is highly
erosional with multiple blowouts, while the southern portion has five distinct
generational foredunes due to scarp by a driftwood-dammed lake and localized
progradation. Site 4 (Eroding relict parabolic dunes) has a relatively narrow
backshore, with minimal driftwood. An incipient foredune is developing in the
backshore, but this site lacks an established foredune. Instead, this site is host to
large erosional blowouts that are the truncated arms of relict, stabilized parabolic

dunes.
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Hesp’s (1999) model, when applied to East Beach, shows morphological
stages ranging from a Stage 1 at Site 1 to a Stage 4 and 4b at Site 3. The
application of Hesp’s model of foredune evolution allows a greater understanding
of the evolutionary stage of an established foredune, thereby providing a broader
landform interpretation than just description. This model also allows comparison
between sites on the same coastline and between other global sites.

At all four sites, driftwood plays a key role in beach-dune morphodynamics
as a backshore roughness element that traps and accretes sediment and, once
filled, provides a ready supply of sand to the dune system. It also provides a
buffer against storm wave attack as seen at Site 2 where the backshore
driftwood jam retreated up to 37 m over two years, although the established
foredune was not scarped. Enhanced transport of sediment from the backshore
to the foredune complex is facilitated by the presence of depositional ramps,
linear aeolian features that form on the backshore over and through the driftwood
jam.

The application and critique of three regional models in HG has shown
that each describes relevant aspects of the sediment transport process and
morphological regime, but none were able to describe the whole system well.
The Fryberger (1979) model characterizes well the maximum potential sediment
drift and directional variability in this region. But when potential sediment drift is
converted to sediment flux, the results grossly underestimate the actual transport
rates in this foredune complex. This underestimation results from a combination

of the location and height of the BLAST2 meteorological station and the



163

limitations of the sediment transport model, which can not characterize the
enhanced transport rate resulting from topographic airflow effects. Although the
Fryberger (1979) model underestimates actual flux, it does provide a good
relative measure of wind energy that can be used to compare between other
sites globally. As well, it was successfully used to compare wind energies
between measurement periods of the SCP network in the trough blowout.

As Fryberger’s (1979) original morphological classification described only
one environment in which parabolic dunes might be found, his original
classification can not be applied in HG. To extend the Fryberger (1979)
morphological classification, this study presents the wind regimes from four
coastal sites where parabolic dunes are found: Haida Gwaii, BC, Canada; the
Oregon coast, USA; Greenwich, PEI, Canada; and Aberffraw, North Wales, UK.
These sites illustrate that parabolic dunes can be found in wind regimes ranging
from intermediate to high wind energy (226 to 3,176 VU), with directional
variability ranging from obtuse bimodal to narrow unimodal (0.43 to 0.8). Further
studies are required to extend the characterization of wind regimes in which
coastal parabolic dunes can be found.

The application of the Lancaster (1988) dune mobility index in HG is
limited to the inland regions removed from the external sediment supply from the
nearshore. As this mobility index was developed in a continental setting, where
the sediment supply is fixed and dune mobility is controlled solely by wind
capacity and vegetation cover, it does not characterize well the mobility of dune

systems that are controlled by additional factors. The Lancaster (1988) dune
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mobility index should not be applied to a coastal setting or other settings in which
an external sediment supply is influencing the mobility of the dunes. However,
further investigation is warranted with regards to the ability of this model to
characterize the propensity for dune stabilization once the dunes migrate inland,
away from the external sediment source.

The Tsoar and llienberger (1998) model incorrectly classifies the dune
system in HG as unvegetated and highly mobile. This model was developed on
the premise that vegetation growth is partially controlled by wind strength and
directional variability, as represented by the Fryberger (1979) model. However, in
this high energy environment, the mobility of these dunes is variable from fully
vegetated and inactive inland to fully active, with moderate vegetation cover
along the foredune. This model does not differentiate between inland and coastal
dune systems and can not characterize the complexity of the coastal dune
system in HG.

The two-year study of the foredune-trough blowout complex has provided
a detailed morphodynamic assessment that is representative of the foredune
systems on this rapidly retreating coast. During this period, major sediment
accretion has occurred in the foredune plain (55 m® m-width™ a™), and the
backshore driftwood jam has receded up to 37 m, while the foredune stoss slope
the has experienced minimal change. Predominantly the accretion in the
foredune plain was less than 1 m with localized linear lobes of enhanced

deposition (> 1 m).
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The trough blowout-depositional lobe complex shows net accretion during
all measurement periods, with a distinct seasonal morphologic and volumetric
response. During the fall, winter, and early summer, when sediment drift potential
was greatest, the largest surface change was observed. During the summer,
when the drift potential was least, the net surface change was also the least of all
periods, but the pattern of erosion shifted from the foredune crest to the western
edge of the SCP network. This results from the seasonal bimodal shift in the wind
regime and suggests this landform, although aligned with the dominant southeast
wind direction, is morphologically altered by secondary modes in the wind
regime.

This study has successfully presented an adaptation of a monitoring
technique used in the nearshore and applied it in an aeolian sedimentary
environment. Using surface change pins with washers allows for the monitoring
of maximum surface deflation and redeposition, and when combined, they
highlight areas of surface reworking as well as areas that experience no
reworking. Further investigation is required to assess the processes and wind
regime characteristics that promote enhanced surface reworking by monitoring

the SCP network at greater frequency.

7.1 Future research considerations

This study has highlighted several areas in which further research is

warranted including:
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Work to extend Fryberger's (1979) morphological classification by
assessing the wind regimes and landform interpretations at other sites
globally.

A quantitative assessment of dune migration, coastal retreat and dune
stabilization in Haida Gwaii through the ortho-rectification of historical air
photos and use of georeferenced LIDAR images. This would allow a
quantitative assessment of the Lancaster (1988) mobility index to
determine if dune activity in the inland regions is accurately modelled by
this index. Further research would be required to determine the extent of
influence of the nearshore sediment supply to the inland dune system.
Investigation of the process and influence of grainfall as a sediment
delivery mechanism to the dunes to better model and understand the total
aeolian sediment delivery process in coastal dune systems. In turn, this
would have relevance for improved modelling of coastal sediment budgets
that include onshore and backshore components of mass transfer.
Continued monitoring of the topographic survey, cross-shore profiles and
SCP network to assess, over a longer term, the response of this system to
sea-level rise and coastal retreat. To enhance this morphological analysis,
a reduced temporal scale is recommended that would allow true seasonal,
or even monthly, assessment of morphological response.

Further assessment of SCPs with washers to quantify total volumetric
change, including’the surface deflation and redeposition, as well the wind

regime characteristics that promote enhanced surface reworking.
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More analysis and discussion of the Tsoar and lllenberger (1998) dune
mobility index in both coastal and continental dune systems to assess if
there is benefit to applying this model instead of the Lancaster (1988) and

Fryberger (1979) models.
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