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Since a large portion of the United States' population lives in the coastal zone, it is

imperative to understand the behavior of the nearshore region. Waves and currents, whose

behavior is affected by nearshore bathymetry, cause erosion and accretion of the shorelines.

In order to plan for the conservation and future development of the coast, it is important to

understand the interaction of these fluid motions with the bathymetry. Much scientific

research has focused on the generation of large-scale bathymetric features such as longshore

sand bars 0(100 m 1 km) or small-scale features such as beach cusps 0(10 50 m), and their

interaction with waves and currents. Intermediate-scale features 0(50 100 m), however,

have not been as well-documented and are poorly understood.

In 1985, unusual bathymetric features of intermediate length scales 0(10 - 200 m),

oriented oblique or perpendicular to the shoreline were revealed using time-exposure

photography of the nearshore region at the Field Research Facility, Duck, North Carolina.

These transverse sand bars extend seaward from both the shoreline ((rough transverse bars)

and the shore-parallel sand bar (offshore transverse bars). Previous studies have been

conducted on similar features at other locations around the world. However, they had never

been observed in an energetic coastal environment. The role that such features play in
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nearshore processes (i.e., their effect on currents, wave breaking, and sediment transport) is

unknown.

Ten years (1987 - 1996) of time exposure video images of the nearshore region at Duck

were used to determine the statistics of the transverse bars. Trough and offshore bars

appeared a mean of 39 and 73 days per year, respectively. The offshore bars were found to

be a much larger feature than the trough bars, with mean wavelengths (alongshore spacing

between consecutive bar crests) of 79 and 172 m for trough and offshore bars, respectively.

Both the trough and offshore bars were found to persist for periods of days to months.

Several individual trough bar events were identified over the 10 years, each of them having a

distinct first appearance of bars.

The alongshore movement of the bars was also determined using image processing

techniques. Deep water wave height and wave angle data collected at Duck were used to

calculate a proxy for longshore currents in the surf zone for comparison with bar movement.

Trough bars shifted in the same direction as the current was flowing 58 % of the time, while

offshore bars moved in the direction of flow 71 % of the time. Both sets of bars were

observed moving at rates up to 40 m/day. Both trough and offshore bars also remained

stationary at times, even under relatively strong longshore currents. Trough bars were

observed moving against the current 9% of the time.

A hypothesis that the transverse bars were created as a sea bed instability under

longshore currents was tested using a model developed by Barcilon and Lau (1973). Surf zone

longshore current magnitudes were compared with transverse bar presence. There was no

evidence to suggest that the bars were formed by the longshore currents. There was no

significant difference between currents on days on which bars were present and currents on all

days. Additionally, there was only a slight difference between currents on all days and on the



days when bars first appeared. There was also no common longshore current magnitude or

direction leading up to the first appearance of the bars.

The Barcilon and Lau (1973) model for bar formation due to longshore currents was

created for a plane beach with uniform longshore currents and no wave effects. These

conditions do not exist at Duck. It is a barred beach with longshore currents whose

magnitudes and directions can change quite rapidly. It is believed that the transverse bars at

Duck are not formed solely by longshore currents. There are several other factors that can

influence the formation of transverse bars at this site including wave action or the combined

effect of waves and currents.
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THE STATISTICS AND KINEMATICS OF
TRANSVERSE SAND BARS ON AN OPEN COAST

CHAPTER 1: INTRODUCTION

1.1 The Dynamic Nearshore Region

The nearshore zone is the highly energetic region of the ocean where waves 'feel' the

seafloor and are affected by the bottom topography. This region extends from

approximately 10 m water depth to the shoreline and encompasses the breaker zone (region

of initial wave breaking), surf zone (region extending from the most shoreward breaking

waves to the shoreline), and the swash zone (region where water runs up the beach face, or

foreshore) (Komar, 1998) (Figure 1 a). The littoral zone extends from the shoreward end of

the dry beach to approximately 10 m offshore and is the region where the sediment is

significantly affected by fluid motions (Komar, 1998) (Figure ib).

In the nearshore, energy is transferred from typical 0.1 Hz sea swell to higher and

lower frequencies, resulting in a variety of fluid motions (Holman, 1995). These fluid

motions can range from high frequency turbulence 0(1000 Hz) to tidal flows 0(hours) to

yearly or decadal motions (Figure 1.2). These fluid motions shift the sediment into

morphologic features of various length scales that form over a wide range of time scales. For

example, sediment ripples 0(10 - 100 mm) can form in a matter of seconds or minutes, while

large sand bars 0(100 m) can take weeks or even years to develop (Figure 1.3).

Fluid forcing and sediments in the nearshore both affect one another. Waves and

currents constantly move sediment, changing the bathymetry. These same variations in the

underlying topography cause the fluid forcings to change, which, in turn, forces alterations in
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Figure 1.1. The fluid and sediment regimes of the nearshore and littoral zones. (a). The
nearshore zone includes the breaker zone, surf zone, and swash zone, and extends from
approximately 10 m water depth to the shoreline. (b). The littoral zone is the region where
sediment is significantly affected by the fluid forcings, and also extends to 10 m water depth
(From Komar, 1998).
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the bathymetry. This feedback loop is part of what makes the nearshore region so dynamic.

Much scientific research has been carried out in an attempt understand the interactions

between the nearshore fluids and the sediments as well as the behavior of nearshore

morphology.

Many studies have been undertaken to understand and model the behavior and

generation of large-scale longshore bars (sand bars oriented parallel to the shoreline with

wavelengths 0(100 m)). Lippmann and Holman (1990) showed that the morphology of

longshore bars can be fairly simple or highly complex, ranging from a straight, two-

dimensional bar to a non-rhythmic three-dimensional bar to an attached, rhythmic (or

crescentic) bar (Figure 1.4). Several mechanisms have been proposed for the formation of

longshore bars. One theory for the fonnation of straight longshore bars is that they form at

the 'breakpoint' where sediment transported by undertow converges with onshore sand

transport of unbroken, asymmetric waves (Thornton and Humiston, 1996). Bowen and

Inman (1971) suggested a hypothesis for the formation of crescentic longshore bars by

standing edge waves.

Edge waves are waves that are trapped to the shoreline because of refraction (Komar,

1998). Waves that reflect off the shoreline at an angle can be refracted as they travel

seaward. If they turn sufficiently, they may turn back toward the shoreline again so that the

motion is trapped to the nearshore (Figure 1.5). Edge waves are partly described in terms of

their modal number, which is the number of nodal points where the wave crosses the still

water level, measured along a cross-shore transect (Komar, 1998). A mode 1 edge wave has

one nodal point, a mode 2 edge wave has 2 nodal points, and so on (Figure 1.6). It has been

suggested that edge wave motions may generate a variety of rhythmic nearshore features.
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Figure 1.4. Various morphologic configurations of the longshore bar at Duck, North
Carolina observed from 10-minute time exposure images of wave breaking patterns. Bar
morphology can range from a straight, two-dimensional bar (G) to a non-rhythmic three-
dimensional bar (F) to an attached, rhythmic (or crescentic) bar (D) (From Lippmann and
Holman, 1990).
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Figure 1.5. Edge waves are waves that are trapped to the shoreline due to refraction. They
can either be standing waves, or can progress along the shore (From Komar, 1998).



Figure 1.6. Cross-shore structure of edge waves. Edge waves can be described in terms of
their modal number, which is the number of nodes, or cross-shore zero-crossings. Mode 0, 1,
2, and 3 edge waves are shown in this figure (From Komar, 1998).



Another set of nearshore features that have received considerable attention are beach

cusps, short-scale (wavelengths of 10-50 m) crescentic rhythmic features found on the

foreshore (Holland, 1998) (Figure 1.7). One theory for cusp formation is that they, like the

crescentic longshore bars, are formed by mode 0 edge waves generated from an instability at

one half the frequency (subharmonic) of the incident waves (Guza and Inman, 1975). Mode

0 edge waves have their maximum amplitude at the shoreline with a simple exponential decay

away from the shore (Komar, 1998), therefore they have the greatest effect on sediment

transport at the shoreline. An alternate hypothesis, proposed by Werner and Fink (1993),

suggests that cusps are an example of self-organized behavior wherein feedback between

incipient cusps and swash causes spontaneous cusp generation.

While much nearshore research has focused on large-scale morphology (longshore

bars 0(100 m - 1 km)) and small-scale morphology (beach cusps 0(10 m)), there has been an

apparent gap in the spectrum morphologies at intermediate scales 0(50

- 100 m). There is little documentation of features of this length scale (Figure 1.3). It is

within this gap that the transverse bars discussed in this thesis lie.

1.2 Discovery ofTransverse Sand Bars at Duck, NC

In 1985, the first time exposure images were taken of the nearshore region at the

U.S. Army Corps of Engineers (USACE) Field Research Facility (FRF), at Duck, North

Carolina, using a 35 mm camera mounted on a tripod. In these images, patterns of breaking

waves are seen as white bands. Since waves break in shallow water, these white bands in the

time exposure images indicate shallow regions such as the shoreline or longshore bar (Holman

and Lippmann, 1987) (Figure 1.8).

Time exposure images from 1985 also revealed unusual streaks of intermediate length



Figure 1.7. Beach cusps in Mexico. Cusps are rhythmic features found on the foreshore,
believed to be formed either by mode 0 edge waves or from a self-organized feedback
interaction (From Komar, 1998).
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Figure 1.8. Remote sensing images of nearshore morphology. (a). 35 mm snapshot taken
of the nearshore at Duck, North Carolina in 1985. (b). Ten-minute time exposure image of
the nearshore. Bathymetric features such as the longshore bar and transverse sand bars are
evident as white bands in the time exposure image.
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scales 0(10 200 m) oriented perpendicular to the shoreline (Figure 1.8). These features,

which persisted over extensive periods of time, appeared to be sand bars and have

subsequently been observed both in the trough between the shoreline and shore-parallel bar

(trough transverse bars), and offshore of the shore-parallel bar (offshore transverse bars)

(Figure 1.9). These features were previously unknown at Duck since bathymetric surveys

conducted in the nearshore traditionally followed cross-shore transects with a longshore

spacing which was poorly suited to resolving these shorter features.

These transverse sand bars were found to have wavelengths (the distance between

consecutive crests) smaller than the wavelengths of longshore sand bars and longer than the

wavelengths of beach cusps (80 and 170 m for the trough and offshore transverse bars,

respectively). The visible signature of the trough bars can extend over 50 m from the

shoreline, while the offshore bars can extend hundreds of meters from the longshore bar.

Although the transverse bars can have a shoreline expression which is similar to

beach cusps and crescentic bar horns, they are unique features and likely have a unique

generation process. Their cross-shore and longshore length scales are larger than the length

scales of beach cusps and they are not limited to the immediate proximity of the shoreline.

Rather than being a part of the primary longshore bar system, they appear to be secondary

features.

1.3 Transverse Sand Bars Around the World

The term transverse sand bar was first defined by Shephard (1952) as "a bar which

extends at right angles to shorelines". These features have been observed at a variety of

locations and environments around the world, and have been found to have a wide range of
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Figure 1.9. Time exposure image from Duck, NC from January 10, 1994. Transverse sand
bars can be seen in both the trough (trough bars) as well as offshore of the shore-parallel sand
bar (offshore bars).
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length scales. Thus, bars, which are "transverse" to the coast, can be formed by a variety of

mechanisms.

Perhaps the most well-known examples of "transverse bars" are those observed by

Wright and Short (1984) in Australia. They studied the morphology of beaches on the New

South Wales coast, by inferring morphology based on visual observations of patterns of wave

breaking. They classified beach morphology into six states, ranging from high-energy

dissipative to low-energy reflective. One of the intermediate beach states associated with

accreting beaches is known as the "transverse bar and rip" state (Figure 1.10). The

transverse bars are actually the horns of crescentic bars that have welded to the beach. They

are part of a cell circulation with the bars forming in between rip currents (strong, seaward-

flowing currents) (Wright and Short, 1984).

Bruner and Smosna (1989) documented the existence of transverse sand bars in an

embayment on the back side of Assateague Island, Virginia, a barrier island with typical wave

heights of only a few centimeters. The cross-shore lengths (length along the bar crests) of

the transverse bars found there were 45 - 70 m, their wavelengths were 13 - 15 m, and bar

relief was 10 - 15 cm. The transverse bars persisted over 7 years. The authors believed the

bars were formed when storm waves removed sand from the dry beach and deposited it on the

foreshore. Low-energy waves returned the sand to the berm via the transverse bars. They

found that sand moved shoreward over the bars and in the channels between the bars as the

tides rose and fell (Figure 1.11). They also believed that the bars slowly migrated under the

influence of weak longshore currents.

Niedoroda and Tanner (1970) described similar transverse bars in the low-energy

environment of the Gulf Coast of Florida (Figure 1.12) where the average annual breaker

height was 6 cm (Tanner, 1960, as referenced in Niedoroda and Tanner, 1970) and the
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Figure 1.10. "Transverse bar and rip" beach state described by Wright and Short (1984).
The transverse sand bars are part of a cell circulation with the bars forming in between rip
currents when crescentic bar horns weld to the beach (From Wright and Short, 1984).
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Figure 1.11. Transverse sand bars found on Assateague Island, VA. Sand moves shoreward
over the bars and in the channels between the bars as the tides rise and fall (From Bruner and
Smosna, 1989).
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Figure 1.12. Transverse sand bars on the Gulf Coast of Florida, a low wave energy
environment with an extremely gentle foreshore slope (From Niedoroda and Tanner, 1970).



II

foreshore slope was extremely gentle (0.0015 0.0045). The relief of the transverse bars

was 0.24 m, wavelengths ranged from 62 218 m, and cross-shore lengths ranged from 107

640 m. The authors found that waves were refracted over the transverse bars (especially at

low tide), and currents were significantly altered by their existence.

Niedoroda and Tanner conducted field and wave tank experiments and used a

computer model to understand the currents associated with transverse bars and the wave

refraction patterns over them. They found that when the cross-shore extent of transverse

bars was relatively short, currents flowed shoreward over the bar crests and seaward via the

troughs between the bars, resulting in a transport of sediment towards the beach. They noted

that the seaward flowing currents were not rip currents. When relatively long transverse bars

existed, currents flowed shoreward via the troughs and seaward via the bar crests, removing

sediment from the beach. These currents were caused by an unequal distribution of wave

energy and differences in local mass transport rates.

Niedoroda and Tanner suggested that transverse bars only exist in regions with low

wave heights, wide, gently sloping foreshores, and abundant supplies of sand. They believed

offshore sediment was brought onshore via the transverse bars. They noted that beach cusps

may or may not exist on the same beach as transverse bars, and they also stated that

transverse bars can either be permanent or short-lived features, depending on the balance

between waves, currents, and sediment transport.

Carter (1978) also described transverse sand bars on a low energy beach of a lake in

Northern Ireland. Wave heights in the region of the bars were <20 cm. The bars were small

(1 13 m in cross-shore length) and extended from a lower swash ridge. Carter originally

found 2 short bars near a headland, but 15 days later, 4 more bars had formed between the

original bars and the headland. These bars were shorter than the first two bars, and bar
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spacing was 5 - 6 m. He found that the currents flowed over the bars in the same manner as

currents flowed over the short transverse bars described by Niedoroda and Tanner (1970).

Carter suggested that longshore currents flowing in opposite directions met to form a

cusp nucleus (Figure 1.13). Decreased wave action or an accumulation of sediment caused the

cusp to grow seaward, becoming a transverse sand bar. A gyre between the bar and the

headland caused another cusp nucleus to form and hence another transverse bar. As this

process continued, more transverse bars were formed.

The transverse bars at Duck are different from those described by Wright and

Short (1984) (Table 1.1). First, they do not appear to have any relationship to rip currents.

Rip currents can often be detected in the time exposure images from Duck through the

observation of bright streaks on the sides of the rip head. Also, the waves breaking on the

longshore bar are refracted where the rip current is located. These distinct characteristics of

the rip currents are not observed in the presence of transverse bars. Second, while the Wright

and Short transverse bar system is the primary morphologic feature of the nearshore that

forms under certain wave conditions, the Duck bars do not seem to be related to any

particular beach state and are secondary features to a pre-existing longshore bar (Figure 1.10).

Finally, the aspect ratio (ratio of the cross-shore length, L, to the alongshore spacing, L)

of the two types of bars are different. The aspect ratio of the Wright and Short bars is one

or less than one (L Li). The aspect ratio of the offshore bars at Duck is approximately 2

while the aspect ratio of the trough bars is quite variable, and can range from 0.5 - 2. So,

while L), L for the Wright and Short bars, L > L for the offshore bars at Duck, and this

can also be the case for the trough bars.

The transverse bars at Duck are also different than the other sets of transverse bars
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Figure 1.13. Transverse sand bars on a lake shore in Ireland. The transverse bars were
formed from cusp nuclei created by the interaction of longshore currents flowing in opposite
directions (From Carter, 1978).
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Niedoroda Bruner and
Wright and and Tanner Smosna Carter
Short (1984) (1970) (1989) (1978)
AUSTRALIA FLORIDA VIRGINIA IRELAIVD DUCK, NC

Primary vs.
Secondary Primary Primary ------- -------- Secondary

Feature

Relationship Yes. Rips No apparent
to Rip form in No. ----- ------- relationship

Currents? between bars. between rips and
bars

Trough bars:
L1:L 1 1-3 3-5 0.2-2 0.5-2

Offshore bars: 2

Low energy Low energy Low energy Intermediate energy

Environment Intermediate (mean (waves (breaker (mean annual
energy breaker only a few heights < significant wave

height = cm high) 20 cm) height = 90 cm)
6_cm)

Table 1.1. Comparison between transverse bars at Duck and transverse bars at other sites
around the world.
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described above (Table 1.1). Although L > L for the bars described by Bruner and Smosna

(1989) and Niedoroda and Tanner (1970), just as it is for the Duck bars, the environments in

which these two sets of bars are located are very different from the environment at Duck.

Duck is not a low wave energy environment, but rather, an intermediate energy beach with

mean annual significant wave heights of 0.9 m, much higher than the wave heights at the

other locations. The transverse bars at Duck also extend into deeper water than the other

sets of bars. Their longshore and cross-shore lengths are larger than the bars described by

Bruner and Smosna (1989) and Carter (1978), but are of the same scale as the bars described

by Niedoroda and Tanner (1970). Beach cusps are not always present when Duck transverse

bars are present and therefore appear inconsistent with the formation mechanism suggested

by Carter (1978).

The existing literature shows that transverse sand bars form in low energy

environments. The transverse bars at Duck, however, are evidence that they can form in

intermediate energy environments. This paper is a documentation of transverse sand bars

found along the intermediate energy coast of Duck, North Carolina. The statistics and

kinematics of the transverse bars over a 10-year period (1987 - 1996) are closely examined,

and a hypothesis for the formation of the sand bars is tested.
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CHAPTER 2: A MODEL FOR THE FORMATION OF
TRANSVERSE SAND BARS

Of the four types of transverse sand bars described in the preceding chapter, the bars

at Duck most closely resemble those on the coast of Florida studied by Niedoroda and Tanner

(1970) (Table 1.1). The length scales of both sets of bars are of the same magnitude and

both are found in open coastal waters. Beach slopes are quite different (the foreshore slope

at the Florida site is 0.00 15 - 0.0045, while the foreshore slope at Duck can be as steep as

0.1) and wave climates are also very different (average breaker height in Florida is 6 cm while

the mean annual significant wave height at Duck is 90 cm). However, because the

orientation and aspect ratios of both sets of features are similar, and because both sites are

influenced by strong longshore currents, the forcing mechanisms for the Florida and Duck

bars could be the same.

Barcilon and Lau (1973) studied the same set of transverse bars described by

Niedoroda and Tanner, and developed a model for transverse bar formation. Using an

instability model, they found that transverse sand bars are formed by strong longshore

currents in a mechanism similar to the formation of fluvial bedforms such as ripples or dunes.

Because strong longshore currents can be found at Duck, this method of bar formation will be

tested for the transverse bars located there.

This chapter describes the types of fluvial bedforms that can exist, and their

movement relative to flow. It also describes the Barcilon and Lau (1973) model for

transverse bar formation. Later in the thesis, the hypothesis that Duck transverse bars are

created by longshore currents will be tested.
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2.1 Types and Movement of Fluvial Bedforms

Currents flowing over a river bottom transport and deposit sediment, creating

bedforms that are either perpendicular or parallel to the direction of flow. Bedforms

perpendicular to the flow can be of various length scales. For instance, ripples are features

with length scales smaller than the depth of the water and dunes are features with length

scales larger than the depth of the water (van Rijn, 1993).

Several classification schemes for describing fluvial bedforms have been established.

Simons and Richardson (1960) classified bedforms according to the non-dimensional Froude

number, Fr, which is the ratio of inertial to gravitational forces:

U
Fr= (2.1)

where u is the fluid velocity, g is the gravitational force, and h is the water depth. For Fr < 1,

the flow tranquil, while for 1, the flow is rapid. The types of

bedforms that can be found in the 'lower' (Fr < 1) and 'higher' (Fr> 1) flow regimes are

summarized in Table 2.1. Examples of various features are shown in Figure 2.1.

In particular, ripples will form when 0.15 <Fr < 0.3 and dunes will form when 0.3 <Fr < 0.6.

The transition from dunes to standing waves occurs when 0.6 <Fr < 1.0, and antidunes are

formed when Fr> 1.3 (Simons and Richardson, 1960) (Figure 2.2).

Most bedforms move downstream through erosion on the stoss (upstream) side of the

bedform and accretion on the lee (downstream) side (Figure 2.3). Ripples and dunes move

downstream. Antidunes, on the other hand, move upstream. For upstream-moving

bedforms, erosion occurs on the lee side and accretion occurs on the stoss side (van Rijn,

1993) (Figure 2.3). The rates of sediment transport over the various parts of the bedform

determine which side will erode and which will accrete.
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plane bed

TI7flItimwII

plane bed

ripples symmetrical standing waves

dunes with superimposed ripples antidunes

dunes

transition from dunes to plane bed

Table 2.1. Types of bedforms that can be found under tranquil and rapid flow conditions
(From Simons and Richardson, 1960).

2.2 Instability Model for the Fornation of Transverse Sand Bars anda Hypothesis for
the Formation of Duck Transverse Bars

Kennedy (1963) used an instability analysis to describe the formation of fluvial

bedforms. Flow over a perturbation in an erodible bed will cause the flow to change, affecting

the sediment transport. A change in the sediment transport will result in a change in

bathymetry, which in turn changes the flow, forming a feedback loop. If the sense of the

feedback is to grow the perturbation, then the feedback results in an instability. Under a

range of possible perturbations of differing sizes and growth rates, one will eventually become

dominant. The wavelength of this fastest growing instability will depend on the water depth,

Froude number, and lag distance between the flow velocity and sediment transport rate

(Kennedy, 1963).

Barcilon and Lau (1973) took this instability analysis and applied it to a planar slope,

developing a model for the formation of transverse sand bars on a beach. They found that

uniform longshore currents flowing over a gently sloping bed with a perturbation would cause
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Figure 2.1. Fluvial bedforms created under various flow conditions and water depths.
Tranquil flow occurs when Fr < 1 and rapid flow occurs when Fr> I (From van Rijn, 1993).
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Figure 2.3. The movement of fluvial bedforms. Ripples and dunes will migrate downcurrent
because deposition of sediment occurs on the lee side of the bedform and erosion occurs on
the stoss side. Antidunes move upcurrent because erosion occurs on the lee side and
deposition occurs on the stoss side (From van Rijn, 1993).
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a perturbation in the fluid flow whose form would be an alongshore propagating edge wave.

The feedback of the perturbed flow back into the sediment transport yields the formation of

transverse bedforrns with a spacing that depends on the inverse of the beach slope and the

square of the longshore current. Falques (1991) corrected a small error in their model to.

yield a predictive equation for transverse bar spacing, L:

L=
2jrV2

gsin/3
(2.2)

where V is the mean longshore current and /3 is the beach slope. Barcilon and Lau (1973)

also developed a predictive equation for transverse bar growth rates, a:

a = lVk2 sinkS
COS /3

sin(13 0)
(2.3)

where / is an empirical constant of proportionality between the sediment flux and some

power of the velocity, S is an empirical lag distance between the sediment transport and the

kV2
flow, and sine = -; k is the wave number, or 2,r/L (Falques, 1991).

g

The Barcilon and Lau (1973) model for transverse bar formation assumes a planar,

gently sloping beach, uniform longshore currents flowing parallel to the shore, and no wave

effects. Even though the foreshore at Duck is fairly steep, the beach is barred, and longshore

currents are not cross-shore uniform, this mechanism for transverse bar formation is a

plausible one. The trough at Duck is similar in morphology to a river with the steep

foreshore being one bank and the longshore bar being the other. Longshore currents are

often strong in the nearshore and could potentially be the cause for transverse bar formation.

Typical Froude numbers in the trough are 0.1 to 0.2 (for a water depth of 2 m and current

velocities of 0.5 - 1.0 mIs). The hypothesis that trough bars at Duck are formed by

longshore currents will be tested and their spacings will be compared with spacings calculated

using the predictive equation from Barcilon and Lau (1973) and Falques (1991) (Equation

2.2).
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CHAPTER 3: DATA SET AND METHODS

3.1 The Argus Data Set

The data set used to study the transverse sand bars is a collection of time exposure

video images taken over a 10year period at the U.S. Army Corps of Engineers (USACE)

Field Research Facility (FRF) at Duck, North Carolina. Duck is a dunebacked beach located

on the barrier islands of the Outer Banks. It is an intermediate energy beach with an inner

longshore bar located about 125 m offshore and an outer bar located 300-600 m from the

shoreline. The mean tidal range is 0.97 m and the mean annual significant wave height is

0.9 m (Birkemeier, 1985).

The first time exposure image of the nearshore region at Duck was taken in 1985

using a 35 mm camera mounted on a 14 m high scaffolding built on the dune crest (Holman

and Lippmann, 1987). In a simple snapshot, breaking waves are seen as the discontinuous

foam associated with individual breaker crests, whereas in time exposure images, the

integrated effect of the breaking waves yields a smooth white band (Figure 1.8). Because

waves preferentially break in shallow water, these patterns of wave breaking indicate shallow

bathymetric regions such as the shoreline or a submerged sand bar (Holman and Lippmann,

1987). Holman and Lippmann (1987) compared the cross-shore location of the longshore

bar, as determined by the location of the image intensity maximum in time exposure images,

with the location of the bar determined from a bathymetric survey of the same region. They

found excellent agreement between the two, demonstrating that the white bands in the time

exposure images provide a useful proxy for the submerged bar crest location (Holman and

Lippmann, 1987). Thus, time exposure images provide a low-cost yet powerful tool for

studying morphology in the nearshore region.
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From 1986 1992, one time exposure image was taken daily at Duck. In 1993, this

process was automated through the installation of an Argus Station atop a 43 m tower at the

FRF. An Argus station is a video camera attached to an image processor in a small computer.

The Argus station is programmed to automatically collect both a snapshot and a ten-minute

time exposure of the nearshore region each daylight hour. Since the Argus station was

installed in 1993, over 20,000 time exposure images of the nearshore have been collected.

These images, along with the daily time exposure images taken from 1986 1992, yield a

data set of over 22,000 images that can be used to study the nearshore morphology at Duck.

The capabilities of the Argus station at Duck have gradually been expanded to include

eight cameras, each collecting images having different views of the nearshore. The system

includes three northward facing cameras and three southward facing cameras. Two of the

cameras (one northward and one southward facing) have zoom lenses so that features greater

than 2 km away from the camera can be resolved. There is one camera that faces directly

offshore and two others that provide overlap to the northeast and southeast. Together, the

views from these cameras can be merged, using techniques described below, to provide a full

180° view from north to south (Figure 3.1). Thus, nearshore morphology over a 3 km

alongshore region may be remotely studied with this station. The focus of this work will be

on the original camera (cO) view (Figure 1 .8a) for which long term data are available.

The coordinate system for the study area is such that positive x extends offshore

while y is alongshore, positive to the north, with the FRF's research pier being located at

approximately y = 515 m. The shoreline is located at approximately x = 100 m and the

Argus camera is located north of the pier at x = 33 m and y = 586 m (Figure 3.2). The field

of view of camera cO is approximately 30°, encompassing a region from the dunes to

approximately 800 m offshore.
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Figure 3.1. Plan view (a) and panoramic view (b) of the nearshore region at Duck obtained
with the eight-camera Argus Station.
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Figure 3.2. Study area at Duck, NC showing the location of the Argus Station (video tower
at x = 33 m and y = 586 m), 8 m array, and gauge 3419. Note a second video tower located
at approximately x = 30 m and y = 50 m.
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The coordinate system for the images counts pixels (picture elements) from the

upper left-hand corner with the vertical and horizontal axes being termed V and U,

respectively. The oblique time exposure images from the pre-1993 Argus station consist of

480 pixels (picture elements) in the vertical and 512 pixels in the horizontal. Images

collected after the Argus system was installed in 1993 are made up of 480 x 640 pixels.

Any point or set of points on an oblique image can be transformed from their 2-D

image coordinates (U and V) to 2-D horizontal realworld coordinates (x and y) if all points

are assumed to lie on a horizontal plane whose elevation, z, is assumed to correspond to sea

level at the particular stage of the tide. The transformation is done using standard

photogrammetric techniques that involve the description of the physical characteristics of

the camera and the geometric description of the position and orientation of the camera

relative to the coordinate system (Holland, 1997). Plan views, or rectified images, can be

created, actual length scales of morphologic features can be measured from these

rectifications (Figure 3.3).

The horizontal spatial resolution (r and r) of a single pixel in the images depends on

the distance from the camera, R, the horizontal field of view of the camera lens (in radians),

6, and the camera tilt, r (Holman, et al., 1991):

and
640

r r tanr

Because pixel resolution degrades with increasing distance from the camera, the study area for

the transverse bars is limited to that region for which resolution is better than that required to

sample the features of interest. The crossshore study area for the trough bars extends from

the shoreline to approximately 150 m offshore (x = 250 m). The chosen alongshore study
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Figure 3.3. (a). Oblique time exposure image from Duck. Box shows area rectified in (b).

(b). Rectification of boxed area in (a). Measurements of features can be made manually
from the rectified image.

area is from y = 700 1300 m (100 700 m from the camera) (Figure 3.4). Longshore

pixel resolution for the trough bar study area ranges from 0.5 rn/pixel to approximately 10

m/pixel (Figure 3.5). Since the coarsest resolution in this area is 10 rn/pixel, the minimum

length scale that can be resolved is 20 m. Because the mean spacing between trough bars is
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Figure 3.4. Study area for trough transverse bars. The cross-shore study area extends from
the shoreline to x = 250 m. The alongshore study area extends from y = 700 - 1300 m.
(a). Oblique time exposure image with trough bar study area in box. (b). Rectification of
trough bar study area.
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Figure 3.5. Cross-shore and longshore pixel resolution for camera cO, the northward-facing
camera used in this study. (a). Cross-shore pixel resolution ranges from 0.5-2 rn/pixel in the
trough bar study area and 2-8 rn/pixel in the offshore bar study area. (b). Longshore pixel
resolution ranges from 0.5-10 rn/pixel in the trough bar study area and 2-30 rn/pixel in the
offshore bar study area.



79 m (see Chapter 4), these features can be easily resolved. Crossshore pixel resolution

ranges from 0.5 rn/pixel to 2 rn/pixel (Figure 3.5).

The study area for offshore bars extends from the longshore bar to x5 00 m in the

cross-shore (400 m from the shoreline). In the longshore, it spans 900 m: from y = 900

1800 rn (300 1200 m from the camera) (Figure 3.6). For the offshore bars, longshore

pixel resolution in the study area ranges from 2 rn/pixel to 30 m/pixel. The coarsest

resolution allows a minimum length scale of 60 m to be resolved. Mean longshore length

spacing for the offshore bars is 172 m (Chapter 4), so they are easily resolved up to 1200 rn

from the camera. Crossshore resolution for the offshore bars ranges from 2 m/pixel to

8 rn/pixel (Figure 3.5).

Pixel intensity ranges from 0 255, where 0 indicates black and 255 indicates white.

Shallow bathymetric features are expected to have relatively high intensity values because of

preferential wave breaking over them. To extract intensity data from an image, the

horizontal coordinates for the transect, [x1, y,], are determined at the tidal elevation, Z = Ztide.

Using photogrammetric transformations, x,
andy1
are mapped to images coordinates [U,, V,II,

and corresponding intensities, I,, are extracted. For example, Figure 3.8a shows a cross-shore

transect along which intensity data were collected (y, = 1000 m and x = 180 - 275 m).

Plotting x versus I, allows identification of the longshore bar location at x = 230 m (Figure

3.7b).

The data set of time exposure images is immense, with over 14,000 hourly images

collected from camera cO just in the four years from 1993 1996. In order to simplify

image analysis, a representative image was created for each day. These representative

images, called "daytimexes", are averages of all the time exposure images for a day, and are

created in a four-step process (Figure 3.8). First, the contrast for each image was stretched to



250

300

350

400

450

b)

39

a)

900 1000 1100 1200 1300 1400 1500 1600 1700 1800

y(m)

Figure 3.6. Study area for offshore bars. The cross-shore study area extends from the
longshore bar to x = 500 m. The alongshore study area extends from y = 900 - 1800 m.
(a). Oblique time exposure image with offshore bar study area in box. (b). Rectification of
offshore bar study area.
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Figure 3.7. Pixel intensity can be extracted from transects on time exposure images to
document the presence and location of bathymetric features. (a). Oblique time exposure
image with cross-shore line along which intensity data were collected. (b). Intensity data
from transect in a). High intensity indicates shallow bathymetric features such as the
longshore bar crest.
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Figure 3.8. Creation of a "daytimex" image, a representative image for a day.
(a) (d). Ten-minute time exposure images from December 30, 1994. (e). Daytimex created
from (a) - (d) and 6 other 10-minute time exposure images from that day.
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a maximum dynamic range. Second, the average intensity for each pixel was calculated.

Next, the contrast of the average image was stretched, and finally, a standard gamma

correction was applied to improve contrast at low brightnesses (Stanley, personal

communication, 1998). By using the daytimexes to study the transverse sand bars and

determine their statistics, the number of images to analyze was decreased by an order of

magnitude. The hourly time exposure images were utilized to quantify the movement of the

bars.

3.2 Ground Truth Measurements of Transverse Bars

In order to verify that the white transverse bands located in the trough were indeed

bathymetric features and not an artifact of the image processing or simply a chance

concentration of foam on the surface of the water, bathymetric surveys were conducted by

the USACE scientists using the Coastal Research Amphibious Buggy (CRAB). The CRAB, a

10.6 m high powered tripod, was developed in 1978 as a tool for collecting accurate

nearshore bathymetric data. It is equipped with a Global Positioning System, and can conduct

surveys in up to 9 m water depth by simply driving offshore in a series of transects

(Birkemeier, 1984). Survey data are considered to be accurate to +1- 2.5 cm in the vertical

(Clausner, 1986).

Transverse streaks, observed in the trough in the time exposure images on July 18,

1995, October 8, 1996, and March 25, 1997, triggered requests for bathymetric survey data

for ground truth. CRAB surveys were conducted in the trough on July 18, 1995, October 10,

1996, and March 26, 1997. The July 1995 survey included two alongshore lines (from y =

850 m to y = 1100 ) located at x = 160 m and x = 190 m (30 and 60 m from the shoreline).

These survey lines clearly showed the existence of bathymetric ridges in the trough and were

quantitatively compared with intensity data from a corresponding alongshore line.
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Comparison of the CRAB survey data with intensity data taken over the same longshore span

but at x = 140 m to avoid contamination by breaking over the longshore bar, showed

correspondence between the bathymetric and intensity signals (Figure 3.9). Thus, the survey

confirmed that the white bands in the video images correspond to bathymetric ridges, or

transverse sand bars, with a relief of 0.3 0.5 m.

CRAB data from both the October 10, 1996 and March 26, 1997 surveys also

revealed transverse ridges in the trough with reliefs of 0.5 m. Since wave height was too low

to reveal bathymetric features on October 10, and image quality was poor on March 26,

intensity data from one and two days prior to the surveys, respectively, were compared with

the bathymetric data. Intensity peaks on October 8, 1996 corresponded to the bathymetric

peaks on October 10, 1996. Intensity peaks were also observed on March 25, 1997.

However, these peaks were offset approximately 25 m to the north of the transverse ridges,

suggesting the transverse bars shifted to the south from March 25 - 26, 1997.

3.3 Statistical and Kinematic Analyses ofImage Data

Analyses were conducted on the time exposure image data set from 1987 - 1996 to

determine the statistics and kinematics for both trough and offshore transverse bars. The

statistics included the frequency of occurrence of the bars and their length scales. In addition,

the movement of bars in the longshore was studied.

3.3.1 Statistical Analysis Concerns

There were several problems associated with this remote sensing technique that had

to be taken into account when analyzing the time exposure images. These included: adverse

weather conditions such as rain or fog, gaps in the image data set, a lack of wave breaking,
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Figure 3.9. (a). Time exposure image from July 1995 showing trough transverse bars and
transects along which CRAB survey data (+) and intensity data (-) were collected. CRAB data
were collected at x = 160 m and intensity data were collected at x = 140 m. (b). Plot of
CRAB survey data (+) and intensity data (-) versus alongshore position. This plot shows
bathymetric highs where intensity highs are located and bathymetric lows where intensity
lows are located, confirming that the transverse streaks in the image are true bathymetric
features having a typical relief of 0.3 0.5 m.
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and complexity in the nearshore bar system. Each of these are discussed below.

There were several time periods within the 10 years that were not included in the

statistics because no images were available due to equipment failure. Images were unavailable

for the time periods of June August, 1989 and August December, 1992 simply because no

data were collected at those times. There were also times when the nearshore bathymetry

was too complex to analyze the transverse bars, usually due to the presence of a low tide

terrace or a very complex trough region (Figure 3.10). The time periods that were not

included in the statistics because the bathymetry was too complex to analyze were: June

September, 1987, August, 1988, September December, 1989, and September December,

1996. These causes lead to a reduction from 120 months of data for the 10 year period, to

99 months and a total of 3011 daily images.

In addition, images were only useful if there was adequate wave the bars.

If waves were not breaking, bathymetry could not be detected in the images. Additionally, if

waves were extremely high on a given day, so much breaking was seen in the time exposure

image that transverse bars could not be resolved (Figure 3.1 1). In order to account for this

problem, minimum and maximum wave height criteria were determined as follows.

To determine acceptable wave heights, images from 1994 were viewed and rated

subjectively on a scale of 0 3, depending on the amount of wave breaking. A 0 indicated

that there was no wave breaking over the longshore bar, while a rating of 1 indicated slight

breaking along the bar. A rating of 2 indicated that waves were breaking all along the

longshore bar, and transverse bars could clearly be detected in the image if present. A rating

of 3 indicated that there was so much breaking, that transverse bars could not be visually

detected in the images. Mean significant wave heights (measured in 8 m water depth) were

calculated for all days of each rating (Figure 3.12). Mean wave height for days that received



Figure 3.10. Complex nearshore bathymetry that made identification of transverse bars
difficult. (a). Complex bar and trough region. (b) and (c). Low tide terraces.



Figure 3.11. Low and high wave heights made identification of transverse bars difficult.
(a). Low wave height: no waves are breaking on the longshore bar. Wave breaking rating = 0.
(b). High wave height: waves are breaking all along the longshore bar, in the trough, and
seaward of the bar. Wave breaking rating = 3.



a rating of 2 was 1.24 m, and the range was 0.58-2.24 m. Mean wave height was 0.72 m

and 2.76 m for days that were rated 1 and 3, respectively. Since transverse bars were

best detected in images that were rated a two (clear breaking over the shore-parallel bar), the

acceptable wave height to be able to resolve offshore transverse bars was chosen to be

between 1 and 2 meters.

3,
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wave breaking ratings

Figure 3.12. Mean wave heights for each of the 4 wave breaking ratings. These ratings were
used to determine the minimum and maximum breaking criteria for acceptable images.
Vertical bars indicate +1- 1 standard deviation.

Since trough bars were located in shallow water, they could be detected in the video

images when waves were not high enough to be breaking all along the longshore bar. A

similar comparison between time exposure images and wave height data for the trough bars
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showed that features were visible when wave height was greater than 0.5 m. Therefore, the

acceptable range of wave heights for trough bars was 0.5 2.0 m.

Another potential problem, which would be true for any method of feature detection,

was the task of distinguishing transverse bars from other features in the nearshore that were

also oriented perpendicular to the shoreline. These other features included crescentic or

irregular longshore bars, and beach cusps. A crescentic longshore bar was sometimes present

at Duck, and at times, parts of this bar welded to the beach. During high tide or periods of

low wave height, waves did not always break along the entire bar, but only broke along the

sections of it that were perpendicular to the shoreline (Figure 3.13). At first glance, these

features might have appeared to be transverse bars. However, the longshore spacing of the

crescentic bar horns is larger than that of the trough bars, and transverse bars have an image

signature that is more slim than that for crescentic bar horns. Also, if images in which tide

wave conditions changed were viewed over several hours or days, the whole

crescentic bar would be seen, making it evident that the features were not transverse bars.

Another feature that could have been confused with the trough bars was beach cusps,

since they, too, are features located at the shoreline. However, cusps and transverse bars

each have characteristics that made them distinguishable from one another. Beach cusps are

confined to the shoreline and do not extend far offshore. Trough bars, on the other hand,

can extend far from the shoreline, well into the trough. Additionally, the cusps had a strong

intensity signal in the swash zone (Figure 3.14) while the trough bars generally did not.

The final problem when using this data set was the subjectivity of viewing the images.

Although transverse bars could be visually picked out of the images, this method alone would

have led to subjectivity in the data set. In order to objectively determine the frequency of

occurrence of the bars, a twostep method was developed. The first step was a subjective
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Figure 3.13. Crescentic longshore bar horns that could have been mistaken for trough bars.
(a). At high tide or on low wave height days, the bar horns appear to be trough bars.
(b). At low tide or on higher wave height days (in this case, 3 hours later than the image in
(a)), more of the crescentic bar is seen, making it evident that these are not trough bars.
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Figure 3.14. Beach cusps that could have been mistaken for trough bars. However, unlike
trough bars, cusps have a strong signal in the swash zone, and they do not extend far into the
trough.
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method to exclude images for which no possible transverse bar signature was seen. The

remaining images were considered candidate images. A computer-based objective test was

then run on the candidate images to finally determine transverse bar presence and location.

3.3.2 Choosing Candidate Images

The candidate images for the 10 year period were chosen by a subjective process that

involved the visual determination of transverse bar presence. Each of the daily time

exposure images was viewed and subjectively rated on a scale of 0 5 based on the presence

or absence of transverse bars. A rating of 0 was given if there was no indication of transverse

bars and a rating of 5 indicated a clear signature of multiple transverse bars. Examples of

images that were given ratings of 1, 3, and 5 are shown in Figure 3.15.

The images were rated in a random order to avoid biases that occur when

viewing several months of images in a row. Care was taken while rating the images to make

certain that neither the crescentic longshore bar nor beach cusps were classified as transverse

bars. Once all of the images were rated for the 10 year period, candidate images were chosen

as the images that received a rating of two or greater.

3.3.3 An Objective Test To Determine Transverse Bar Statistics

In order to objectively determine days on which transverse bars were present, a

computer-based objective test was developed to automatically pick out both the trough and

offshore transverse sand bars from the candidate images. The basis for the test was an

objective analysis of image intensity variations along a longshore transect taken at a specific

distance seaward of the shoreline or inner bar. Intensity peaks that met a pre-determined set

of criteria were classified as transverse bars.
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Figure 3.15. Examples of ratings given to images during the subjective process to determine
candidate images. (a). Trough bars received a rating of 1. (Li). Offshore bars received a rating
of 3. (c). Trough bars received a rating of 5.
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The first step in creating the objective test was determining the offshore location at

which the intensity transects should be sampled. For trough bars, this crossshore location

was chosen as 25 m from the shoreline, far enough offshore from the shoreline to not pick

up the signal of beach cusps, yet close enough to the shore to still be able to detect the trough

bars. The crossshore location to be searched for offshore bars was chosen as 100 m seaward

of the longshore bar for similar reasons.

In order to find these locations, the position of the shoreline and bar had to first be

known. Automated detection of the shoreline and inner bar crest location was based on an

algorithm developed by Plant and Holman (1997). The algorithm used a longshore-stepping

search pattern and modeled the shoreline or bar crest intensity maximum in terms of a local

parabolic function to reduce sensitivity to noise (Figure 3.16). Shoreline and longshore bar

locations were found for each day over the 10 year period. From these positions, the U and

V image coordinates for the shoreline and bar were transformed into corresponding

horizontal positions, x and y. The mean shoreline and bar for each week, (y), was then

calculated and smoothed in the longshore to remove noise that was of a scale smaller than

90 m (beach cusps, etc.).

From these low pass shoreline and bar crest locations, pixel intensity data, 1(y), were

extracted along transects corresponding to 25 and 100 m seaward offsets (x25 and x100) for

trough and offshore bars, respectively. The results of each intensity transect, I(y1,t), were

then combined into a timestack to view the variability of transverse bars over time. While

1(y) can be plotted as its numerical values (Figure 3.1 7b), it is more effective to view a row

in intensity as an image (Figure 3.17c). The timestack format allows for easy observation of

transverse bars over time (Figure 3.18).



Figure 3.16. Automatic identification of the shoreline (+) as the line of maximum intensity
determined using an algorithm developed by Plant and Holman (1997).
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Figure 3.17. (a). Time exposure image from November 27, 1994. Line in the trough is the
transect along which intensity data were collected. Transverse bars are evident in the trough.
(b). Intensity data from along line in (a). Intensity peaks correspond to trough bars.
(c). Slice of image along line in (a) represented by shading. Bright white bands are trough
bars.
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Figure 3.18. Timestack from November 23 - December 4, 1994. Image slices along line in
Figure 3.17(a) were taken for many images each day. Vertical white bands in the timestack
are trough transverse bars.



Timestacks for the trough and offshore bars were processed for all months within the

10 years that had candidate images. The timestacks were created from all days of acceptable

data (sufficient image quality and wave conditions) for those months. Timestacks from 1987

1992 were made from daily images while timestacks from 1993 - 1996 were created with

hourly images. The trough timestacks spanned the alongshore region y = 700 1300 m and

offshore timestacks spanned the region y = 900 1800 m. Areas in the longshore for which

no data were available because the shoreline or bar did not extend the length of the study

area, were included as black regions, or 'not-a-number' values, in the timestacks.

Variations in lighting and weather conditions tend to obscure raw timestack data.

Normalized transects, I'(y ,t3), were computed by subtracting the minimum from each image

slice and then dividing those values by the range of that slice:

I'(y1,t) = [I(y1,t1) rnin(I(y,t))]Irange(I(y,t)) (3.1)

The normalized slices were then detrended without removing the mean, and a new timestack,

I(y,t), was created (Figure 3.19). This process was usually effective in bringing out the

transverse bars against the background noise.

As a final check against image contamination, the alongshore transects, x25 and x1,

were drawn on each of the oblique candidate images, and the images were viewed again to

remove those in which the transect crossed rain or dirt on the camera, or intersected with

complex bathymetry. For example, for several months, the longshore bar was crescentic and

welded to the shoreline (Figure 3.13). If x25 crossed the crescentic bar horns, the image was

removed from the suite of candidates because the crescentic bar could be mistaken for a

transverse bar. The images were also checked again to ensure that beach cusps were not

chosen as candidate bars. If longshore variability in an image seemed to be primarily a

shoreline cusp signal, that image was removed from the data set.
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Figure 3.19. Example of a timestack used to study transverse bar position and movement.
(a). Raw timestack data extracted from oblique time exposure images. (1'). Raw data has been
normalized and detrended to bring out transverse bars against background noise.



An objective test for the presence and location of transverse bars was developed based

on criteria developed by examining candidate images from 1994. For trough bars, 57 images

were used to determine these criteria, and for offshore bars, 61 images were used. The test

was refined by running it on images from 1995 and 1996.

The definition of a transverse bar intensity signal took into account three

characteristics of the signal obtained from the alongshore transects: the wavelength of the

signal, L and L, for trough and offshore bars, respectively, the intensity values of local

peaks,
'peak'

and the alongshore width of the peaks, wy,. Intensity transects were first band-

pass filtered to remove both high frequency noise (including cusps) and low frequency

shoreline trends. For trough bars, filter parameters were chosen to filter out features with

20> L', > 120 m, and for offshore bars filter parameters were chosen to filter out features

with 100 > L° > 200 m. The remaining wavelengths were considered as potential transverse

bars (Figure 3.20).

Once the data were filtered, 1, the intensity peaks, Ieak' along the transect were

located. These peaks were considered as potential transverse bars only if

1;eak > (<
1* > +0.50.*)

where <1* > was the mean intensity of and a* was the standard deviation of This

minimum value for 'jeak
was the same for both the trough and offshore bars.

Finally, the alongshore width of the intensity peak from one zero-crossing to the

next, WY, had to be shorter than a certain value in order for the features to be considered

transverse sand bars (Figure 3.20). At times, wide patches of sand were found in the trough.

These features did not visually appear to be transverse bars, yet 1,eak
was high enough for



r

115

110

105

100

95

0(1

10

5

*

-5

_1f1

I I
I I

Raw Data
Filtered Data

50 800 850 900 950 1000 1050 1100

.: _.7
. Filtered Data/ Mean- - - <l*>+O.5std

* Transverse Bars

I I
___I I

I

750 800 850 900 950 1000 1050 1100

alongshore position (m)

Figure 3.20. Objective test used to determine transverse bar presence and location.
(a). Band pass of 1(y) from a transect in the trough on December 14, 1988 used to isolate

trough bar wavelengths. (b). Peaks along the filtered data, 1*, were chosen as trough bars.

them to be chosen as transverse bars. In order to avoid having these larger features chosen as

transverse bars, the following criteria had to be met:

For trough bars: w, <70 m, and

For offshore bar: w <100 m.

If these criteria were met for any peak in intensity along x25 or x , that peak was chosen

as a transverse sand bar. This procedure yielded a time series of transverse bar presence and
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alongshore location for the 10 years of image data. Statistics on the frequency of occurrence

of the bars were calculated using the results from this test.

3.3.4 Transverse Sand Bar Length Scales

The longshore and cross-shore length scales of the transverse bars were determined.

Bar spacing, or wavelength, L, was calculated by subtracting the distance between

consecutive intensity peaks chosen during the objective test. Cross-shore lengths, L, of the

bars were determined by manual measurements made from rectified images. L was measured

along the bar axis, and was taken as the length from the most seaward limit of visible

shoreline or longshore bar to the farthest offshore location where a noticeable change in

intensity between the transverse bar and the water was identified.

3.4 Estimation ofWave and Current Forcing

Offshore wave data, collected from permanently-installed FRF gauges, were available

for the entire study period. One set of gauges was the 8 meter array, a set of fifteen pressure

gauges located in 8 m water depth, centered at x = 914 m and y = 825 m (Figure 3.2).

Significant wave height, H8, wave period, T, and wave direction data were collected from this

gauge every three hours.

Longshore current data, needed to test the instability mechanism of Barcilon and Lau

(1973), were only available during the limited times of the Duck94 (September November

1994) and SandyDuck (September November 1997) field experiments (6 months of data).

For the remainder of the 10 year data set, longshore currents had to be estimated based on

offshore wave conditions. The wave data from the 8 m array were used to calculate a proxy



for longshore currents at the mid-surf position, j2, based on the assumptions of a plane beach

with no alongshore variation and negligible wind effects (Komar, 1979, as referenced in

Komar, 1998):

V = 1.17gH,. sinabcosczb (3.2)

where g is the gravitational acceleration, 1jb is the root-mean-square height of the breaking

waves, and a, is the angle of the breaking waves.

In order to calculate the height of the breaking waves, deep water wave height must

hi h 1

be known. A water depth is considered "deep" when - > - and "shallow" when < -,
L 4 20

where h is the depth and L, is the deep water wavelength. At Duck, 8 meters is often an

intermediate depth (.is typically 0.08).

Since the energy flux of waves is conserved outside the surf zone, the ratio of the

wave height in 8 m depth, H8, to the wave height in deep water, can be found. The

energy density of a wave, E, or the total energy per unit length of a wave crest can be

calculated as

E = pgH2 (3.3)

where p is the density of water and H is the wave height. As waves shoal, the energy flux, P,

(the rate at which the energy density is carried by the waves) remains approximately

constant (Komar, 1998):

P = (ECns)8 = (ECns), (3.4)



where (ECns)8 are the values in 8 m water depth and (ECns),,, are the values in deep water.

C is the wave phase speed, n = +
2kh

1 k is the wave number, or 2/L, and
2 L sinh(2kh)]

s,,, cosa,,,- = , where a,,, and a8 are the wave angles in deep water and 8 m water depth,
s8 cosa8

respectively (Komar, 1998). H,,, can then be calculated as:

where

and

H,,=
H8

(3.5)
Lr 1 ][cosaoo1Y2

c8 cosa8]

(3.6)
2

gT 12jvh= tanhi I (3.7)
2ir C8T)

(calculated by iteration). a8 is obtained directly from the 8 m array and a,, can be

calculated using Snell's Law of refraction:

sin a,,, sin a8
= constant (3.8)

C8

Finally, the breaking wave height can be determined using an equation by Komar and Gaughin

(1972, as referenced in Komar, 1998):

Hb = O.39g(TH,2,) (3.9).

Equation 3.2 was used to calculate the longshore current proxy for October and

November, 1994. These proxy currents were compared with insitu current data collected

from gauge 3419, located just inside of the longshore bar at y = 810 m and x = 185 m (Baron,

personal communication, 1996) (Figure 3.2). The proxy data generally compared well



65

(Figure 3.21) for the two months despite considerable complication of this site compared to

the theoretical assumptions. This method of calculated surf zone longshore currents allows

the hypothesis of bar formation by longshore currents to be tested beyond the limited time of

actual current measurements.

It is clear that the assumptions inherent in Equation 2.2 are usually not valid for

Duck. In particular, the presence of a sand bar and the common occurrence of longshore

variability introduce complexity, which is not contained in the equation (and for which

models do not yet exist). Nevertheless it has been shown that longshore currents at Duck are

driven primarily by oblique incidence (Feddersen, 1996) for which Equation 3.2 will provide a

proxy which is sensible, if not accurate.
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Figure 3.21. Plots of measured longshore currents from gauge 3419 (o), and longshore
currents calculated using Equation 3.2 (+) for October 1994 (a) and November 1994 (b).



CHAPTER 4: RESULTS

4.1 Transverse Sand Bar Statistics

Statistics were calculated for both trough and offshore transverse sand bars at Duck.

The statistics were calculated for the 10 years of image data, 1987 - 1996, and included the

percentage of time over the years that bars were present, the frequency of occurrence of the

bars for each year, and the frequency of occurrence of the bars for each month. The

longshore and cross-shore length scales of the bars were calculated as well.

4.1.1 Transverse Bar Presence

The objective test yielded a time series of trough and offshore transverse sand bar

presence and location over the 10 years. The results of this test are shown in Figures 4.1 and

4.2. Trough bars were observed 156 days out of the 1477 days of acceptable data for the 10

years, resulting in trough bar presence 10% of the time. Offshore bars were observed 107

days out of 484 days of good data, resulting in offshore bar presence 22% of the time during

the 10 years. One to four trough bars were present in the study area at any given time and 1

to 4 offshore bars were present as well.

Statistics on the frequency of occurrence of transverse bars for each of the 10 years

were calculated. The objective test yielded the number of days for each year that

trough, NbS (year), and offshore, N
o°bs

(year), bars were present. Since these results depended

on the number of days for which good data were available in a year, N images , a normalized

annual statistic was found as Nr (year) for trough bars and N (year) for offshore bars:

Nyr(year)
N05(year) * N (4.1)

Nimages (year)
days-in-year
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Figure 4.1. Results from the trough bar objective test. Trough bar position is indicated
by (*). Line around data points shows extent of region sampled.
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Figure 4.2. Results from the offshore bar objective test. Offshore bar position is indicated
by (*). Line around data points shows extent of region sampled.



where N was the number of days in the year (365 or 366 days).daysinyear

Annual frequency of occurrence statistics for trough and offshore bars are summarized

in Tables 4.1 and 4.2. The number of days on which transverse bars appeared in the video

images varied greatly over the 10 years (Figure 4.3). Trough bars appeared on as few as 10

days in a year (1990) to as many as 74 days (1994). The range of occurrences for offshore

bars was even greater, with a minimum of 15 days of occurrences in 1989 and a maximum of

167 days in 1994. The mean number of days trough and offshore bars appeared in a year,

<Nr> and <N >, was 39 and 73 days, respectively. From 1987 - 1989, trough bars were

more common than offshore bars, and from 1990 1996, offshore bars appeared more

frequently than trough bars. Both trough and offshore bars had their maximum number of

occurrences in 1994.

From 1987 1993 (7 years), N,. and N° appeared to be inversely correlated. When

N increased from one year to the next, N° decreased. From 1993 1995, however, both

trough and offshore bars followed the same trend. There was a sharp increase in both Nr

and Ny°r from 1993 1994. Then, from 1994 - 1995, there was a sharp decrease in the

presence of both sets of bars.

Monthly statistics were also calculated to determine whether there was a seasonal

variability in transverse bar presence. The total number of days for all years on which trough

and offshore bars were present for each month, Nb5(month) and N5(month), respectively,

were calculated from the objective test results. These totals were then normalized by the

number of days for which good data were available, N
images

(month), and the mean number of

days bars were present for each month was found:
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# Days of
Acceptable 95 81 80 187 204 116 157 216 211 130

Data

NbS(year) 9 13 14 5 31 8 17 44 10 5

Nr 35 59 64 10 55 25 40 74 17 14

Table 4.1 Annual frequency of occurrence statistics for trough bars. NbS (year) is the
number of days trough bars were present for each year, as determined by the objective test.
N,r is the normalized number of days trough bars were present.

# Days of
Acceptable 46 22 24 63 62 36 38 70 80 43

Data

NbS(year) 3 1 1 18 12 11 10 32 10 9

Nr 24 17 15 104 70 112 96 167 45 77

Table 4.2 Annual frequency of occurrence statistics for offshore bars. NbS(year) is the
number of days offshore bars were present for each year, as determined by the objective test.
N°,. is the normalized number of days offshore bars were present.
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Figure 4.3. Normalized frequency of occurrence statistics for each of the 10 years for trough
and offshore bars. The mean number of days trough and offshore bars were present was 39
and 73, respectively.

<Nmonth
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where Nys_ifl_mOflth was the total number of days for each month for all years (i.e., for the

January statistic: Ndays_in_month = 31 days/year * 10 years = 310 days).

Monthly frequency of occurrence statistics for both trough and offshore bars are
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summarized in Tables 4.3 and 4.4. Seasonal variations in transverse bar occurrence were

determined by plotting the mean normalized number of occurrences for each month over the

10 years, <Nmonth > (month) (Figure 4.4). The existence of trough bars varied with the

seasons. They were present more frequently in the winter months, with bars occurring most

often in November and December
(<N,0

>= 3.7 and <Nec >= 3.9). Offshore bar

occurrence did not seem to depend on the seasons since <N,Oflth> peaked in March, August,

and again in November.

4.1.2 Bar Length Scales

The alongshore spacings (wavelengths) of the trough and offshore bars were

calculated for the decade using the results from the objective test. Neither the trough nor the

offshore bars were regularly spaced in the longshore. The offshore bars were a much larger

feature than the trough bars: their mean longshore wavelength, <L > was 172 m, while the

mean spacing for trough bars, <L > was determined to be 79 m (Figure 4.5). The range of

spacings was quite large for both trough and offshore bars. The minimum spacing for trough

bars was 12 m and the maximum was 179 m. The minimum offshore bar spacing was found

to be 22 m while the maximum was 358 m.

Estimations of the cross-shore lengths, L, of trough and offshore bars were made

using rectified images. Trough bars were found to extend 10 55 m from the shoreline (more

than half way across the trough) (Figure 4.6) while offshore bars were found to extend 200 m

from the longshore bar (Figure 4.7). These measurements of L derived from video images,

are most likely under-estimates of actual cross-shore lengths since they correspond only to

the lengths over which a visible breaking signature was observed. Trough bars may extend
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Month # Days of

Acceptable Data
NbS (month) <Nflth>

January 243 22 2.8

February 204 21 2.9

March 235 20 2.6

April 225 20 2.6

May 196 10 1.6

June 149 8 1.6

July 81 2 0.8

August 102 2 0.6

September 148 8 1.6

October 170 5 0.9

November 153 19 3.7

December 175 22 3.9

Table 4.3 Monthly frequency of occurrence statistics for trough bars. NbS (month) is the

total number of days trough bars were present for each month during the 10 years, as
determined by the objective test. <Nomh> is the mean number of days trough bars were

present, normalized by the number of days of acceptable data.
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Month # Days of
Acceptable Data

(month) <N,Oflfh>

January 122 11 2.8

February 103 14 3.8

March 127 21 5.1

April 90 6 2.0

May 83 7 2.6

June 49 4 2.4

July 43 6 4.3

August 148 9 5.8

September 89 6 2.0

October 66 11 5.2

November 53 10 5.6

December 83 11 4.1

Table 4.4 Monthly frequency of occurrence statistics for offshore bars. N(month) is the
total number of days offshore bars were present for each month during the 10 years, as
determined by the objective test. <NOflh > is the mean number of days trough bars were
present, normalized by the number of days of acceptable data.
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Figure 4.6. Estimated cross-shore length for trough bars, L. (a). Oblique image showing

trough bars. (b). Rectification from which L was measured. Minimum L was found to
range between 10 and 55 m.
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Figure 4.7. Estimated cross-shore length for offshore bars, L. (a). Oblique image showing

offshore bars. (b). Rectification from which L° was measured. Minimum L° was
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more seaward into the trough (even all the way to the longshore bar), but waves may not be

breaking on their most seaward extent because the longshore bar could be causing a

'shadowing' effect (i.e., the waves might not reform and break again until they are part of

the way across the trough, or, depth-limited breaking over the bar crest may reduce wave

heights to less than breaking over the transverse bars). The offshore bars might also extend

farther seaward than can be measured in the images but since water depth increases offshore,

waves might not break on the most seaward end of the bars.

The alongshore locations of the transverse sand bars over the 10 year period were

documented to determine whether the bars frequently occurred in the same place. Both

trough and offshore bars did at times reappear in the same locations. Figure 4.8 shows

histograms of bar position data acquired from the objective test results for both trough and

offshore bars. The lines above the histograms are the normalized number of observations of

bar presence based on the length of the alongshore sampletransect. The normalized

statistics on bar position show that trough bar position was quite variable. Offshore bars most

frequently occurred between y = 1250 1350 m and y = 950 - 1050 m. However, overall,

offshore bar position did vary over the years (Figures 4.1 and 4.2).

4.1.3 Bar Persistence

Timestacks were used to study the persistence of transverse bar events, and to

determine first occurrences of the transverse bars. Figures 4.9 and 4.10 are timestacks of

trough and offshore bar presence, created from all days during the 10 years on which

transverse bars were present. Several segments of transverse bar events can be seen in these

figures. However, the first occurrences of the bars and the exact duration of the events are

difficult to positively identify from these timestacks because the time series are discontinuous

and much data are missing from them.
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Figure 4.8. Along shore locations of trough (a) and offshore (b) bars as determined by the
objective tests. Histograms show bar position as determined by the objective test. The lines
above the histograms are the normalized number of bar occurrences in a specific location.
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Any day chosen as a day with transverse bars had met the minimum and maximum

wave height criteria as described in Chapter 3. However, there were many images that were

not included as acceptable data because the waves were slightly smaller or larger than the

required wave height, but transverse bars might have been visible in these images. Bars might
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Figure 4.9. Timestack created for all days on which trough bars were present. Several
segments of trough bar events can be seen.
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Figure 4.10. Timestack created for all days on which offshore bars were present. Few
segments of offshore bar events can be identified.



also have been present in images that were discarded because rain was present on the camera,

or for other reasons. Since there were images with visually identifiable transverse bars that

were not subjected to the objective test, the timestacks in Figures 4.9 and 4.10 are missing

some days with transverse bars.

To determine the first occurrences of bars and the duration of bar events, the oblique

images were viewed. Exact first occurrences and event durations were still difficult to identify

simply because of changes in wave height, the evolution of the complex morphology in the

nearshore, and the growth and decay of the transverse bars themselves. The offshore bars

frequently seemed to reappear in the same location in the oblique images, adding another

difficulty to distinguishing individual events. For these reasons, no clear first occurrences of

offshore bars could be identified. However, several trough bar events were identified. Six of

them will be described in detail. These events began on April 11, 1989, December 7, 1993,

January 9, 1994, March 26, 1994, October 27, 1994, and November 24, 1994. Oblique

daytimex images for each first occurrence of bars for these events are shown in Figure 4.11.

Timestacks which show bar persistence (and only show acceptable data days) are displayed in

Figures 4.12 4.17.

The duration of the trough bar events was quite variable. They lasted from as few as

9 days in December, 1993 (Figure 4.12) and November 1994 (Figure 4.13) to as long as 3

months from March May 1994 (Figure 4.14). The April 1989, January 1994, and October

1994 events each lasted several weeks (Figures 4.15 - 4.17).

The March 1994 event might, in fact, be part of the preceding (January 1994) event.

It is also possible that the November 24 event is a part of the October 27 event, although in

order for this to be the case, the bars that appeared on November 12 would have had to shift

over 200 m to the north by November 24. It is unclear whether these are one event or two.



For the purposes of this thesis, they will be treated as separate events, as will the January 9,

1994 and March 26, 1994 events.

The number of transverse bars that were present for each event varied. One to three

bars were present during the December 1993, January 1994, March 1994, and November

1994 events. Three to five bars were present in the October 1994 event and six bars were

present during the April 1989 event (although only 2 were found in the study area).

No clear offshore bar events were identified because the bars frequently seemed to re-

appear in the same alongshore location and seemed to be the same features year after year.

Offshore bars were usually observed when significant wave heights were between 1.5 and

2.0 m. Oblique time exposure images of several offshore bar occurrences (not necessarilyfirst

occurrences) are shown in Figure 4.18. Timestacks which show the persistence of these

features can be seen in Figures 4.19 4.21.

Offshore bar persistence varied over the years just as trough bar persistence did. The

offshore bars lasted for periods of days (June 1990) (Figure 4.19) to weeks (November 1993)

(Figure 4.20) to months (August - October 1994) (Figure 4.21). The number of bars that

were present changed over time as well. Only 3 bars were observed in June 1990 while at

least 4 were present in September 1994 (Figure 4.18).

4.2 Transverse Sand Bar Kinematics

The alongshore position of the transverse bars often changed (Figures 4.1 and 4.2),

and the rate and direction of this movement was quite variable. Long term rates of

transverse bar movement (O(weeks, month, years)) could not be calculated due to the nature

of the remote sensing technique. Natural fluctuations in wave height caused the temporal
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Figure 4.12. Timestack of trough bar event beginning on December 7, 1993 and ending on
December 15. Solid white line indicates the beginning of the event.
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Figure 4.13. Timestack of trough bar event beginning on November 24, 1994, and lasting
until December 2. Solid white line indicates the beginning of the event.
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Figure 4.14. Timestack of trough bar event that lasted 3 months. The event began on
March 26, 1994. Bars could still be seen on April 8, April 23, May 3, and May 6. Solid
white line indicates the beginning of the event.
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Figure 4.15. Timestack of trough bar event which began on April 11, 1989, and ended on
April 23. Solid white line indicates the beginning of the event.
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Figure 4.16. Timestack of trough bar event that lasted for several weeks. It began on
January 9, 1994 and ended on January 29. Solid white line indicates the beginning of the
event.
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Figure 4.17. Timestack of trough bar event beginning on October 27, 1994 and ending on
November 12, 1994. Solid white line indicates the beginning of the event.
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Figure 4.18. Examples of occurrences of offshore transverse bars.
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Figure 4.19. Timestack showing offshore bar persistence for periods as short as a few days.
Timestack is from June 1990.
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Figure 4.20. Timestack showing offshore bar persistence over weeks in November 1993.
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Figure 4.21. Timestack showing offshore bar persistence over periods of months, from
August - October 1994.



sampling of bar position to contain gaps (Figure 4.21 August 8 August 23). There was no

way of knowing for sure whether the same features were being observed across these gaps.

However, movement over short time periods (O(days)) could be calculated when the

bars were visible for most of the days in the sample period. Both timestacks and the results

from the objective test were used to document bar movement over several short periods of

time. Bar movement was then compared to the magnitude and direction of the longshore

current.

Eleven distinct time periods, each lasting 1 to 3 days, were selected to document

trough bar movement. Bar position remained fairly constant, even under strong longshore

currents, during 2 of these time periods (18 % of the time). For example, from November 11

12, 1994, trough bars held a steady position under longshore currents flowing at 1.0 rn/s

(Figure 4.22). During 7 of the time periods (64 % of the time), trough bars shifted north or

south in the direction of longshore current flow. From January 9 - 10, 1994, the trough bars

moved south a distance of 15 m with the longshore current that was flowing at

approximately 0.75 rn/s. (Figure 4.23).

Trough bars moved opposite to the direction of the longshore current on one

occasion (9 % of the time). On November 29, 1994, the trough bars had to move 40 rn/day

to the south against the northward flowing longshore currents to reach their position on

November 30 (Figure 4.22). The current rnagnitudes were 0.3 0.8 rn/s during this time.

Finally, there was one time when bars moved opposite from one another under the same

current conditions. Between January 10 and 11, one trough bar rnoved 8 m north, another

moved 1 m north, and a third moved 8 rn south. During this entire time, the longshore

currents were flowing south (Figure 4.23).
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Offshore bars displayed most of the same types of movements as trough bars. Seven

time periods, each 1 3 days in duration, were used to document offshore bar movement. It

should be noted that the mid-surf proxy current may have little relevance to conditions at

these locations. Thus migration rate estimates may be of more interest by themselves than

as comparisons to longshore currents.

During one of these times (14 % of the time), bar position was fairly steady. From

October 10 12, 1994 they held a fairly constant position under longshore currents flowing

at 0.5 1.5 m/s (Figure 4.24). During 5 of these time periods (71 % of the time), offshore

bars moved in the same direction as the longshore current. Offshore bars moved 80 m in the

direction of the longshore current from November 27 - 29, 1993 (a rate of 40 rn/day).

Current magnitudes were approximately 1.0 - 1.5 rn/s (Figure 4.25). There was also one

period (14 % of the time) when offshore bar movement was anomalous. From January 27 -

28, 1994, the bars moved to the north. When the longshore current changed direction on

January 30 and began flowing south, one offshore bar moved south and another continued

moving north (Figure 4.26). Offshore bars were not observed moving opposite the longshore

current in the time periods that were examined.

4.3 The Formation of Transverse Sand Bars

To test the hypothesis that the transverse sand bars were formed by longshore

currents similar to the formation of fluvial bedforms, longshore currents for days on which

transverse bars were present were examined and compared to currents for the whole study

period. Longshore currents on the first day of the six trough bar events were examined as

well. Froude numbers in the trough were also calculated to determine if the trough bars could

be similar to fluvial features predicted by the Froude number. Finally, bar spacings
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Figure 4.22. Proxy longshore current data (left) and timestack (right) for trough bars in
November 1994. Positive currents indicate flow to the south and negative currents indicate
flow to the north. Asterisks (*) on timestack indicate direction of current flow. Bar position
remained constant from November 11 - 12 while the longshore current was flowing at a rate
of 1.0 rn/s. On November 29, the bars moved against the current at a rate of 40 m/day. The
current was flowing between 0.3 and 0.8 m/s.
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Figure 4.23. Proxy longshore current data (left) and time stack (right) for trough bars in
January 1994. Positive currents indicate flow to the south and negative currents indicate
flow to the north. Asterisks (*) on timestack indicate direction of current flow. The bars
moved 15 m in the same direction as the longshore current from January 9 - 10. The current
was flowing at a rate of 0.75 m/s. Between January 10 and 11, the bars displayed anomalous
behavior. Two bars moved to the north (one moved 8 m and the other moved 1 m), and
another bar moved 8 m to the south.
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Figure 4.24. Proxy longshore current data (left) and timestack (right) for offshore bars in
October 1994. Asterisks (*) on timestack indicate direction of current flow. Positive
currents indicate flow to the south and negative currents indicate flow to the north. Bar
position remained constant from October 10 - 12 even under strong longshore currents (1.5
mis).
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Figure 4.25. Proxy longshore current data (left) and timestack (right) for offshore bars in
November 1993. Asterisks (*) on timestack indicate direction of current flow. Positive
currents indicate flow to the south and negative currents indicate flow to the north. The bars
moved in the same direction as the longshore current from November 27 - 29, 1993. During
this time, they moved a distance of 80 m under currents that were flowing at 1.0 - 1.5 mIs.
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Figure 4.26. Proxy longshore current data (left) and timestack (right) for offshore bars in
January 1994. Asterisks (*) on timestack indicate direction of current flow. Positive
currents indicate flow to the south and negative currents indicate flow to the north. The bars
displayed anomalous behavior on January 30 when one bar moved north and another moved
south.
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calculated with the equation developed by Barcilon and Lau (1973) and Falques (1991) were

compared with measured trough bar spacings.

4.3.1 Transverse Bars and Longshore Currents

Surf zone longshore currents calculated with Equation 3.2 for days on which bars were

present were compared with currents calculated with Equation 3.2 for all data days. Figures

4.27 and 4.28 show histograms of mean daily longshore currents for the entire data set and

mean daily longshore currents for days on which trough and offshore bars were present,

respectively. The mean of the daily currents for all 10 years, <ia/1 >, was 0.48 rn/s. The

mean of the currents for days on which trough, < Vtrough >, and offshore, <offs/ore >, bars

were present were 0.54 m/s and 0.64 m/s, respectively. T-tests were performed to determine

the statistical differences, if any, between <a1l > and < "trough >, and also between <a11 >

and < offshore >. In both cases, at the 95% confidence level, there was a statistically

significant difference between the means.

Although the t-test showed that the mean of the current on all data days and the

mean of the current on days with trough bars were significantly different, the histograms of

these two data sets are quite similar (Figure 4.27). There is no current magnitude or range of

magnitudes that is unique for days with trough bars. The same is true for the offshore bars

(Figure 4.28). Additionally, the range of currents on all days (0.01 - 2.34 m/s) was similar to

the range of currents on days with trough bars (0.08 - 1.72 m/s) and days with offshore bars

(0.22 2.09 mIs).

Additionally, there was only a 0.06 rn/s difference between <i3all> and <i3trOugh>,

and only a 0.16 m/s difference between <a11 > and < Voffs/jore >. Since longshore current
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Figure 4.27. (a). Mean daily longshore currents for all 10 years of data. (b). Mean daily
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Figure 4.28. (a). Mean daily longshore currents for all 10 years of data. (b). Mean daily
longshore currents for days on which offshore bars were present.
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magnitudes ranged from approximately 0.01 to 2.3 m/s, differences of 0.06 and 0.16 m/s in

current velocity are quite small

Although there was no difference between longshore currents on days with transverse

bars and on all data days, and there was no instantaneous relationship between the currents

and bar presence (there was no common longshore current velocity for all days with

transverse bars), the hypothesis that the bars were formed by longshore currents was not yet

disproved. Transverse bars could be formed by longshore currents and could remain present

under changing currents on subsequent days. In order to test this, longshore current

magnitudes on the days on which bars first appeared were studied. Additionally, current

magnitudes for 3 days prior to each event were also examined to detennine whether a certain

current velocity led to transverse bar formation. This was tested for the six trough bar first

occurrences. Since no distinct event beginnings could be identified for the offshore bars, this

could not be tested for offshore bars.

Mean daily longshore currents for the first occurrence of trough bars were compared

with the mean daily currents for all days (Figure 4.29). The mean of the currents for the first

occurrence of bars was 0.61 rn/s while the mean of the currents for all days was 0.48 m/s. A

t-test showed that these means were significantly different at the 95% confidence level.

However, the difference between the two means was quite small (0.13 m/s) and there did not

appear to be any unique current on the days of first occurrence. Mean currents on the first

day of each trough bar event varied. Currents ranged from 0.34 m/s for the April 1989 event

to 0.76 m/s for the March 1994 event.

Longshore currents for 3 days prior to each first occurrence and 1 day after each first

occurrence are shown in Figure 4.30. There was no apparent current magnitude, trend, or

direction that was common for days leading up to all events. On the day before each event,
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Figure 4.30. Longshore currents for three days prior to and one day after each trough bar
event. Time is in lag days where day 0 is the beginning of the event. Vertical lines delineate
the event days. Positive longshore current values indicate flow to the south and negative
currents indicate flow to the north.
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current magnitudes varied. In October 1994, there was a somewhat steady increase in current

speed on the day prior to the event. In December 1993 there was a decrease in current speed

on the day prior to the event, and in January, March, and November 1994, currents on the

day before the event fluctuated. Current magnitudes also varied for up to three days before

each event. In April 1989 and November 1994, current speeds fluctuated

the 3 days before the event, and in January, currents were somewhat steady until the day just

before the transverse bar event. Not only was there no common current magnitude leading

up to the trough bar events, but there was no common current direction either. Current

direction changed a lot on the days prior to the events in October 1994, while direction was

constant until the day preceding the event in November 1994. Thus there is no evidence to

support a hypothesis of transverse bar formation by longshore currents.

4.3.2 Transverse Bars and Froude Numbers

Froude numbers, Fr, in the trough were calculated using Equation 2.1 for 1994 for

both days on which trough bars were present and for days on which no bars were present

(Figure 4.31). Froude numbers were calculated using the mean daily longshore current as the

water velocity and the deepest part of the trough as the depth. The difference between the

mean Fr for days with bars, <Fri>, and the mean Fr for the whole year, <Fr4 > was small

(<Fri >= 0.1 while <Fr94 >= 0.08). The maximum Froude number on days with trough

bars was quite small: Fr = 0.25.

Mean Froude numbers were also calculated for four days prior to each trough bar

event (Figure 4.32). The values of Fr varied on the days preceding the start of the events,

and also varied on the first day of each event: FrAPT89 = 0.05 and FrMar94 = 0.16. From
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Figure 4.32. Mean daily Froude numbers for four days prior to each of the six trough bar
events. Time is in lag days (the event day is day 0).
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these results, there appears to be no evidence to support a relationship between the existence

of transverse bars and the Froude number.

4.3.3 Predicted and Measured Trough Bar Spacings

To test the predictive equation for bar spacing (alongshore wavelength) developed by

Barcilon and Lau (1973) and Falques (1991), bar spacings were calculated using Equation 2.2,

and were compared with spacings measured from the images on the first day of each trough

bar event. Bar spacing is very sensitive to changes in beach slope and slopes can vary

depending on where one chooses the slope. Because of this problem, both minimum and

maximum slopes were calculated, yielding the maximum and minimum predicted spacings.

The beach profiles that were used to calculate slopes were taken from the CRAB profiles

from the months in which the transverse bar events began. The landward location for slope

was always taken at the cross-shore point where the water level was zero. The maximum

slope was calculated as the foreshore slope and the minimum slope was taken to the crest of

the longshore bar (Figure 4.33). Slope values for each event are summarized in Table 4.5.

Minimum and maximum bar spacings were calculated using Equation 2.2. These

spacings, along with those measured from the time exposure images (calculated from the

results of the objective test), are summarized in Table 4.6. The predicted values were always

much less than the measured values, even when the minimum slope was used in the equation.

Measured spacings were a minimum of twice as large as predicted spacings and a maximum of

an order of magnitude larger than the predicted spacings.
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Figure 4.33. Cross-shore CRAB profile from December 8, 1993. The maximum slope was
taken as the foreshore slope (from 0 - 2 m water depth) and the minimum slope was taken
from the cross-shore location at 0 m depth to the crest of the longshore bar.
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Trough Bar
Event Day

CRAB Profile
Day

Maximum Slope Minimum Slope

April 11, 1989 04/25/89 0.04 0.01

December 7, 1993 12/08/93 0.06 0.02

January 9, 1994 01/24/94 0.10 0.01

March 26, 1994 04/06/94 0.07 0.02

October 27, 1994 09/20/94 0.07 0.01

November 24, 11/09/94 0.06 0.02
1994

Table 4.5. Minimum and maximum beach slopes used in calculating transverse bar spacings.
Maximum slopes were taken as the steepest foreshore slope. Minimum slopes were taken
from the cross-shore location where the water depth was 0 m to the crest of the longshore
bar.

Trough Bar Minimum Maximum Measured Bar
Event Day Calculated Bar Calculated Bar Spacings (m)

Spacings (m) Spacings (m)

April 11, 1989 1.8 5.4 85

December 7, 1993 2.8 9.0 86

January 9, 1994 3.4 24.4 94

March 26, 1994 5.3 18.6 80

October27, 1994 4.8 33.6 66

November 24, 3.7 14 45

1994

Table 4.6. Predicted and measured trough bar spacings (alongshore wavelengths). Predicted
spacings were calculated using Equation 2.2 for the minimum and maximum beach slopes.
Measured spacings were determined from the time exposure images and the results of the
objective test.



CHAPTER 5: DISCUSSION

5.1 Accuracy of Statistics
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The methods used to detennine transverse sand bar presence were objective, and the

statistics that were calculated for the bars were a good approximation of the presence of

these features. However, the exact number of days on which transverse bars occurred is

impossible to determine due to limitations of the data set and the methods used to calculate

the statistics. Errors in bar statistics could have stemmed from two different sources: the

objective test, and the normalization done to determine bar frequency of occurrence. Each

of these sources of error is explained below.

The first possible source of error in the statistics was the objective test that was

created to identify days on which bars were present. The test was calibrated using images

from 1994 and worked well in identifying transverse bars. However, there were a few days

when the test chose features that did not appear to the viewer to be transverse bars, and vice-

versa. It appears that the number of possible mis-classifications is small (a few per year) so

that errors associated with this are only of order 5 - 10 %. It is worth noting that the same

definition problems would be present for other types of data such as bathymetry, and are not

limited to image data.

The second possible source of error in the statistics was the normalization technique

used to determine the number of days bars were present in a year. Statistics on bar presence

for years for which less good data were available (e.g., 22 days of usable data for offshore bars

in 1988) were likely to be less accurate than statistics for years for which abundant good data

were available (218 days of good data for trough bars in 1994).
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5.2 Transverse Bars Statistics

5.2.1 Bar Presence and Spacings

The number of bars that were detected during an event sometimes changed during that

event. This could be due to changing wave heights and a lack of breaking on some of the

bars. However, it is also possible that some bars decayed and reformed during the events.

The range of bar spacings was quite large for both trough and offshore bars. Trough

bar spacing ranged from 12 - 179 m while offshore bar spacing ranged from 22 - 358 m.

While these variations may be real, they could also be introduced by the nature of the

objective detection scheme. Along a transect, there could be both peaks that were chosen as

bars and peaks that were not. If the peaks that were chosen were separated by peaks that

were not chosen, the spacing between the bars could be quite large. For example, figure

3.20(b) shows 2 trough bars separated by a large distance (150 m) with 2 features in between

them that were not chosen as bars.

5.2.2 Seasonal Variability

There was a strong seasonal variability in the trough bar statistics, with the bars

occurring more frequently during the winter months than the summer months (Figure 4.4). It

is clear that there were fewer days of useful data during the summer months than during the

winter months (Table 4.3). Thus winter estimates were statistically more robust.

Nevertheless, the reduction in summer months appears to be quite consistent.

More interesting is consideration of the seasonal variability in the location of the

inner longshore bar. Figure 5.1 shows the time series of longshore bar crest positions at Duck
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over 16 years. During most of the years between 1987 and 1996, the inner bar (located

approximately 100 - 200 m from the shoreline) was closer to shore during the summer

months than during the winter months. It is possible that the presence of the longshore bar

close to shore changes the hydrodynamic regime in a way that is less conducive to the

formation of trough transverse bars.

5.2.3. Interannual Variability

Interannual variability, of an order of magnitude or more, was observed in the

transverse bar presence, for both trough and offshore bars. It is possible that these variations

are a result of interannual changes in the overall beach configuration. Figure 5.1 shows the

time variability of bar crest locations at Duck (Plant and Holman, 1997). In 1988 and 1989

the inner longshore bar moved offshore, eventually becoming an outer longshore bar when a

new inner bar was generated at the shoreline in early 1990. It is possible that the precipitous

drop in trough occurrences and jump in offshore occurrences at this time were related to this

adjustment.

From 1990 - 1994, offshore bars were observed quite frequently. At this time, the

outer longshore bar was located far offshore (500 - 600 m). Offshore bar presence was

relatively rare from 1987 - 1989. During these years, the outer longshore bar was closer to

shore (only 300 - 400 m away). The close proximity of the outer bar might have prevented

offshore bars from forming frequently.

Trough bars were observed least frequently in 1990, 1995, and 1996. However, there

did not seem to be any particular inner longshore bar configuration during these years that

could affect trough bar presence. In 1994, there was a sharp increase in both trough and
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Figure 5.1. Time series of longshore bar crest positions at Duck for 16 years (From Plant et
al., 1998).



offshore bar presence. Again, there did not seem to be any anomalous longshore bar structure

associated with this change in transverse bar presence.

5.3 Transverse Bar Kinematics and Formation

There were several kinematic observations that were difficult to understand and

explain. There were a few occasions when, during the same event, adjacent bars would move

in different directions over the course of a day (Figures 4.24 and 4.26). To the best of our

knowledge, this can not be explained as an artifact of the sampling technique. This may be

either a change of length scale due to strong longshore current forcing, or a non-uniform

current. These anomalous movements only lasted short periods of time, so if they were

caused by localized flows, these flows were short-lived.

There were also a few occasions when the bars moved in the opposite direction to the

current. This could also be due to differences between actual currents and the proxy used

here. Such differences could be due to longshore gradient, or perhaps shadowing by the pier

located at the study site. Although the bars were observed moving in the opposite direction

to the current, it is highly unlikely that they are antidunes. The Froude numbers in the trough

were too small for antidunes to form. Froude number must be greater than 0.8 for a bedform

to move upstream. Maximum Froude numbers in the trough were only 0.25.

There is no evidence from this data set to support the mechanism for bar formation

proposed by Barcilon and Lau (1973) and Faiques (1991). There are several reasons why this

may be the case. For one, the bars at Duck simply may not be formed by longshore currents.

Alternately, several of the assumptions that Barcilon and Lau make are questionable. Their

model was created for uniform longshore currents flowing over a plane beach, while the beach

at Duck is always barred. Secondly, longshore currents at Duck always exhibit a cross-shore
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structure. Finally, the model does not take into account the very strong influences of the

incident wave field.
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CHAPTER 6: CONCLUSIONS

Time exposure images of the nearshore region collected over a decade at the Field

Research Facility at Duck, North Carolina showed the existence of persistent features

transverse to the shoreline and shore-parallel bar. Bathymetric survey data collected in the

trough by the CRAB showed that the bright streaks are real bathymetric features, or

transverse sand bars. The transverse sand bars are a common feature of the nearshore at

Duck and occur in two distinct forms. Trough bars extend from the shoreline, while offshore

bars extend seaward from the longshore bar. Observations made from 1987 - 1996 showed

that I to 4 trough bars could be found on a 400 m length of shoreline, and 1 to 4 offshore

bars could be located on a 600 m length of the longshore bar.

Offshore bars were found to be a larger feature than trough bars with a mean

wavelength (spacing in the longshore between consecutive bar crests) of 172 m. The mean

wavelength of the trough bars was 79 m. The seaward extent of offshore bars was found to be

up to 200 m while trough bars extended about 10 - 50 m from the shoreline. These estimates

are lower limits due to the nature of the imaging technique.

An objective test was used to determine frequency of occurrence statistics for the

transverse sand bars. Trough bars appeared 10 % of the time during the 10 years, and

offshore bars appeared 22 % of the time. The number of days on which bars were present

varied from year to year. The mean number of days that transverse bars appeared in a year

was 39 for trough bars and 73 for offshore bars. The minimum number of days trough bars

were observed in a year was 10 and the maximum number of days was 74. The minimum

number of days offshore bars were present was 15 and the maximum was 167.
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Seasonal variability in trough bar presence may be due to the onshore and offshore

movement of the inner longshore bar. During winter months when the inner bar was located

farther offshore, trough bars appeared more frequently. During summer months, when the

inner bar was closer to shore, trough bars rarely appeared. Interannual variability in offshore

bar statistics might also be due to the position of the longshore bar. During the years when

offshore bars appeared frequently, the outer longshore bar was located far from shore (500 -

600 m). During the years when offshore bars appeared less frequently, the outer bar was

located closer to shore (300 400 m).

Several trough bar events were identified for the 10 years of data. These events

persisted for as little as 9 days or as long as 4 months. No distinct offshore bar events could

be identified.

The trough and offshore transverse sand bars at Duck remained stationary at times,

and at other times shifted under the longshore currents. Trough bars moved in the direction

of the longshore current 58% of the time and offshore bars moved with the current 72 % of

the time. Both trough and offshore bars were observed to move at rates up to 40 m per day.

Transverse bars moved large distances in short amounts of time, yet they never migrated in

the same direction for more than a few of days. When transverse bars moved a noticeable

distance in a short amount of time, longshore currents were strong (approximately 0.7 1.5

mis).

There were two time periods when the trough bars moved opposite the current

direction. There were also two instances (one trough and one offshore) when one or two

transverse bars in a group moved in one direction and another bar moved in the opposite

direction. This sort of behavior was temporary and only lasted for up to one day.
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Although the results of this study showed that longshore currents did affect the

direction and speed of bar movement, there was no evidence to support the hypothesis that

they were the forming mechanism for the bars. Mean longshore currents on the days when

bars were present differed only slightly from the mean currents for all days. Additionally,

mean currents on the first day of the trough bar events only differed slightly from the

currents on all days. There was no consistent pattern to the longshore currents for several

days prior to the bar events. Current magnitudes, trends, and directions prior to the six

events varied considerably.

There also seemed to be no relationship between Froude number and transverse bar

presence. Froude numbers were not much different for days on which bars were present and

days on which bars were not present. Interestingly, the Froude numbers in the trough were

very small (< 0.25). In a fluvial environment, ripples would form under these conditions.

However, the transverse bars are clearly not ripples. Their wavelengths are longer than the

depth of the water and would be classified as dunes in a river. Although the morphology of

the trough is similar to that of a river, the fluid forcings and bedform formation mechanisms

appear to be different.

Finally, the Barcilon and Lau (1973) and Falques (1991) predictive equation for the

spacing of transverse bars formed by an instability does not correctly predict the spacing of

the trough transverse sand bars at Duck. Predicted spacings were up to an order of magnitude

smaller than measured spacings. On a barred beach such as the one at Duck, a simple

predictive equation that solely takes into account the beach slope and longshore current

velocity can not predict bar spacing. Many forces may be working together to form and

sustain the transverse bars at Duck such as longshore currents, wave action, edge waves, and

rip currents.
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