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Offshore Controls on Nearshore Circulation

Chapter 1:

General Introduction

As ocean waves approach the coastline, they propagate into shallower water and

begin to interact with the underlying sea floor. This interaction leads to a
transformation of the waves, making them shorter and steeper, until they begin to

dissipate energy through the breaking process. To the casual observer this progression
is evident, however the effect beneath the water surface is more difficult to discern.
Although not exclusively, the majority of wave momentum lost by the waves during
breaking is transferred to currents that travel both along the coastline and offshore.
This wave induced circulation in the nearshore region, typically defined as water
depths less than 10 meters, is responsible for carrying large amounts of sediment,

leading to coastal erosion or accretion. In addition, these currents can become strong
enough to endanger recreational swimmers by pulling them offshore or up/down the

coast. One of the strongest and most dangerous circulation features at many beaches
are rip currents that are narrow jets of offshore flow that overpower swimmers and
account for 80% of lifesaving rescues at beaches each year (United States Lifesaving
Association).

Rip currents are not uncommon but the size, shape, direction, magnitude,
frequency, and location vary significantly between different beaches or even between

consecutive days at the same beach. Without a priori knowledge of where a rip
current will develop and due to the natural variability of these systems, in-situ

measurements are difficult to obtain. Likewise, due to the range of mechanisms that
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generate conditions suitable for rip current development, it is unclear if existing

numerical models are capable of predicting rip currents in all situations. The
following section provides a brief summary of the major rip current research,

including theoretical, field, and laboratory studies. This is not intended to be an allinclusive list but rather to introduce the reader to the range of conditions that can
generate rip currents and identify the overall rip current characteristics that have been
reported in the literature.

1.1

Literature Review

The first comprehensive description of rip currents was provided by Shepard,
Emery, and LaFond [1941] based on observations from La Jolla, CA, near the Scripps

Pier. At this site, the seaward return of water that was taken shoreward by the waves
was observed to be concentrated in strong narrow 'belts' of water directed offshore.
This was contrary to previous suggestions that the return flow occurred over much
broader regions and was always concentrated towards the bottom of the water column

in the form of undertow. These observations indicated that a horizontal circulation
pattern was dominant in achieving mass conservation, rather than a vertical balance of

onshore and offshore flow. Even without in-situ measurements, rip currents were
identified in the study by a number of visual signals. The strength of the rip currents
often scours the sea floor and carries sediment offshore which can be seen in plumes

of sediment laden water traveling seaward. Rip currents were also found to advect
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wave breaking foam offshore in a similar manner. Other signals included green water
(indicating deeper water) in the event there was an underlying rip channel scoured in

the bathymetry and an agitated, rough water surface. In addition, floating objects (i.e.
kelp) in the vicinity of the rip currents were carried offshore until the current

dissipated which was up to 2000-ft from the shoreline. The offshore extent of the rip
current was estimated to be much longer (O(1000-2000ft)) than the rip current width
(0(50- lOOft)).

Shepard, Emery, and LaFond [1941] characterized the general structure of a rip

current by separating it into three components: feeder currents, rip neck, and rip head.
The feeder currents are the two opposing alongshore currents that collide and become

directed offshore, leading into the rip neck. This narrow jet will eventually dissipate
and broaden offshore at the rip head where eddies were often observed. Surface
drifters and lifeguard accounts both indicated that there was a recirculation pattern
associated with these rip currents where objects that exited the rip neck were carried
shoreward by the ambient waves and then taken by the alongshore feeder currents
back into the neck of the rip current.

The study of rip currents was expanded by Shepard and Inman [1950] by

evaluating the site conditions that are conducive to rip current development. The
direction of the alongshore current was observed to be dependent on the incident wave
direction and/or convergences of wave energy that cause divergences in alongshore

flow. Regardless of the mechanism, the collision of two alongshore currents resulted

in a rip current. Again evaluating the beach around Scripps pier, Shepard and Inman
[1950] found that the submarine canyon bathymetry caused strong divergences of

wave energy at the canyon heads and convergences on either side. The alongshore
currents generated from this gradient in wave height lead to the observed rip currents.
The rip currents appeared in regions of intermediate height that occurred between the

wave convergences and divergences. The dependence of these rip currents to changes
in wave period and direction indicated that the refraction of longer period swell over
the offshore bathymetry caused much stronger wave height gradients resulting in well-

defined, stable rip currents. Alternatively, weaker wave height gradients were
observed when shorter waves propagated over the offshore canyons and the incident
wave direction became the dominant factor controlling the alongshore current.
A theoretical examination of rip currents was first discussed by Bowen [1969]
using the concept of radiation stress (excess momentum flux due to the presence of the

waves) derived by Longuet-Higgens and Stewart [1964]. Using a linear cross-shore
momentum equation, Bowen [1969] showed that prior to breaking; normally incident

waves have an increase in the cross-shore component of radiation stress (S) that must
be balanced by decrease in the mean water surface elevation (set-down). Conversely,
shoreward of the breaker line, the decrease in radiation stress is balanced by an

increase in the mean water surface (set-up). A pressure gradient is generated when
there are alongshore variations in this mean water level. Although Shepard and Inman
[1950] showed that wave focusing can account for these alongshore variations, it was
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also noted that rip currents had been observed on relatively straight and parallel

beaches. McKenzie [1958] reaffirmed this through a study at a beach in New South
Wales, Australia, however he did indicate that the rip currents we capable of changing

the morphology through the scouring of channels. These observations also showed
that rip currents sometime appear in areas of largest wave energy which was contrary
to the work of Shepard and Inman [1950].
The theoretical treatment of Bowen [1969] was independent of the original

mechanism that cause the alongshore variations in the mean water surface. The study
showed that outside of the surf zone any gradient in the mean water surface was

exactly balanced by the gradient in the alongshore component of radiation stress (S)
and no net forcing of circulation exists. Inside the surf zone, these terms are not in
equilibrium but instead reinforce each other, resulting in an alongshore current.
In a companion paper, Bowen and Inman [1969] introduced a mechanism
responsible for alongshore variations in wave breaking on beaches with uniform

incident waves and straight and parallel contours. Low-frequency motions (<0.05 Hz)
that propagate alongshore, known as edge waves, create periodic alongshore variations
in the breaking waves that are suitable for rip current generation [Olman-Shay and

Howd 1989]. In a laboratory experiment, these variations were simulated by the
interaction of an incident wave and a standing edge wave of the same period. The
water surface had periodic alongshore variations and they found that rip currents were

generated in the regions of low wave height, consistent with the aforementioned
theory.

Another possible mechanism for the generation of alongshore wave height

gradients was discovered by Dalrymple [1975]. The study was motivated by a
photograph of a sea surface that exhibited diamond-shaped patterns with periodic rip

currents corresponding to the observed length scale of the diamonds. The surface
pattern was generated by two intersecting wave trains of similar frequency.
Dalrymple [1975] showed, theoretically and experimentally, that two waves of
identical frequency but different incident angles would intersect to form periodic sea
surface patterns and the length scale of these patterns was directly related to length

scale of the periodic rip currents that developed. It was noted that in a more realistic
case, where the wave trains were similar but not identical in frequency, the rip currents

would migrate down coast following the pattern of wave height variation. The
previous two mechanisms, although possible, are not common and may not apply to a
wide number of beaches.

The topic of nearshore bathymetry as the controlling factor in generating

alongshore variations in wave breaking was analyzed by Sonu [1972]. Field
observations from a beach in Seagrove, FL revealed a smooth offshore bathymetry
bordered by a nearshore region characterized by a series of shoals and depressions.
Observations of dye patterns and drifter trajectories were collected from a radio
controlled camera suspended from a helium balloon and in-situ measurements were
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collected using a bi-directional current meter. It was determined that the rip currents
developed in regions of depressions in the sea floor. This corresponded to the region
of high unbroken waves and was the opposite of the observations made by Shepard

and Inman [1950]. In this case, uniform wave energy was approaching the nearshore
region but the irregular bathymetry caused some of the wave crest to break further

offshore than others. As the waves break the mean water level shoreward will begin
to rise, however the adjacent unbroken wave that is propagating over a local low in the

nearshore bathymetry still imposes a set-down on the mean water level. This
generates the alongshore pressure gradient described by Bowen [1969]. Of particular
interest is discerning whether the bathymetry first caused the rip current to appear or if
the rip current scoured the channel and a positive feedback was created that helped
maintain the presence of the rip current.

In an effort to collect an extensive data set of rip currents controlled by the
nearshore bathymetry, a laboratory experiment was conducted by Hailer et al. [2002].
The experiment was conducted on a beach with a barred profile constructed with two
alongshore gaps representing rip channels which are depressions in the nearshore

bathymetry often scoured by strong offshore flow. The results of this experiment
confirmed that the rip channels dominated the nearshore circulation system with
intense wave breaking over the bar and oftentimes less breaking in the rip channels,

similar to the field observations of Sonu [1972]. They observed a steepening of the
waves in the channels as they propagated against the rip current that at times caused

the waves to break. When the waves broke over the bar the shoreward set-up was
greater than the mean water level in the channel causing an alongshore current to

travel 'downhill' toward the rip channel. This comprehensive data set allowed them to
evaluate the wave conditions, gradients in the mean water surface elevation, and

resulting rip current magnitudes. Sufficient information was available to evaluate the
alongshore momentum balances which showed the strength of the feeder current was
determined by the balance of the gradient in the mean water surface elevation and the
alongshore gradient in the radiation stress forcing, which is consistent with the
existing theory.

1.2

Motivation

Although rip currents have been the focus of studies for over 60 years, they are

inherently difficult to measure, primarily because their appearance can be intermittent

and the location where they will appear is seldom known. A recent field experiment
in La Jolla, CA, where Shepard and Inman [1950] first identified wave refraction
patterns as a mechanism for generating rip currents, provided the opportunity to re-

evaluate the circulation at this site using current technology. Additionally, numerical
models used to predict nearshore circulation could then be validated and enhanced, if

necessary. Despite technological advances, equipment costs and logistics still plague
the idea of obtaining dense in-situ observations of rip currents in the field. As a viable
alternative, remote-sensing observations using video techniques provide a full view of

the nearshore region and the ability to collect snapshots at frequent intervals.
Nearshore processes that provide surface signals, such as rip currents, are captured in
these images and the location and time-dependent nature can be analyzed.

The work presented in this thesis accomplishes a number of goals. First, a
numerical circulation model is qualitatively validated through comparisons of
predicted rip current locations with those observed in La Jolla, CA during the fall of

2003. Encouraging agreement in the model-data comparisons indicates that the model
includes the processes dominant in controlling the observed circulation patterns and
therefore can be used to further understand the nonlinear processes that drive these

flows. Tests of the responsiveness of the predicted rip currents to changes in the
incident wave field provided similar results to those observed by Shepard and Inman

[1950]. Case studies using idealized bathymetries generalized the study to evaluate
the role that offshore submarine features can have in dominating the nearshore
circulation, particularly the dominant length scale that dictates where rip currents will
appear.

A more detailed description of the field experiment that motivated this study

along with data collection methods is described in Chapter 2. Chapter 3 of this thesis
is a manuscript that will be submitted to the Journal of Geophysical Research. Some
preliminary work regarding Lagrangian tracking (i.e. drifters) in the circulation model

is presented in Chapter 4 but requires further development. General conclusions for
this work are provided in Chapter 5. The reader is also referred to the Proceedings of
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the 29th International Conference on Coastal Engineering for initial model-data

comparisons (Long and Ozkan-Haller, 2004).
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Chapter 2:

Nearshore Canyon Experiment

The Nearshore Canyon Experiment (NCEX) was a large-scale multi-institutional
field experiment that occurred in the fall of 2003 and was primarily supported by the

Office of Naval Research and the National Science Foundation. The primary goal of
the experiment was to collect information about surf zone processes in a region
dominated by offshore submarine canyons that could be used to enhance the scientific

understanding and predictability of nearshore processes. A list of the participating
academic institutions and research facilities is located in Appendix A.

2.1

Site Description

The experiment was conducted in La Jolla, CA near the Scripps Institution of

Oceanography research pier. The site is ideally suited for an experiment of this
magnitude due to its proximity to a major academic and research facility, but more
importantly because of the offshore submarine canyons that create strong alongshore

wave height gradients in the nearshore region. The gradients in the associated mean
water surface elevation drive nearshore circulation patterns that have been observed at

this site since World War II [Shephard and Inman 1950]. A submarine canyon with
depths exceeding 600 meters extends towards the shoreline and diverges into two

branches; the Scripps Canyon to the north and the La Jolla Canyon to the south. The
bathymetry at the site is shown in Figure 2.1. The shoreline directly east of Scripps
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Canyon is referred to as Blacks Beach and was an intense area of focus during the
experiment, with a dense array of in-situ measurements and remote-sensing

observations. Blacks Beach is characterized by a curved shoreline situated at the tip of
the canyon and cliffs that dominate the backshore region. This section of southern
California experiences a moderate tidal elevation of about 3 m with the high tide water
elevation reaching the base of the cliffs in some locations, which can lead to the

reflection of incident wave energy. The underlying slope of the surf zone along
Blacks Beach was estimated to be 0(0.025) from the bathymetry data.

2.2

Data Collection

Although this site has received much attention from researchers in the past, this
is the first exhaustive experiment to be conducted in the region that simultaneously

collected both extensive in-situ and remote-sensing data. In-situ data were collected
using arrays of pressure sensors and acoustic Doppler velocimeters, directional wave
buoys, a velocity/conductivity tower, and a pressure and velocity profiler (Figure 2.2).
In addition, remote-sensing observations were collected via optical and radar

techniques throughout the experiment. Bathymetric surveys of the shoreface and
nearshore region were another vital component of the experimental data and provided
information regarding the spatial and temporal morphologic variations that occurred

during the experiment. This thesis only includes information on the bathymetric
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Figure 2.1 Bathymetry at the site of the Nearshore Canyon Experiment (NCEX)
conducted in the fall of 2003. The site is dominated by an offshore submarine
canyon that diverges into two branches with the canyon heads only 400 m of the
shoreline which is shown by the white contour line.
surveys, remote-sensing video observations, and offshore wave climate, which are
essential for initializing numerical wave models and performing the subsequent

qualitative model-data comparisons. Further quantitative validations of the model
series can be performed in future studies using the remaining in-situ data and the
current velocities obtained through particle image velocimetry (PIV) techniques.
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Figure 2.2 Data collection arrays, in-situ and remote sensing, deployed during the
Nearshore Canyon Experiment in the fall of 2003.
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My personal responsibilities during the NCEX experiment primarily included
assisting with each of the bathymetric surveys and the required post-processing of the

data. In addition, significant effort was required to install nine camera stations
operated by researchers from The Ohio State University, which are being used for

determining current velocities and patterns using PIV techniques. The camera
geometries were determined after we surveyed ground control points on the beach and

in the surf zone. Future collaboration with these researchers is anticipated where we
will conduct more quantitative model-data comparisons and use the data for model

enhancement through data assimilation. Maintenance of these stations and the
computer systems storing the data was required on a routine basis. Another task I
assisted with during the experiment was a public awareness event in which researchers
were available to educate the public about our research interests and the implications it

has for coastal communities. Time was also spent during the experiment interpolating
the survey results into a base bathymetric grid in order to prepare for the model

simulations discussed in this thesis. My NCEX participation consisted of about ten
weeks in duration and provided valuable field research experience.

2.3

Bathymetric Surveys
Multi-institutional bathymetric surveys were conducted approximately twice-

weekly using differential Global Positioning Systems (GPS) that receive position

corrections from a base station of known position for improved accuracy. GPS rover
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antennas were mounted on all-terrain vehicles and manpowered dollies to measure

elevations of the shoreface and swash zone (Morton et al. 1993; Haxel 2002). In
addition, a personal watercraft equipped with GPS antennas and sonic altimeters were
used to collect bathymetry measurements extending to approximately the 10 m depth

contour. Examples of each apparatus are shown in Figure 2.3. Both the personal
watercraft and the dollies received position corrections through post-processing, while
the subaerial elevations collected via the ATV were corrected using real-time

kinematic (RTK) corrections from the systems base station. The on-board navigation
system on the personal watercraft was driven by an RTK antenna to ensure that data

along similar cross-shore transects were collected during each survey. The land and
swash zone survey equipment sampled latitude, longitude, and elevation information

at 5 Hz and had RMS errors of ±1 2cm in the horizontal and ±2- 3cm in the vertical

direction (Morton et al. 1993; Dail et al. 2000). The personal watercraft was
equipped with a 192 kHz, dual transducer sonic altimeter that sampled at 17 Hz. A
total of 72 cross-shore transects were measured during each survey and the horizontal

locations were recorded and corrected with the same accuracy listed above. The water
depth information collected by the sonic altimeter had an estimated RMS error of ±57cm and was filtered using a combination of automated and manual techniques to
remove spurious data (Smith et al. 2003).
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RTK Antenna

Oriboard computer and GPS
unit

Figure 2.3 Equipment used to collect bathymetric measurements during the NCEX
experiment. The top left panel shows the Argo (six-wheel amphibious vehicle)
equipped with a GPS rover antenna. The top right panel is a dolly used to collect
overlapping information between the land and water surveys, also equipped with a
GPS rover antenna. For these systems, the elevations were found by subtracting the
known height of the rigid antenna. The bottom panel is the Coastal Bathymetry
Survey System (CBASS) used to record nearshore bathymetry measurements. The
survey and navigational components are labeled accordingly.
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Throughout the experiment, 13 surveys were conducted, with each survey

spanning 2-3 days. A timeline of the completed surveys is given in Figure 2.4. In
order to collect continuous surveys from the cliffs to approximately the 10 m contour,
the land based surveys were performed during low tide in an effort to sample the

maximum cross-shore distance possible using these methods. Alternatively, the
personal watercraft surveys were conducted during high tide to allow the maximum

onshore extent of the water craft. The alongshore survey extent and personal
watercraft transects according to survey day are shown in Figure 2.5. Ideally, this
procedure results in overlapping information to provide a continuous profile. There
were instances where recreational beach goers, rock outcroppings, or large waves
inhibited the cross-shore extent of each method resulting in a discontinuous profile.
The time necessary to collect the nearshore surveys before the changing tide or refueling was required dictated that only every other transect be measured each day.
Therefore, the land surveys were performed during the low tide between the two high

tides when the watercraft surveys were conducted. No significant storms occurred
during the time required to complete each survey, indicating that it is reasonable to
assume the same bathymetry existed throughout the duration of the survey.
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Figure 2.4 Gantt chart of bathymetric surveys conducted during NCEX.
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transects collected to generate a pre-experiment base bathymetry. Figure courtesy of
Randy Buccarelli (Scripps Institution of Oceanography).
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2.4

Offshore Wave Climate

The offshore wave climate was measured using a Datawell directional wave buoy
operated and maintained by the Coastal Data Information Program, Integrative

Oceanography Division, operated by the Scripps Institution of Oceanography. These
directional wave buoys float on the sea surface and are moored via cable to the sea

floor. As the water surface rises or falls due to the incident wave crests and troughs,
the buoy records the vertical acceleration which can be translated to a measurement of

the vertical displacement. In addition to tracking the surface elevation, directional
buoys record information about the pitch and roll in order to derive information about

the direction of the incident wave. The time series of recorded data is then used to
derive a statistical representation of the wave field in the form of a directional wave
spectrum.

The buoy used for this study (Outer Torrey Pines Buoy; NDBC #46225) is
located about 6.7 miles offshore of Torrey Pines Beach in a water depth of 550 meters
and collects information regarding wave energy, wave direction, and temperature at a
sampling rate of 1.280 Hz. The buoy has been in operation since January 29, 2001
and is slightly northwest of the model domain that will be discussed in Chapter 3.
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2.5

Remote Sensing Observations (Argus)
The advent of remote sensing in the nearshore region provided the means for a

more spatially and temporally dense array of observations from which scientists can

begin to understand and quantify the physical processes that are present. The timeconsuming logistics and large costs associated with deploying and maintaining
instruments in the hostile surf zone limit our ability to record large records of in-situ

data. Alternatively, optical remote-sensing provides the ability to measure
geometrical properties of surf zone features that can be used as a proxy to infer
information about the geophysical quantities measured by in-situ instruments and

predicted in numerical modeling schemes. Some examples include measuring the surf
zone width to compare with the dissipation patterns derived from numerical wave
models and comparing predicted rip current locations with those observed from video

images. There are current research efforts to measure and ground-truth geophysical
variables from remote sensing observations, which would allow for more quantitative
model-data comparisons (Chickadel et al. 2003).

The Coastal Imaging Laboratory at Oregon State University developed and
operates the Argus program which consists of a number of unmanned stations that

capture snapshots of the nearshore region along sections of coastlines worldwide. The
stations collect a series of snapshots at a rate of 1 Hz for 10 minutes each hour during

all daylight hours from which a number of useful images can be produced. One of the
most common is the time exposure image, which illustrates the average intensity of
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each pixel in the camera view over the 10 minute record and results in a white band

denoting the wave breaking region for the random wave field. Another common
product is the variance image that produces areas of light intensity in regions where

the surface brightness is highly time dependent. These variable regions are typically
located around the swash zone, the outer edge of the surf zone where intermittent
wave breaking occurs due large waves, and where time-dependent circulation patterns

such as rip currents advect wave breaking foam offshore [Holman et al. 1993]. An
example of each of these images, for the Blacks Beach region is shown in Figure 2.6
and Figure 2.7.

At the NCEX site, five Argus cameras are mounted atop buildings on the

adjacent cliffs with three of the cameras positioned towards Blacks Beach. This is a
dynamic section of coastline that often experiences a convergence of wave energy

with visible circulations patterns also observed. Variance images collected at this
portion of the project site will be used to perform qualitative model-data comparisons
of circulation patterns, predominantly using predicted and observed rip current
locations as model validation.
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Figure 2.6 Example of an Argus time exposure image along Blacks Beach in La Jolla,
CA. The ten minute pixel average denotes the region of preferential wave breaking
(approximated surf zone) by areas of light intensity.
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Figure 2.7 Example of an Argus variance image along Blacks Beach in La Jolla, CA.
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intensity and are labeled above.
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3.1

Abstract
The rip current field resulting from the transformation of surface gravity waves

over offshore submarine canyons is studied. Employing a wave transformation model
and a wave-induced circulation model over observed bathymetry we find that rip
current circulation cells exist with alongshore spacing of O(lOOm) even though the

nearshore bathymetry displayed no variations at these length scales. Further, these
simulations display skill in predicting observed rip currents during the Nearshore
Canyon Experiment (NCEX). Motivated by these simulations we study the
relationship between O(lOOm) scale variations in offshore bathymetric contours and

the resulting rip current field in the nearshore. To isolate the roles of possible
bathymetric features, we construct a series of idealized case studies that include site
characteristics found at NCEX that are conducive of rip current development, such as
a curved shoreline, an offshore submarine canyon and undulations in the canyon
contours. Our results show that the first two components are unable to produce the
observed short-scale circulation systems, while wave refraction over undulations in the
canyon walls at length scales of O(lOOm) provided a sufficient disturbance to generate

alongshore wave height variations that drive multiple rip currents for a variety of
incident wave conditions. Rips are not generated when the wave period is short, or
when the angle of incidence is large. Analysis of the alongshore momentum balances
further demonstrates that the rip current locations are also strongly influenced by
inertial effects. Hence, nonlinear processes are important within the rip current
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circulation cell and we find that nonlinear advective acceleration terms balance a large
portion of the driving alongshore gradient in the mean water surface elevation in the

vicinity of the rip currents with bottom friction accounting for the remainder. Away
from the rips, the balance is between the wave forcing and the pressure gradient
outside the surf zone and wave forcing and bottom friction inside the surf zone, as
expected.

3.2

Introduction

Rip currents are common features along beaches and are thought to arise from
alongshore gradients in wave height and the associated variations in the mean water

surface elevation. It is generally understood that the gradients in the water surface
elevation that drive the flow could be related to a number of individual site

characteristics that may also work in combination. Shephard and Inman [1941] made
some of the first scientific observations of circulation patterns associated with rip
currents off the coast of La Jolla, CA by recording distinct visual signals such as
sediment plumes or advected surface foam patterns associated with these intense

localized currents. Their studies indicated that wave refraction over the offshore
submarine canyons at this site created strong alongshore wave height gradients
suitable for rip current generation [Shephard and Inman, 1950].
Subsequent studies proposed that other mechanisms can also be responsible for

such alongshore wave height gradients. For example, Bowen [1969] and Bowen and

Inman [1969] examined, theoretically and experimentally, how alongshore wave

height variations could be caused by standing or progressive edge waves. Dalrymple
[1975] proposed that intersecting wave trains of identical frequency could provide the

necessary variations in mean water level required to generate rip currents. In contrast
to Shepard and Inman [1950] who pointed to variable offshore bathymetry, a
laboratory experiment by Hailer et al [2002] focused on rip currents generated by
alongshore wave height variations caused by nearshore bathymetric variations (in the
form of alongshore-uniform nearshore bars that were interrupted by rip channels).
Finally, Hino [1974] was the first to argue that alongshore variable bathymetry and
hydrodynamics could evolve as a result of an instability of the coupled hydrodynamic-

morphodynamic system. This is by no means an exhaustive list of the research
conducted to study rip current development, but indicates the wide range of

mechanisms that have received attention. The focus of this study is to return to the
original site and hypothesis examined by Shephard and Inman [1950] regarding wave
refraction over offshore features as a mechanism for the development of rip currents.
The site studied by Shepard and Inman [1950] has recently been the focus of
the Nearshore Canyon Experiment (NCEX) and numerical model simulations of the
wave field at this site show alongshore variations in wave height over broad regions
that can have length scales of up to O(km), consistent with the results of Shepard and
Inman [1950]. However, the simulations also show smaller scale (O(lOOm))
variations, apparently due to variations in the canyon contours at comparable length
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scales. Further, simulations and observations of the nearshore circulation for these
wave conditions show rip current locations are more strongly influenced by these
smaller scale variations in wave height than by the larger-scale gradients due to the

canyon. Motivated by these results, we will examine and test the hypothesis that
variations in the offshore bathymetry at length scales of O(lOOm) can exert a strong
control on the locations of the rip currents at this site
In the following, we first briefly describe the Nearshore Canyon Experiment

(section 3.3) since the observations at this site serve as a motivation to this study. We
then utilize numerical models simulating waves and nearshore circulation at this site,
point out the correspondence of the rip currents and small scale variations in the wave
height, and show qualitative comparisons to remote sensing observations (section 3.4).
In section 3.5, we test our hypothesis by decomposing the offshore bathymetry into the
superposition of three idealized components, a curved shoreline, an oblique submarine

canyon, and small scale variations (i.e. undulations) in the offshore bathymetry. An
evaluation of alongshore momentum balances inside and outside of the surf zone
provides further indication of the forcing mechanisms that lead to the generation of rip

currents in each case. These results are followed by a discussion regarding the
sensitivity of the nearshore circulation to changes in offshore spectral parameters. A
summary of the conclusions from this study are provided in section 3.6.

'Ii]

Overview of the Nearshore Canyon Experiment

3.3

The Nearshore Canyon Experiment (NCEX) was a large-scale field study designed
to collect information about surf zone processes in a region where offshore wave

transformation was influenced by submarine canyons. Many academic institutions
and governmental research agencies contributed to the data collection, which took
place between September and December of 2003, with each institution defining their
individual deployment period.

3.3.1

Site Description

The site of the experiment was located along a section of coastline in La Jolla, CA,

stretching from Point La Jolla northward to Torrey Pines Beach (Figure 3.1). The site
is characterized by the presence of a submarine canyon that divides into two branches
near the coast with the Scripps Canyon situated to the north and the La Jolla Canyon

to the south. The Scripps Canyon has an unusual feature at the canyon tip often
referred to as the canyon "boot" and the walls of both canyons have undulations that

are especially evident in the 30 and 40 m contours. Blacks Beach, denoted by the
rectangular border in Figure 3.1, is located directly east extending northward from
Scripps Canyon and is a region that often experiences locally high wave heights

caused by a focusing of wave energy north of the canyon. Rip currents are also
frequently observed along this section of coast. This portion of the site is
characterized by a number of features that may contribute to the observed circulation
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patterns; a curved shoreline, an oblique canyon stretching towards the nearshore, and

undulating canyon contours. Due to the number of various data collected along this
portion of the project site and the observations of rip currents made prior to and during
the experiment, the initial circulation modeling efforts presented in this paper have
been concentrated in this region.
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Figure 3.1 Bathymetry of the site of the Nearshore Canyon Experiment (NCEX)
that took place in La Jolla, CA during the fall of 2003.
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3.3.2

Bathymetric Surveys

The model domain was constructed from a series of historical surveys that
were first recorded via depth soundings by the National Ocean Service in 1932 and

1972. As technology progressed, updated land elevations were recorded using lidar
equipment in 1998 and subsequent surveys of the submarine canyon were performed

in 2001 using swath sonar technology. Also in 2001, additional nearshore surveys
were conducted via a personal watercraft equipped with a differential global
positioning system (DGPS) to track horizontal position and a sonar altimeter to record

elevations with an estimated RMS vertical error of ±5-7 cm [Smith et al. 2003]. An
ATV and dolly equipped with a DGPS were used to collect land elevations of the
shoreface and overlapping data in the inner surf zone with an estimated horizontal and

vertical error in the land surveys of ±1 2cm and ±2- 3cm, respectively [Morton et al.,
1993; Dail et al. 2000]. All pre-experiment data was made available on a map using

the most recent data in areas where historical surveys overlapped. This base
bathymetry map was updated with each survey conducted during the experiment and
the boundary of the survey area was interpolated using a scale-controlled linear
interpolation scheme [Plant et al., 2002] to ensure no discontinuities existed.
Collectively, numerous NCEX participants used these same procedures to perform
biweekly surveys of the shoreface and nearshore bathymetry during the experiment
over a 3 km section of shoreline and reaching to approximately the 10 m depth
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contour. Detailed bathymetric maps corresponding to each survey period were then
available to use in the ensuing model simulations.

3.3.3

Offshore Wave Spectra

The offshore wave climate was measured using a Datawell directional wave buoy
deployed by the Coastal Data Information Program, Integrative Oceanography

Division, operated by the Scripps Institution of Oceanography. This buoy is located
about 11 km offshore of Torrey Pines Beach in a water depth of 550 m and collects

wave energy, wave direction, and temperature data. Statistical information and
spectral estimates of the water surface elevation are derived from each thirty-minute
time series collected by the buoy [Seymour et al.,

1985].

The directional wave

spectrum from the hour of interest is used to initialize the model series.

3.3.4

Remote Sensing Observations (Argus)

The Coastal Imaging Laboratory at Oregon State University collected video
observations of the nearshore region from an automated Argus video monitoring
station situated atop the Southwest Fisheries Science Center on the adjacent cliffs that

provided a range of views along Blacks Beach. Video techniques provide clear
signals of some physical processes in the surf zone from which geophysical properties
can be inferred [e.g. Holman et al.
2003].

1993,

Lippmann and Holman

1989,

Chickadel et al.

Time exposure images from an average of a series of snapshots collected over
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10-minutes allow easy identification of the surf zone by the area of light intensity due

to foam generated through wave breaking. Alternatively, a variance image from the
same series of snapshots indicates areas where the surface brightness is fluctuating in

time. This is indicative of the swash zone, the outer edge of the surf zone, or timedependent circulation features such as rip currents. Alongshore locations of observed
rip currents can be compared to the model-predicted rip current locations, providing a

qualitative indication of the model capabilities. Favorable comparisons suggest that
the physical processes included in the model scheme are dominant in dictating the
locations where rip currents develop.

3.4

NCEX Model Simulations

The model series used for this research consisted of a spectral wave model to

calculate wave transformation and wave forcing (radiation stress gradients). This
information was then passed to a nearshore circulation model to calculate a map of
wave driven current velocities.

3.4.1

Wave Model

The numerical wave model used in this study, simulating

ves Nearshore

(SWAN) model described by Booij et al. [1999], is a spectral wave refraction model
that solves the action balance equation and accounts for wave shoaling and refraction

as well as depth-induced wave-breaking. The offshore spectrum from the buoy,
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representing the main energy source in the system, was used to initialize the model at

the offshore and lateral boundaries of the domain. Other processes that may be
important in predicting rip currents are wave-current interaction, surface rollers that
shift the transfer of momentum from waves to currents shoreward, and wave

diffraction, which allows for energy leakage along the wave crest. It is hypothesized,
however, that each of these processes only affects the strength or structure of rip

currents, not the alongshore position. Therefore each of these has been neglected at
this phase and the principal diagnostic of the model capability is the accuracy of
predicting rip current locations.

3.4.2

Circulation Model

Radiation stress gradients and bathymetry are provided to the circulation
model of Ozkan-Haller and Kirby [1997] and [1999] to obtain two-dimensional
horizontal velocity information in the nearshore region. The model solves the
continuity equation (Equation 1) and the depth-integrated time-averaged Navier
Stokes equations to simulate the temporally and spatially varying circulation patterns

in this region (Equations 2-3). In these equations, i is the depth-integrated current
velocity with cross-shore and alongshore components, u and v, respectively. The
current velocity, ü includes the Eulerian particle velocity (liE) and the wave induced

drift velocity (liz) defined as the depth-integrated wave mass flux (Equation 4).
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In these above expressions, the mean water surface elevation is represented by ii,
represents the incident wave forcing as derived by Longuet-Higgins and Stewart
[1964], and

r'

is the lateral momentum mixing parameterized using an eddy viscosity

fomulation where the eddy viscosity is given by v = Md[
dissipation is denoted by Eb,

p

is the water density, d

= h

/
p

The breaking wave

+17, and M is the lateral

mixing coefficient [Battjes 1975]. Bottom friction is represented byfb = Cf U0U,
where

is the amplitude of the horizontal orbital velocity and

Cf

is the bottom

friction coefficient. The two free parameters in the model; the bottom friction
coefficient

(Cf)

and the lateral mixing coefficient (M) were assigned constant values

throughout this study with

Cf

= 0.003 and M = 0.25. The spatial derivatives in the

solution are approximated using a finite difference approach in the alongshore
direction and a Chebyshev collocation method in the cross-shore direction. Temporal
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derivatives are treated using a high order explicit time-integration scheme. Wall
boundaries were defined at the offshore, onshore, and lateral boundaries and wave
run-up has been neglected.

3.4.3

Model-Data Comparisons
A qualitative assessment of the model series was performed by comparing

model results to remote-sensing observations for two rip current events. The purpose
of this work is not to validate each model individually, therefore detailed evaluations
of the wave and circulation models will be addressed in future research efforts.
Rather, the following simulations motivated us to further pursue the effects of

undulations in the offshore contours in generating nearshore circulation patterns. The
wave model domain (see Figure 3.3) extends 10 km offshore and 12.5 km along the

coast of Southern California. The grid consisted of 722 cross-shore nodes with a
spacing of 15.58 m and 1350 alongshore locations with a spacing of 9.26 m. The
origin of the wave model domain is located offshore and the cross-shore and

alongshore coordinates are denoted by x' and y', respectively. For the two model-data
comparisons, the spectrum is assumed to be spatially homogeneous and is applied to

the offshore as well as lateral boundaries. The water depth at the offshore boundary of
the wave model domain was such that wave components with frequencies larger than
0.0636 Hz were in deep water and accounted for at least 90% of the energy for the

days of interest. In addition, the alongshore length of the domain was sufficiently

large to prevent effects from the lateral boundaries from becoming artifacts in the

nested circulation model grid. The resolution of the offshore directional spectrum was
0.01 Hz in frequency with 5 degree directional bins. The accuracy of the directional
resolution was tested for 2, 3, 4, and 5 degree bin sizes and although the structure of
the rip currents was altered (e.g. slight changes in orientation of the offshore flow), the

predicted rip current location was unaffected. In addition, the required spatial
resolution was also tested by nesting a finer nearshore grid in the wave model with a
cross-shore and alongshore spacing of 5 m, however there was no change to the

predicted rip current location. The circulation model domain (Figure 3.4), nested
inside the larger wave computational domain, is centered along Blacks Beach

spanning an alongshore distance of 3 km and extends about 500 m offshore. The
circulation grid is 65 x 257 with variable cross-shore spacing that ranges from 3.14 m

to 10.52 m and an alongshore spacing of 9.18 m. The origin here is located on the
subaerial beach and the cross-shore coordinate (x) increases offshore and points west
while the alongshore coordinate (y) follows a right-handed coordinate system and
points south.

3.4.4

Results for October 10, 2003 at 1900 GMT
The first test case was near the beginning of a four-day period (October 9,

2003 to October 12, 2003) where rip currents were observed in the Argus video data.
This rip current event was concurrent with a period of increased wave energy recorded
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at the offshore buoy with significant wave heights exceeding 1 m. The base
bathymetry was updated using survey data collected from October 6± and October 7th
and spectral estimates of the significant wave height, peak wave period, and peak
wave direction at the offshore wave buoy yielded, 1.6 m, 10 s, and 282 degrees (waves
approaching from the northwest at a 12 degree incident angle with respect to the x'-

axis), respectively. In addition, there was a secondary peak consisting of wave energy
approaching from the south with a peak period of 14 s (Figure 3.2). The predicted
wave height variation over the model domain is shown in Figure 3.3, with the

rectangle outlining the boundary of the nested circulation domain. Two predominant
length scales of alongshore gradients in the wave height are evident in this region.
The large length scale variations (O(km)) occur due to the diverging offshore canyon,
with an overall low wave height immediately shoreward of the canyon tips and

prevailing areas of increased wave height on either side. There are also shorter length
scale variations (O(lOOm)) arising from the undulations in the canyon walls.

A steady wave forcing, smoothly increased from zero to the values dictated by

the wave model over approximately 50 wave periods (-8 minutes), is used throughout
the 1-hr simulation. The simulation length was chosen to achieve time-invariant rip
current locations. For this case, the computed circulation is averaged over the last 10
minutes of the simulation and compared to the variance image derived from a 10-

minute average of Argus observations. The resulting circulation field is superimposed
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on the wave height predictions obtained from the wave model in Figure 3.4. Rip
currents develop in regions of locally low wave height caused by the undulations in
the offshore canyon bathymetry at approximately y = 1750 m and y = 1900 m, as well

as in a region of generally high wave height just north of the canyon head. Figure 3.5
shows the mean velocity vectors, superimposed on the Argus variance image from this

hour. We note here that the predicted rip current locations for this simulation were not
influenced by changes in the averaging period. These results provide encouraging
agreement between the modeled and observed rip current locations and the evaluation
of the survey data reveals no evidence to suggest that the nearshore bathymetry
dictates the alongshore position of the concentrated offshore flow.

3.4.5

Results for October 3], 2003 at 1500 GMT

The second test case was chosen at the beginning of another observed rip current event
where increased wave energy with significant wave heights over 1 m were recorded at
the offshore buoy, however the increase in wave activity as well as surface signatures

of the rip currents only persisted for one day. The rip currents observed from the
video data collected by various institutions on this day are more difficult to interpret

due to the spatial and temporal variability of the surface foam patterns. The series of
snapshots collected during this period only provide intermittent signals of rip currents

that do not appear for long periods of time or in one specific location. In addition, the
observations show that the direction of the offshore flow was much more oblique. The
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offshore spectrum shown in Figure 3.2 was hi-modal with a significant wave height of
1.5 m, 6.7-second peak period, and 293-degree peak incident wave direction (waves
approaching from the northwest at a 23 degree incident angle with respect to the x'-

axis). Compared to the wave climate on October

10th

the incident waves were shorter

and more oblique but the secondary peaks in both cases were comparable. The
bathymetry file was updated using a survey conducted on October 27th For this test
case, the same modeling procedure described above was used but the required length
of the circulation simulation was increased to 90-minutes in order to achieve time

invariant rip current locations. The results from the wave model over the entire
domain are shown in Figure 3.6. The predicted wave height, plotted using the same
color scale as the previous case, indicates that the wave focusing is less pronounced

given the conditions on this day. As shown in Figure 3.7, the northern rip current
observed and predicted on October

10th

is no longer present, however rip currents are

observed in the Argus image at y = 1000 m and y = 1800 m. The model does not
predict the rip current at y = 1000 m and provides only a weak signature of the
southernmost rip current.

The circulation results in this case are very sensitive to the length of the
simulation.

Shorter simulations produce average velocities that indicate much

stronger evidence of rip currents in the locations where they are observed. Figure 3.8
shows the 10-minute time-averaged circulation vectors superimposed on the wave

height variations for an average taken from 35-45 minutes and 80-90 minutes. With

45

2

.

12000

I

)

I

\
"

I

\

)

1.8

\
\

"

\

10000

\

\

\ 1

1

-- N '.\'

V

I'

\
.

I

\'' \

1.4

Li?

8000

....\

r
>.

1.6

\

..

6000

(

/

-

/ //

/

4000 /

/
/
/

/

/

Z

-

/

/ /
/ /
/ /

, J

/ /

(

-Th

r

/
'-."

/

Cl
0

/

/

1

(

/

i

2000

I?

/

)(/ /

04
1's-

(

0.2

1I/'J
4000

06

.t

I

I

.c

/

J

/

)

s/If

)

2000

-

///V

/1
/

0.8

- -

/
/

\\

'-

/ /

1

)

L

-

,_..-__ -

-

/

-

12

)I

1..

1
I

6000

8000

10000

0

x' [m]
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increasing simulation time, the inertia of the strong alongshore current weakens the

predicted rip current signature. For instance, a slight offshore flow is predicted after a
45-minute simulation at y = 1650 m with more pronounced rip currents around y =
1900 m and y = 2350 m, which correspond to the currents observed in the Argus

variance image. The signature of the northernmost rip, however, is decreased by the
end of the 90-minute simulation although there is still some indication of offshore
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flow at the appropriate locations and an alongshore current at the northern end of the
site, which is consistent with the variance image.

north of the canyon boot observed on October

10th,

For this case, the strong rip current
is neither predicted nor observed.

In both comparisons, the rip currents appear to be related to the shorter length scale
variations in the wave field, indicating that these offshore flows can appear in both
areas of generally high or generally low wave energy.

1.4

0

0

il.4

11.2

11.2

500

500

I-

I1000

1000

0.8

E

0.8

E

E

0,

I

I

>'

C',

0.6

1500

0.6

1500
10.4

2000

10.2

400

200
x[m]

0

0

10.4

2000

10.2

400

200
x[m]

0

Figure 3.8 Predicted wave height for October 31, 2003 at 1500 GMT within the
circulation model domain (Blacks Beach). Black vectors represent the predicted 10minute averaged circulation patterns after a 45-minute simulation (left panel) and a
90-minute simulation (right panel). Depth contours (black) correspond to the 0, 5,
10, 20, 25, 35, 50, 75, and 100-meter contours.

A series of tests, based on conditions that were different between the two
cases, were performed to isolate the mechanism that was responsible for the shift in rip

current location that was observed. There were four characteristics identified to vary
between the test cases; nearshore bathymetry, wave energy

(Ha), peak period, and peak

wave direction. Changing only a single characteristic at a time, the measured
bathymetry used for October 10th was replaced by the bathymetry for October 3 1st and

the model indicated no change in the circulation patterns. This is further evidence that
the local nearshore bathymetry is not controlling the development or placement of the

observed rip currents. To evaluate the effects of the minor change in offshore wave
energy, the integrated energy of the spectrum from October

10th

was decreased to

correspond to the energy observed on October 31st Again the model indicated no

change in the predicted rip current location. Although consistent between the two
cases, tests performed by removing the energy contained in the southern peak of the

spectrum also yielded no change in the circulation patterns. The final characteristics,
wave period and wave direction, were also tested and appear to largely contribute to

dictating rip current location. Their effects will be examined further in section 3.5.4.

3.5

Idealized Bathymetry
At a particular site, isolating the individual feature that is dominant in

prescribing the location where rip currents will appear can be impossible due to the

complexity of the site bathymetry. As a viable alternative, numerical studies that test

each individual relevant characteristic will be provided in this section. The three
characteristics that were isolated include an offshore oblique submarine canyon, a
curved shoreline positioned near the tip of the canyon, and the presence of undulating

features along the canyon walls. The reader is referred to Appendix A for the
equations that describe each characteristic bathymetry. Again, the simulation lengths
were chosen to achieve time-invariant rip current locations and to ensure that any
initial start-up transients had adequate time to propagate to the lateral boundary and

would not affect the time-averaged circulation results. For the following cases, 90minute simulations were performed and the velocity fields and momentum balances

were averaged over the last fifteen minutes. A JONSWAP spectrum, described by
Hasselmann et al. [1973], with a 10-second peak period and 285 degree peak direction

was used to initialize the model. The spectral shape was chosen to match the narrowbanded primary peak of the measured spectrum from October 10, 2003 at 1900 GMT

during the NCEX experiment. The width of the spectrum in frequency was dictated
by the peak enhancement factor (y) of 10 (half power band width of 0.0131Hz) and the
directional spread was prescribed using cosm(O0peak); where m = 40 (half power

directional width of 24.76 degrees).

The effects of both normal and obliquely

incident spectra over these idealized bathymetries were tested, however for brevity,
not all tests will be shown.
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3.5.1

Oblique Submarine Canyon
An irregular offshore bathymetry was developed by superimposing a planar

beach, sinusoidal shoreline with a contour curvature that dampens with increasing
water depth, and an elliptical canyon with the canyon tip positioned near the concave

portion of the shoreline (see Figure 3.9). The wave model grid consists of 801 crossshore points and 1001 alongshore points with a spacing of 5 m in both directions and
the circulation model grid is 65 x 512 with a variable cross-shore spacing of 0.1 m to
15.92 m and an alongshore spacing of 7.8 m. The predicted wave height patterns with
the time-averaged circulation field at the end of the simulation and final snapshot of

vorticity are shown in Figure 3.10. There is a region of intense wave focusing just
above the canyon tip, similar to that predicted at the NCEX site. In this case, one rip
current developed up-current of the region of increased wave height where the
alongshore current in the negative y-direction driven by the pressure gradient collides
with the alongshore current in the positive y-direction generated by obliquely breaking

waves that are unaffected by the submarine canyon. No rip current developed downcurrent of the canyon. The wall boundaries prescribed at the ends of the domain are
apparent in the results, however it is noted that these effects are localized at the lateral
boundaries and do not affect the rip current location or structure.
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3.5.2

Undulating Canyon Contours
The following case involved including undulations with a characteristic length

scale of 100 m in the canyon contours as shown in Figure 3.11. As indicated by the
predicted wave height in Figure 3.12, these features significantly alter the nearshore
wave field creating alongshore variations with length scales similar to the sinusoidal
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canyon variations. The rip current at around y = 1700 m still exists but further rip
currents are predicted within these variations in areas of intermediate wave height.
The results indicate that these types of features can be the controlling factor in rip
current development and location.
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3.5.3

Time-Averaged Momentum Balances

The previous discussion focused on the site characteristics that may be
dominant in dictating rip current location; however, evaluating the alongshore
variability of the forcing generated by these characteristics can further enhance our

understanding of the locations where rip currents are likely to develop. Within the

11

circulation model, a physical grid that includes a curved shoreline is transformed to a

computational grid as discussed in detail by Ozkan-Haller and Kirby [1999]. To
evaluate locally orthogonal alongshore momentum balances and understand the
governing balance, it is imperative to translate the model output vectors in the (x,y)-

coordinate system to a system that is locally orthogonal to the physical grid. The
details of this transformation are provided in Appendix B. In this section, the timeaveraged alongshore momentum balances inside and outside the surf zone will be

presented for the aforementioned idealized cases. The transect locations correspond to
the lines in the vorticity results previously shown in Figure 3.10 and Figure 3.12.
The time-averaged momentum balances were evaluated at a number of time
intervals to examine the time evolution of the force balance and resulting rip current

location. The most intuitive balance appears after three minutes of simulation time,
before nonlinearities in the system begin to arise. Based on the study of Bowen
[1969], the alongshore momentum balance offshore of wave breaking should consist

of the alongshore pressure gradient and opposing wave forcing. These components
should exactly balance so no net forcing of circulation is present offshore of the

breaking location. Inside of the surf zone, however, the balance is expected to be
between the alongshore pressure gradient and the bottom friction.
The 3-minute time-averaged alongshore momentum balances inside and
outside the surf zone for the smooth oblique canyon case are shown in Figure 3.13.

Each forcing term from the momentum balance equation (Appendix B, Equation Bi)
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is indicated, including the time-averaged acceleration of the alongshore current.
Positive values of the radiation stress forcing and wave-induced setup in Figure 3.13
drive currents in the positive y-direction and the bottom friction is indicative of the
alongshore current where a negative friction represents a positive alongshore current.
Finally, a positive local acceleration of the current illustrates an acceleration of the
flow in the positive y-direction. Outside of the surf zone there is a balance between the
gradient in the mean water surface elevation and the incident wave forcing, consistent

with the results of Bowen [1969] (Figure 3.13, top panel). At the beginning of the

57

simulation the balance is not exact due to flow accelerations that exist. Inside the surf
zone there is an imbalance between the pressure gradient and the incident wave
forcing, which results in a strong acceleration of the alongshore current (bottom

panel). Although, in general, the direction of the incident waves force a positive
alongshore current, in the region where the waves refract due to the underlying
canyon, the wave forcing acts in the opposite direction (1700 m < y < 2000 m).
As the simulation continues, nonlinear aspects of the nearshore circulation

become quite important. The alongshore momentum balance resulting from averaging
over the last fifteen minutes of the simulation are shown in Figure 3.14. The primary
balance outside of the surf zone has remained the same away from the narrow rip
current jet and the balance between the pressure gradient and the wave forcing is now
exact. However it is apparent that the balance in the vicinity of the rip current (1200 m

<y < 1700 m) is between the pressure gradient and the competing nonlinear
acceleration terms. Note that the rip current extends outside of the surf zone and
nonlinearity is therefore evident in the offshore alongshore momentum balance. For
the surf zone transect, the dominant balance resembles the offshore balance within the
rip current circulation cell, however, away from this region (y < 1350 m & y > 3000
m), the balance reverts to the expected balance between the wave forcing and bottom

friction. The portions of the transect within 500 m of the lateral boundaries are clearly
affected by the wall boundary condition as indicated by large advective accelerations;

however the effects are localized to the vicinity of the boundaries. The advective

acceleration terms return to near zero for an additional 500 m towards the interior of
the domain indicating that the choice of boundary condition will not affect the
predicted rip current development or migration.
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In the bottom panel of Figure 3.14, the effect of nonlinearity is reinforced
through a comparison of the predicted mean cross-shore velocity at the approximated

breaking location for both a linear and nonlinear simulation. Positive values of crossshore flow indicate offshore directed currents exiting the surf zone. The linear
simulation, lacking spatial acceleration, predicts rip currents at approximately y =
1690 m and y = 1950 m while the nonlinear model predicts only the rip current north

of the canyon at y = 1680 m. There was a slight 10 m shift in the rip current location
and a narrowing of the rip current jet associated with nonlinearity. It is noted that the
nonlinear model also predicts a rip current around y = 1950 m at the start of the
simulation, however the inertia of the strong positive alongshore current quickly
sweeps away the rip current.

Although not discussed in detail, we have also performed simulations for the

case of a curved shoreline with no submarine canyon. The wave height predictions
indicated regions of wave focusing on either side of the embayment. The alongshore
current in the positive y-direction from the oblique waves was reinforced by the

pressure gradient up-current of the embayment. Without the presence of the canyon,
the inertia of the alongshore current could not overcome the opposing pressure
gradient down-current of the concave shoreline resulting in a rip current at y = 2200

m. The addition of an oblique canyon causes a marked increase in the pressure
gradient up-current of the canyon, resulting in a stronger alongshore current with
sufficient inertia to overcome the opposing pressure gradient it encounters as it

propagates out of the embayed shoreline region. As the alongshore current reached
the point of maximum wave height following the shadow region (y = 3000 m), it was
reinforced by the positive incident wave forcing.

The momentum balances become somewhat more complicated as the
undulations in the canyon walls are included, however they are still consistent with the

principles discussed for the previous cases. The alongshore momentum balances
resulting from the last fifteen minutes of the simulation are provided in Figure 3.15.
Although multiple rip currents are present, the change in rip current location due to
nonlinearity, and a dominant balance between the gradient in the mean water surface

and the advective acceleration components inside the current are still evident. The rip
current above the canyon (y = 1700 m) is predicted regardless of the inclusion of
nonlinearity, with the width of the rip current predicted in linear model reduced by 50

% in the nonlinear simulation. Similar to the smooth canyon case, the rip current in
the shadow region of the canyon at y = 1950 m is predicted by the linear model only.
Rip currents associated with the O(lOOm) undulations are present in both simulations

but the inertial effects included in the nonlinear model shifts the alongshore position of

the rip currents south between 50 and 80 m. We note that the locations of rip currents
in the linear model are at local minima in the wave height, where the sum of the
alongshore pressure gradient and incident wave forcing is zero. In contrast, rip

currents in the nonlinear model are shifted to areas of intermediate wave height by
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inertial effects, which is consistent with the early observations of Shephard and Inman
[1950].
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3.5.4

Effects of Varying Spectral Parameters

The refraction patterns of waves propagating over bathymetric features are

highly dependent on the incident wave parameters. Consequently, the nearshore
circulation patterns, including rip current locations, are also affected by changes to the

offshore wave spectra. To evaluate the responsiveness of the rip current locations to
changes in the incident wave field, four parameters of the offshore wave spectrum
were varied; the peak incident wave period and direction, and the widths of the

frequency and directional peaks. Using the undulating canyon as the characteristic
bathymetry, the results of these tests are discussed in the following sections.

3.5.4.1 Peak Incident Period
The effect of changes to the spectral peak period on the wave refraction

patterns can be significant, even with variations of only 1-2 s. Numerous tests were
performed varying the peak period from 6 to 14 s in increments of 2 s. The results
from three of the cases, corresponding to a peak period of 6, 10, and 14 s are shown

below in Figure 3.16 to illustrate the range of predicted changes. The simulated mean
circulation field is superimposed on the wave height predictions to illustrate the flow

patterns and rip current locations. The figures indicate that shorter waves are less
affected by the presence of the canyon. Conversely, longer waves experience stronger
refraction of the wave crest resulting in larger alongshore wave height gradients. The
same is true for wave transformation caused by the undulations in the canyon walls.

63

0

0

0

500

500

500

1000

1000

1000

1500

.- 1500

.- 1500

>'

>..

2000

2000

2500

2500

2500

A

0

-11

E

I

>.

2000

400 200
x(m)

.1.5

0.5

I

U

400 200 0
x(m)

400 200 0
x(m)

-

Figure 3.16 Predicted velocity field (black vectors) superimposed on the predicted
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Although the length scale of the wave height variations does not change, the

magnitude of the wave height gradient will. In cases where shorter waves are present,
the pressure gradient may not be large enough to force alongshore currents of
sufficient strength, and the currents forced by obliquely breaking waves become

dominant, creating a uniform alongshore current. These results are consistent with the
observations of Shepard and Inman [1950], which indicated that longer waves
generated stronger regions of wave convergence that in turn., resulted in well-defined

and stable rip currents. Alternatively, when shorter waves were present at this site,
they found that the alongshore current was dominated by the direction of the incident
waves and the circulation cells were highly variable in time.

3.5.4.2 Frequency Distribution
The response of varying the width of the frequency spectra was investigated by

maintaining a constant spectral energy, peak period and peak direction. For the
following simulations, the width of the JONSWAP spectrum in frequency is
prescribed by the parameter gamma, y , which was defined as 1, 3.3, 10, and 20

resulting in successively narrower spectra with a half power width of the frequency
peak of 0.0578 Hz, 0.0204 Hz, 0.0131 Hz, and 0.01 14 FIz, respectively. Figure 3.17

illustrates the resulting wave height variation and circulation field for the offshore

spectra for the first, second, and fourth simulations. Although there are some minor
differences in the wave height intensity between the first and last simulations, it
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appears that the width of the frequency range in the spectra does not significantly alter
the circulation patterns in the nearshore region.
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3.5.4.3 Peak Direction

The responsiveness of the rip current location to changes in peak incident wave

direction was evaluated using a procedure similar to that in Section 3.5.4.1. In this
instance all spectral parameters remained constant, except for the peak direction which
was modified from 270 degrees (normally incident) to 315 degrees (waves

approaching from the northwest at 45 degrees) in increments of 15 degrees. The
results representing the range of conditions (270 degrees, 285 degrees, and 315

degrees) are provided in Figure 3.18. Interestingly, these results show that the peak
incident direction can have a considerable effect on the rip current location by altering

the refraction pattern over the canyon undulations. For instance, normally incident
waves provide a more intense region of wave focusing north of the canyon tip,
although the smaller length scale variations are less intense and may not extend into

the nearshore region where currents are generated. As the incident angle becomes
more oblique, the wave focusing region north of the canyon is weakened, but the

influence of the undulations becomes more pronounced. These changes can result in a
southward shift of the circulation patterns (O(50m)) and/or the development of

additional rip currents. However, it is a delicate balance, because as the incident wave
angle increases to 315 degrees, the alongshore current becomes so strong that it
overpowers the alongshore pressure gradients and no rip currents are generated.
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3.5.4.4 Directional Distribution
Finally, tests were performed to consider the width of the incident spectra in

wave direction. The power, m, was assigned values ranging from 4 to 200 where an
increase constitutes a narrowing of the energy spectrum. Figure 3.19 provides the
wave and circulation fields corresponding to an offshore spectra where m=4, 24, and
40 (half power width of the directional peak of 65.71, 27.88, and 24.76 degrees,

respectively). As the spectra narrows in directional spread, the alongshore wave
height variations developed from the undulating canyon walls become more defined,
whereas a very broad spectrum smoothes the variations to the point where the pressure

gradient may not be large enough to promote rip current development. A more
pronounced pressure gradient can lead to more numerous rip currents, and an
alongshore shift of the currents may occur as the lobes of wave focusing become less
diffused.
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3.6

Discussion and Conclusions
In this study, we have considered the depth-averaged circulation field

generated by waves that shoal, refract and break over a bathymetry that includes
offshore submarine canyons. We reiterate here that we have not accounted for the
effects of wave diffraction. We can assess the importance of diffraction using a nondimensional parameter first proposed by Battjes [1968]. Physically, this parameter
represents an estimate of the normalized error in the wave phase speed when

diffraction is neglected, and diffractive effects are considered to be minor if <<1. For
the undulating canyon bathymetry is generally less than 0.15 and reaches 0.2 in a
few localized areas. We have further carried out limited simulations of the wave field
on the idealized undulating bathymetry using the spectral refractionldiffraction model
REF/DIF S and find that the wave height variations with O(lOOm) length scales

generated by the canyon undulations are still apparent when including diffractive

effects. Also unaccounted for in this study is the effect of wave-current interaction.
Recent studies have shown that considering wave-current interaction reduces the
offshore extent of rip currents and may induce additional unsteadiness [Haas et al.

2003, Yu and Slinn 2003]. However, there is no evidence that wave-current
interaction affects the alongshore position of rip currents.
For our idealized cases we find that the circulation dynamics are linked to
individual characteristics of the site, including shoreline curvature, canyon
configuration and undulations in the canyon contours. The resulting circulation may
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be affected by changes to the curvature of the shoreline, amplitude of the contour

undulations, or the location of canyon relative to the shoreline. For instance,
preliminary results show that canyon undulations of one-half the amplitude presented
herein result in similar, though weaker, circulation patterns, while reducing the
amplitude to one-quarter decreases the magnitude of the wave height variations in the
surf zone and significantly changes the predicted circulation patterns. The sensitivity
of the nearshore circulation to these factors will remain a topic for future research and
could result in guidelines regarding the attention that should be paid to such offshore
features at a given site.

In this study, we were motivated by simulations of the wave and circulation
field during the Nearshore Canyon Experiment which indicated that features of the
circulation field could be closely tied to undulations in the offshore canyon and that
the predicted rip currents showed correspondence with rip currents observed in the
NCEX video data. We further performed a sequence of idealized tests to determine the
relative importance of the large-scale structure of offshore bathymetric features (i.e.
submarine canyons) and the finer details of those features (i.e. undulations) in

controlling rip current location. These case studies showed that it was the specific
details of the offshore bathymetry that dictated the refraction patterns responsible for
driving rip currents in particular locations and that the number of rip currents was

drastically reduced when no undulations were present. This finding has important
ramifications for nearshore scientists because often times highly resolved surveys are
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only conducted in the surf zone where in-situ data is concentrated. In situations where
the offshore bathymetry dictates nearshore circulation patterns, future modeling efforts
will be hindered without high-resolution offshore surveys.
Our analyses for various offshore wave conditions indicate that the presence of
rip currents is closely tied to the period and direction of the incident waves. In
particular, we found that waves with relatively short periods are generally unaffected
by the presence of the canyon and rip currents do not form. Similarly, waves
approaching at large angles of incidence induce a strong alongshore current which
dominates the nearshore circulation.

Evaluation of the alongshore momentum balances indicates that the traditional
balance outside the surf zone between the incident wave forcing and gradient in the
mean water level is preserved, except where the rip current jet exits the surf zone and

nonlinearity is dominant. Similarly, inside the surf zone and away from the circulation
cell the balance is between the incident wave forcing and competing bottom friction.
Within the circulation cell, either inside or outside of the surf zone, we see that the
advective acceleration terms balance a large portion of the alongshore pressure
gradient with bottom friction accounting for the remainder, indicating that the inertia
of the current is important. The alongshore momentum balances also show that the
initial rip current location is dictated by a balance between the gradients in radiation
stress forcing and the pressure gradient induced by variations in the mean water

surface elevation. Nonlinear processes, however, arise within minutes of the start of
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the simulation and have a pronounced effect on dictating the final location of the rip

current. Hence, inertial effects are important in determining rip current location and a
nonlinear modeling scheme is generally required for accurate predictions of rip current
location.
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Chapter 4:

Lagrangian Particle Tracking

Lagrangian tracking methods have been employed to help scientists obtain
observations of flow patterns in the nearshore region since the first observations of rip

currents were recorded. Shephard and Inman [1950], in fact, used a variety of 'free
drifting type' devices to visualize rip current circulation cells and to obtain estimates
of rip current velocities at the same site where the Nearshore Canyon Experiment was

conducted. These devices included dyes, surface floats, and volleyballs with light
negative buoyancy, as well as natural floating drifters such as kelp. Of course
technological advances now allow for more sophisticated drifters that can track and
record their own position using GPS technology and laboratory experiments using
drifters have allowed for more controlled measurements that can be compared to
simultaneous Eulerian in-situ measurements [Schmidt et al. 2003; Kennedy and

Thomas 2004]. There are advantages and disadvantages to both fixed point and drifter
measurements. Eulerian measurements, collected at a fixed point, allow for the
evaluation of time-averaged properties but the spatial resolution is often low due to

equipment costs. On the other hand, drifter measurements can provide a denser array
of observations that include both the Eulerian velocity and the velocity contribution
from a Lagrangian drift, but time-averaged quantities cannot be captured [Kennedy

and Thomas, 2004]. Alternatively, numerical models can provide both Lagrangian
flows through particle tracking and the computation of time averaged quantities on a

fixed model grid. The caveat for a useful study, of course, is the requirement that the
model have proven success in predicting nearshore circulation.
In shallow water, such as the surf zone, currents other than undertow are
believed to have little vertical variation, which would indicate that comparisons of
surface patterns (i.e. foam) and their propagation speeds obtained from remote-sensing

observations with depth-integrated model results is justifiable. Previous work has
shown that optical estimates of alongshore currents compare well with in-situ
measurements collected on a relatively alongshore uniform beach [Chickadel et al.

2000]. With regards to rip currents, laboratory investigations have found that inside
the surf zone there is little vertical variation in the flow (excepting the bottom
boundary layer), however further offshore the rip current becomes strong only at the
surface [Haas and Svendsen 2002; DrØnen et al. 2002]. These results indicate that in
the surf zone, the foam pathlines apparent in Argus variance images should correspond
to the pathlines of the underlying water particles.
As discussed in the previous chapter, the time dependent circulation model,
which has shown encouraging agreement by predicting the spatial locations of
multiple rip currents, can be used as an informative tool to test various scientific

hypotheses. Using this mentality it is quite feasible to initialize an array of "model
drifters" to track particles throughout the model simulation. If during the simulation
the drifters follow paths similar to the streaks of foam identified in the Argus variance
image, it is a positive indication that the predicted depth-integrated flows are directly

79

correlated to the flows near the water surface and that the model is performing well.
This research is still in its infancy and will require future study, but the preliminary
results are discussed in the following sections.

4.1

Method

The simulations discussed previously for October 10, 2003 and October 31,
2003 at the NCEX experiment were repeated and eight alongshore arrays of model
drifters were defined as particles to be tracked during the simulation (Figure 4.1).
After the predicted rip current locations appeared to no longer be time dependent (50
minutes for October 10th and 80 minutes for October 31st), the drifters were introduced

and the simulation continued for an additional 10 minutes. In total there were 2056
drifters, with the starting position of each defined on the model grid. At the first time
step, following the placement of the drifters, the cross-shore and alongshore
components of velocity, calculated for each node, were integrated in time to find the

new position of the drifter. These updated positions were no longer constrained to
points on the computational grid. With each ensuing time step, the current velocities
were calculated on the grid and then interpolated to each drifter position, providing the

velocity and direction of each individual water particle being tracked. These
interpolated velocities were used to find the new position of all the particles. At this
stage, a simple linear interpolation was used to find the particle velocity; however
future efforts should include a more sophisticated technique.
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Figure 4.1 Initial positions of model drifters. There are 2056 drifters (entire
alongshore distance not shown) that were tracked for the last 10 minutes of each
simulation. Red lines denote the 0, 5, 10, 20, 25, 35, 50, 75, 100-meter contours.

4.2

Results

The results for the October 10th case are shown in Figure 4.2 and the corresponding
Argus variance image in Figure 4.3. It is no surprise that the drifters are being carried
offshore by the rip current in the correct locations based on the comparisons of rip

current location provided in Chapter 3. It appears, however, that the drifters in the
northern rip current (y = 1500 m) are not advected northward as indicated by the foam

patterns in the Argus image. Similarly, in the southern rip current, the model drifters
are following the rip current flow but the scattered nature of the drifters make a
comparison difficult.
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Figure 4.3 Argus variance image for October 10, 2003 at 1900 GMT. Red lines
denote the 0, 5, 10, 20, 25, 35, 50, 75, 100-meter contours.

The test from October 3 1St provided similar inconclusive results. As discussed

in the previous chapter, these results were very sensitive to the length of the

simulation. The drifter positions after 90 minutes are shown in Figure 4.4 and only
indicate offshore mass transport at an alongshore position of approximately -700 m,
however this does correspond to one of the rip currents observed in the Argus image.
A 45 minute simulation was also performed with the model drifters introduced after 35

minutes. The final drifter positions in Figure 4.5 show offshore flow occurring at both
y = -700 m and y= -950 m which compare well with the observations (Figure 4.6).
Evaluations of the drifter paths for each case, rather than just final location, also
proved to show no clear correlation to the observed pathlines.
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Figure 4.4 Final drifter positions for the October 3 case after a 90-minute
simulation. Model drifters were initialized for the last 10 minutes of the simulation.
Red lines denote the 0, 5, 10, 20, 25, 35, 50, 75, 100-meter contours.
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One last interesting feature from this test case is shown in Figure 4.7 by the

Argus snapshot image. Note the thin lines of foam that appear to propagate parallel to
the shore. It is interesting that the model simulation performed for 45 minutes also
shows a concentration of drifters that also begins to travel parallel to the shoreline and
at a similar cross-shore position.
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Figure 4.7 Argus snapshot image for October 31, 2003 at 1500 GMT. Red lines
denote the 0, 5, 10, 20, 25, 35, 50, 75, 100-meter contours.

4.3

Discussion

There are a number for foreseeable improvements that could be made to further
test the validity of the hypothesis that the predicted trajectories of the particles should

correspond to the pathlines observed in the Argus image. In addition to upgrading the
interpolation method used to find the velocity at each drifter position, it is possible that
tracking the path of only a few particles in time rather than evaluating only the final

drifter position, may provide a better means for comparison. If a section of traceable
surface is identified in an Argus image, the position of that surface feature can be

defined as the initial position of a model drifter. The position of that feature can be
tracked in time through the Argus image and the observed path can be compared with

the path predicted by the model. There are also additional factors that may account for
differences between the model results and the observations including surface currents

or transport of foam due to wind stress. Also of concern are time-dependent processes
that the model currently neglects. The model currently using stationary wave forcing
and therefore does not include the presence of wave groups and low frequency

motions they may generate (i.e. edge waves). Personal communication with
researchers who collected in-situ velocity data indicated that the data records showed
modulations in the velocity of around 8.5 minutes which are not apparent in the model

results. This remains a topic of future research and requires additional development.

Chapter 5:

General Conclusions

The work presented in this thesis provided an example of how geometrical
variables extracted from remote sensing observations can be used as a proxy for

numerical model validation. In return, numerical models that qualitatively predict
observed circulation patterns can describe the dominant physical processes that

produce such visual signals. During this study, comparisons of rip current locations
observed through video techniques and those predicted using a wave-circulation

model series showed encouraging agreement. The comparisons were conducted using
data collected during a large-scale field experiment in a region characterized by

offshore submarine canyons that extend into the wave shoaling region. Examination
of the bathymetric data revealed that no nearshore template existed in the surf zone to

dictate where the rip currents would develop. Therefore, the model series must
accurately predict the offshore wave transformation in order to generate the necessary

gradients in wave height that lead to rip currents. The comparisons suggest that the
model is capturing the dominant physical processes that are conducive to rip current
development in this region.

The model revealed that the rip currents developed in locations of predicted
wave height variations that were related to shorter length scale variations (O(lOOm))

in the offshore canyon bathymetry. This hypothesis was further tested using a
theoretical treatment to evaluate the effects of three site characteristics that may

contribute to prescribing the rip current locations. Through superposition, a curved

shoreline, oblique submarine canyon, and undulations in the submarine canyon walls

were tested to determine their potential for driving rip currents. Although rip currents
appeared in each case, it was clear that smaller scale features in the offshore
bathymetry significantly affected nearshore circulation patterns, demonstrating that
adequate sampling of the offshore bathymetry is required for accurate circulation

predictions. This area is not typically the emphasis of nearshore scientists and may
demand further attention in regions where offshore features influence the nearshore
circulation.

Just offshore of the surf zone, the alongshore time-averaged momentum balance
for the three cases showed that the incident wave forcing and the pressure gradient in

the mean water level were in balance, as expected by the theory of Bowen [1969]. As
the rip currents were ejected offshore and extended into the offshore transect, the
convective acceleration terms were in primary balance with the mean water level

gradient, demonstrating the high nonlinearity in the rip current jet. Inside the surf
zone, away from the rip currents, a linear momentum balance existed between the
incident wave forcing that generates an alongshore current and the resulting bottom

friction. Within the rip current circulation cell, however, the nonlinear acceleration
terms became dominant and were again in balance with the alongshore gradient in the

mean water level. The time evolution of the rip current systems showed that at the
beginning of the simulation, the rip current location was dictated by the locations

where the sum of the opposing wave forcing and pressure gradient was zero. As the

simulation progressed and nonlinearity increased, the rip current locations in some

instances shifted O(500m) and some disappeared altogether. This demonstrates the
difficulty of making predictions in the nearshore region and the importance of using a
nonlinear model in order to accurately predict rip current locations.
The responsiveness of the predicted circulation to changes in the offshore
spectra was examined by varying the peak period, peak direction, and the widths of

the frequency and direction peaks. It was clear that the refraction patterns of the
incident spectra and final rip current locations were affected by these changes.
Primarily, the rip currents were influenced by changes in the peak period and

direction. Longer waves resulted in stronger alongshore wave height gradients and
more defined rip currents than waves of shorter period. In addition, as the incident
angle was increased, the alongshore current had inertia sufficient to sweep away any

rip current that began to form. The circulation patterns did respond to changes in the
width of the directional peak, with more diffused wave height gradients and less

defined rip currents. Undoubtedly, there a number of factors that contribute to
nearshore circulation patterns in regions with complex offshore bathymetry.
However, these results have shown that existing models, with limited free parameters,
have the potential to predict observed circulation patterns, even when dominated by
offshore characteristics.
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Appendix A: Nearshore Canyon Experiment Participants
Arete Associates
Naval Postgraduate School

Naval Research Laboratory/Stennis Space Center
Oregon State University
Scripps Institution of Oceanography
The Ohio State University
Texas A&M University
University of Florida
University of Massachusetts
Veridian Associates

Woods Hole Oceanographic Institution
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Appendix B: Idealized Bathymetric Equations
The theoretical bathymetries were constructed using the following

superposition of a planar beach, oblique elliptical canyon, and curved shoreline. In the
following, x' points onshore and y' forms a right-handed coordinate system:
h =

where:

mx') + f(x', y') + f

= offshore water depth of the planar beach (97m for all cases)
m = slope of the planar beach (0.025 rn/rn for all cases)
f (x', y') = function describing the elliptical canyon
/

f(x y)
,

h

exp

I/

,2O)

x -x1
,

he

/

exp

20
J

where:

(Al)

(x', y')

[

'

/

y

L

L

(A2)

= maximum canyon depth (at center)

x = x-coordinate of the center of the canyon
= width of the canyon in cross-shore direction
= y-location of the canyon's major axis
= width of the canyon in alongshore direction
f (x', y') = function describing the curved shoreline

I

9(x/_4OOO\2l

f(x',y')=h5(y').exp1--

J

J.

(A3)

where:

(-1.5

y'<1495m

_1.5cos2_1495

h(y')=

2000

1495m

y' 3495m

(A4)

y'>3500m

U1.5
Curved shoreline:

For the case with only a curved shoreline, the canyon depth is equal to zero
and the equation collapses to:

h=(h0nvc')+f(x',y')

(AS)

Curved shoreline and smooth oblique canyon:
The full expression in Equation (Al) is used for this case with the parameters
of the canyon as follows:
x = -650 m
= 4000 m
=

..(x'+390m)
125 m

(A6)
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Curved shoreline and undulating oblique canyon:
The full expression in Equation (Al) is used for this case with the parameters
of the canyon as follows:
= -650 m
Lxe = 4000 m
= -(x'+39O) m

/ ,'\
(x

= 125 w(x ) sin'

40)
I

(A7)

where:

2(x' + dr')
2

w(x') =

6000

0x'3000m
(A8)

x' > 3000m
L65

Appendix C: Orthogonal Conversions
We establish a domain bounded by a curved shoreline where the curvature of

the gridlines is then damped exponentially with offshore distance. Orthogonality on
this physical grid is accomplished using the local gradient of the gridlines at each node
and the x and y components of each computed term in the momentum equation given

below in vector form (Equation Bi):

(Bi)

=

where the <> indicates a time-averaged quantity, ii represents the mean water surface
the incident wave forcing derived by Longuet-Higgins and Stewart

elevation,

[1964], r' the lateral mixing term, and

Tb

represents the bottom friction component.

With knowledge of the appropriate angles, the output vectors can be translated

to the desired orthogonal components. A schematic of the output vectors and the
translated components is given in Figure B 1. The corresponding equations are
provided in Equations B2 and B3.

a)

(B2)

=lIsin(a'-a)

(B3)

=

where
=

T

j cos(ci'

and r are the translated orthogonal vectors at each grid point,
+

is the magnitude of the original model output of each individual

momentum term, a' is the angle measured between

and the x-axis of the

computational grid, and a is the angle between the x-coordinate of the computational
grid and x-coordinate of the locally orthogonal grid.

Figure C.1 Transformation of model output vectors to a locally orthogonal system.
are the model output, t is the resultant vector, and t) and T' are the
t, and
translated orthogonal components of the resultant vector. The angle a' is measured
between the model x-coordinate of the computational grid and the resultant vector
and a is measured between the x-coordinate of the computational grid and the
locally orthogonal x-coordinate.

