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1 Introduction

Waves in tidal inlets steepen and break on strong ebb currents as they travel
from deeper water, over the ebb shoal, and into the navigation channel toward the
bay. Wave and current interaction is of coastal engineering significance with
respect to (a) navigation, as the steeper wave leads to more difficult vessel oper-
ation, (b) sediment transport in the inlet, especially near the navigation channel,
and (c) wave processes inside the inlet entrance, such as beach erosion.

Background

The motivation for these laboratory experiments was to measure wave break-
ing in typical coastal inlet conditions. The measurements were made to parame-
terize wave breaking for application in numerical wave transformation models,
e.g., in the steady-state spectral wave model STWAVE (Smith, Resio, and Zundel
1999). In coastal inlets, where waves are steepened by ebb current, depth-limited
breaking relationships fail. Wave steepness-based dissipation relationships (used
to simulate white capping in wave generation models) also fail (Ris and
Holthuijsen 1996; Smith, Resio, and Vincent 1997). The data collected and
analyzed for this study are an extension of the data set collected by Smith et al.
(1998) in the same physical model facility. Smith et al. (1998) evaluated and
developed dissipation algorithms using these data. Whitecapping formulations,
strongly dependent on wave steepness, generally under-predict dissipation. A
relationship for dissipation as a function of wave height squared was developed by
Smith et al. (1998), which gave improved agreement between calculated and
predicted dissipation compared to other work. The relationship also worked as
well as others in modeling the wave height.

These data presented in this report include a larger range of incident waves
and ebb currents than the previous data set (Smith et al. 1998). These experi-
ments also include an elliptical ebb shoal seaward of the inlet. The shoal induces
depth-limited breaking (in addition to the current-induced breaking in the inlet),
which is a typical feature of many coastal inlets. Also, an examination of effects
of laboratory scaling was performed by varying wave height, period, and water
level.

Chapter 1 Introduction



Objectives

In this report, wave breaking on a current is examined through physical-model
measurements in an idealized inlet with a steady ebb current. Wave and current
measurements will be used to evaluate wave dissipation models. The goal of the
study is to provide the data to develop a dissipation function for wave breaking on
a current that is based on integrated wave parameters, is applicable for arbitrary
water depths, and is robust.

Scope

The introduction describes the preceding study of wave breaking on a current
and the motivation for these measurements. Next, the experimental setup
(including the laboratory facility, the instrumentation, and the incident waves and
currents) and experiment procedures and data analysis (including sequence of
events, calibration, sampling, data analysis methods, data format, and example
plots) are presented in Chapters 2 and 3. Chapter 4 presents example results of
wave breaking on an ebb current in the Idealized Inlet Facility physical model.
These results include a discussion of model scaling of the breaking process,
modification of wave spectral shape as a result of breaking and wave-current
interaction, and transformation of wave height caused by shoaling and breaking.
In Chapter 5, conclusions are given.

Appendixes A through F provide additional information in the forms of a

Notation, data tables, basin bathymetry files, and gauge nomenclature and
locations, respectively.

Chapter 1

Introduction



2 Laboratory Facility and
Equipment

As part of the Coastal Inlets Research Program (CIRP), a physical model
facility was created to address research and field problems of tidal inlets
(Seabergh 1999). The model and appurtenances necessary to study inlet problems
are discussed in this chapter.

Idealized Inlet Laboratory Facility

An idealized inlet was designed to fit in a 46-m- (150-ft-) wide by 99-m-
(325-ft-) long concrete basin with 0.6-m- (2-ft-) high walls. The approach was to
design an inlet with simplified bathymetry and relatively steep beach slopes so
that additional features (such as an ebb shoal) could easily be added. Plans
included using fine sand as both a tracer and as a fully mobile bed that could be
placed over the concrete bottom in a thick veneer. A 1:50 undistorted scale was
assumed to determine reasonable inlet dimensions to model; however, other scales
can easily be assumed to accommodate studies of specific processes with the
simplified bathymetry.

Figure 1 shows the facility and basin area. The Idealized Inlet Facility is
connected to a large sump (not shown, volume of 1.98 x 10° liters (523,000 gal))
for water exchange. Tides may be produced in the facility's ocean to drive tidal
currents into and out of the inlet bay. A constant inflow is introduced from the
sump into the basin's ocean, while a rolling gate either reduces or increases flow
area over an exit pipe into the sump which causes ocean rise or fall, respectively.
The rolling gate is regulated by a controller connected to a feedback loop com-
paring actual to desired water level. The two cylinders in Figure 1 are storage
tanks each holding 182,000 liters (48,000 gal) water. The tanks allow a much
larger bay area by storing flood tide water and releasing it back to the bay to flow
to the ocean during ebb flow. Pumps and control valves associated with this
procedure are located adjacent to the storage tanks.

A steady-state flow may also be established for simulating ebbing or flooding
currents. The piping system appears in Figures 1 and 2. Water is either collected
(flood flow) or distributed (ebb flow) through a system of manifolds in the bay
that may be adjusted for one, two, or three bay channels or a uniform flow across
the bay. Water is either released (flood flow) or taken from (ebb flow) the ocean

Chapter 2 Laboratory Facility and Equipment



fO0-Foot Grid

Figure 1. Idealized Inlet model research facility

headbay to complete the circulation energized by the pumps located in the upper
right side of Figure 1.

Figure 2 shows bottom contours at a 1:50 scale. The ocean-side parallel
contours were specified by applying an equilibrium profile equation from Dean
(1977) as

d= A" (1)

where
d = still-water depth
x = distance offshore (from still-water shoreline)
A = empirical coefficient determined by sediment characteristics
A value of 4 = 0.24 m'”? was specified as it represented a relatively steep beach.

The contoured beach slope extends to the 18.3-cm (0.6-ft) mean low water (mlw)
depth (or 9.1 m (30 ft) scaled by 1:50).

The inlet throat region converges to a depth of 15.2 cm (or if scaled to 1:50,
7.6 m (25 ft)) relative to a mlw datum. The minimum width is 267 cm across the
inlet between mlw contours (or if scaled by 1:50, it represents a width of 133.4 m
(438 ft)).

Chapter 2 Laboratory Facility and Equipment
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Figure 2.  Model facility showing bathymetry, including ebb shoal and gauge rack locations. (To convert

feet to meters, multiply by 0.3048)

Chapter 2 Laboratory Facility and Equipment




Figure 3 shows the inlet throat and entrance channel with parallel jetties
which were constructed for this study. They have a spacing of 3.66 m (12.0 ft)
from one jetty center-line crest to the other. The crest elevation is at +9.14 cm,
mlw (or if scaled to 1:50, 4.57 m (15 ft)). The side slope for the rock jetties was
1V to 2H. The jetties terminated offshore at the 7.32-cm contour, mlw (or if
scaled to 1:50, 3.66 m (12 ft)).

e

Figure 3. Idealized Inlet entrance channel with obligue waves approaching inlet
(spacing 62 cm between "+" marking on research facility basin floor)

Based on Froude’s model law (Hughes 1993) and the linear scale of 1:50, the
model-prototype relations in Table 1 were derived. Dimensions are in terms of
length (/) and time (f). Figure 3 shows the model inlet during testing. As men-
tioned previously, other scales may be assumed for the bathymetric contours,
therefore different scaling relationships would apply than listed in Table 1.

Table 1

Model-Prototype Scale Relations at 1:50 Undistorted Scale
Characteristic Dimension Model-Prototype Scale Relation
Length 14 {.=1:50

Area £ 2 A=l ?=1:2500

Volume (3 V, = {2 =1:125,000

Time (tidal and short wave period) t I, = \/Z =1:7.07

Velocity {1 U=10,/t=1707
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A movable, 24-m- (80-ft-) long, unidirectional wave generator (Figure 1) was
located on the ocean side of the facility to produce irregular or monochromatic
waves. Unscaled wave periods could be varied from 0.5 to about 3 s and wave
heights to 10 cm (at the generator location and for this model configuration).
Wave angle was varied for specific tests by moving the generator on its castors.

Instrumentation and Calibration

Wave height and period data were collected on electrical capacitance wave
gauges which were calibrated daily with a computer-controlled procedure
incorporating a least squares fit of measurements at 11 steps. This averaging
technique, involving 21 voltage samples per gauge, minimizes the errors of slack
in the gear drives and hysteresis in the sensors. Typical calibration errors are less
than 1 percent of full scale for the capacitance wave gauges. Wave signal genera-
tion and data acquisition were controlled by a DEC MicroVax I computer.

Water velocity data were collected with SonTek 2D Acoustic Doppler Veloci-
meters (ADV) with a side-looking probe that is oriented to collect x-y horizontal
velocity information in a horizontal plane. Samples were collected at 10 Hz,
though the instrument makes 250 pings/s and averages for each output sample.
Accuracy is 0.5 percent of the measured velocity, with resolution of 0.1 mm/s and
threshold of 0.1 cm/s. The probe samples a 0.25-cm volume located 5 cm from
the sensor heads.

The sensors were placed as seen in Figure 4. A gauge rack was designed to
hold both the wave and current meters in a co-linear manner, with a 0.61-m
(2.0-ft) separation between alternating sensors. The rack was then moved to three
other locations for test reruns of the same wave and current condition to complete
a data set. Gauge setups 1 (seaward) and 4 (bayward) were oriented along the
channel center line and setups 2 (seaward) and 3 (bayward) were shifted 0.6 m
(2 ft) to the right of center line, looking from the model ocean to the bay.

Incident Waves and Currents

Wave conditions for the study were zero-moment wave height H,,, = 3.7 and
5.5 cm, peak spectral period 7, = 0.7 and 1.4 s, and incident wave direction per-
pendicular to the jetties. All waves were generated with the Texel, Marsen, and
Arsloe (TMA) spectral form (Bouws et al. 1985) using a gamma value of 3.30.
The current velocities were 0, 12, 24, and 32 cm/s as determined from a reference
gauge located in the center of the channel seaward of the inlet gorge, but located
between the jetties. The current decreased approximately 20 percent seaward of
the jetties. A summary of wave and current parameters considered in this study is
given in Table 2.

The wave and current parameters cover a wide range of values, which makes
the data useful to evaluate the wave dissipation formulations for current-induced
wave breaking. Each experiment run was repeated four times, at the four gauge
array positions shown in Figure 4. The wave gauges located at the center position

Chapter 2 Laboratory Facility and Equipment
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Table 2

Laboratory Wave and Current Parameters

Hpmo To U

(cm) (s) (cm/s) Hmo/L u/c Hmo/d kd k Hmo/2
3.7&55cm 0.7&14s 0,14, 24, 32 0.025- 0-0.45 0.25-0.63 0.4-1.4 0.07-0.3
(1.85&2.75m 49&99s@ (0,1.0,1.7,2.3 0.11

@1:50 scale) 1:50 scale) m/s @1:50 scale)

(2n/L).

Note: U = the average current magnitude; L = wavelength; C = the wave celerity; d = still-water depth; and k = wave number

overlapped, so wave heights could be compared between runs of similar incident

conditions. Waves and currents at the two positions across the channel were
similar and were averaged.
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3 Measurement Procedures
and Data Analysis

This chapter provides information on the data collection and analysis.
Selected example plots of data are also shown.

Sequence of Events and Data Sampling

Following daily calibration of the wave gauges (Chapter 2), the ebb flow was
first set in the proper range based on a flow meter installed in the pipeline down-
stream of the pump location. The flow setting was then refined by bringing the
current to its proper speed based on a reference current meter in the inlet channel.
With a stable flow in the channel, current velocities were collected at all locations
for about 70 s (700 data samples); then the wave generator was turned on and
both current and wave data collected. The wave generator was operated for
1,020 s. Wave gauge sampling rate was 20 Hz, so 20,400 water elevation data
points were collected at each gauge, and 10,200 additional velocity data samples
(10-Hz sampling rate) for each sensor were collected during a run.

Figure 5 shows a comparison of target and measured spectra at a wave gauge
location in front of the wave generator. Figure 6 shows a snapshot of water
surface variation over a portion of a run at some of the gauges, first for a waves-
only data-collection run (upper two panels), and then a wave-current data-
collection run (lower two panels).

Data Analysis

The velocity data were analyzed in the time domain. The prewave velocity
record was averaged over the initial 700 samples. Velocity records after the wave
generator was started were examined individually to determine when a steady-
state condition was reached and the subsequent record was averaged, usually on
the order of 8,000 to 9,000 samples (up to 900 s of data). Figure 7 shows the
currents at stations for a particular experiment. Initially there was steady-state
flow without waves; once wave activity began, there was a transitory period for
adjustment to a near steady state, with oscillations superimposed from the wave
orbital velocities.

Chapter 3 Measurement Procedures and Data Analysis
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Figure 5. Comparison of targeted and measured spectra for wave generation.
(To convert square feet to square meters, multiply by 0.09290304)

Wave data were analyzed in two ways. A down-crossing analysis was per-
formed on the time series of water elevations as well as spectral analysis using a
Fast Fourier Transform (FFT). The down-crossing analysis produced the calcu-
lated parameters shown in Table 3.

FFT or single-channel frequency domain analysis was performed over the
entire 20,400 data points (Az = 0.05 s). In the analysis, the mean was removed
and a cosine square taper applied over 10 percent of the data at the beginning and
end of the data record. The spectral parameters calculated are listed in Table 4.

Chapter 3 Measurement Procedures and Data Analysis
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Figure 6. Snapshot of water surface elevation, 7, at wave generator (Gauge 1)

and in entrance channel (Gauge 10) at same time for a run without
currents (Run 58) and with ebb currents (Run 70). (To convert feet to
meters, multiply by 0.3048)
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Table 3
Calculated Wave Parameters from Down-crossing Analysis
Parameter Name Description
ETABAR Average water level
ETARMS Root-mean-squared water level
ETAMAX Maximum water surface elevation
ETASD Standard deviation of water level
RHOHH Correlation between wave heights
RHOHT Correlation between heights and periods
HMIN Smallest wave height
HMAX Largest wave height
HBAR Average wave height
Significant wave height, average of highest 33% of wave
H1/3 heights
H 1/10 Average of highest 10% of wave heights
H 1/20 Average of highest 5% of wave heights
H 1/100 Average of highest 1% of wave heights
TBAR Average wave period
Significant wave period, average period of highest 33% of
T1/3 waves
T1/10 Average wave period of highest 10% of wave heights
T1/20 Average wave period of highest 5% of wave heights
T 1/100 Average wave period of highest 1% of wave heights
WEIBULL ALPHA For Rayleigh distribution of wave heights, alpha = 2 and beta =
0.5. Truncation of higher wave heights by breaking increases
WEIBULL BETA alpha.
NO. OF WAVES Number of waves in record.
H (P=0.5) Median wave height (exceeded 50%)
T (P=0.5) Median wave period (exceeded 50%)
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13



14

Table 4

Calculated Wave Parameters from Single-Channel Frequency

Domain Analysis

Parameter Name

Description

FPC Peak frequency, CERC' method (Ahrens 1983)
FPS Peak frequency, single band

FPD Peak frequency

TPC Peak period, CERC' method (Ahrens 1983)
TPS Peak period, single band

TPD Peak period

HMO Wave height, zero moment

QPG Spectral width parameter (Goda 1970)

EMO Zeroth moment of the energy spectrum

EM1 First moment of the energy spectrum

EM2 Second moment of the energy spectrum
TO2 Average period, calculated as (EMO/EM2) °®

1

CERC (Coastal Engineering Research Center).
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4 Example Results and
Discussion

The motivation for these laboratory experiments was to measure wave break-
ing in typical coastal inlet conditions. The measurements are being used to
parameterize wave breaking for application in numerical wave transformation
models. In coastal inlets, where waves are steepened by ebb current, depth-
limited breaking relationships fail. Wave steepness-based dissipation relationships
(used to simulate white capping in wave generation models) also fail (Ris and
Holthuijsen 1996, Smith, Resio, and Vincent 1997). The data presented in this
chapter are an extension of the data collected by Smith et al. (1998). The newer
data include a larger range of incident waves and ebb currents. These experi-
ments also include an elliptical ebb shoal seaward of the inlet. The shoal induces
depth-limited breaking (in addition to the current-induced breaking in the inlet),
which is a typical feature of many coastal inlets.

The purpose of this chapter is to present example results of wave breaking on
an ebb current in the Idealized Inlet physical model. These results include a dis-
cussion of scaling of the breaking process, modification of wave spectral shape
due to breaking and wave-current interaction, and transformation of wave height
caused by shoaling and breaking.

Scaling

Small-scale physical models are used to replicate prototype processes in
controlled laboratory settings. The premise is that the physical model behaves
similar to the prototype, and the model results can be “scaled up” to estimate
prototype results. Surface gravity wave processes are scaled using the Froude
Number, which is the ratio of inertial forces to gravity forces. The Froude
Number, F, is given by

F=—~ )

N

Chapter 4 Example Results and Discussion
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where
u = characteristic velocity
g = gravitational acceleration
{ =is a characteristic length

To achieve similitude, the Froude number must be the same for model and proto-
type. For constant gravitational acceleration, the scaling for velocity is given by

e o ©
u

where
m = denotes a model parameter

p = denotes a prototype parameter

The scaling for wave period, 7, is given by

Tm _ E m (4)
TP f p

Froude scaling is applicable for processes in which inertial forces are balanced
primarily by gravitational forces, as is the case in most gravity wave problems.
Additional information on physical model similitude is given by Hughes (1993).

Stive (1985) conducted a scale comparison of wave breaking on a 1:40-slope
beach and found no significant deviation from Froude scaling for a wave height
range of 0.1 to 1.5 m with periods of 1.6 to 5.4 s. The wave heights used in the
present study range from 2 to 8 cm with periods of 0.7 to 1.7 s. The wave heights
in the study are smaller than those presented by Stive, the bathymetry is more
complex, and the waves are breaking on a strong ebb current. To confirm the
applicability of Froude scaling, a series of model runs was scaled up by a factor of
1.45 and repeated. The wave height, water depth, wave period, and current speed
were all scaled (wave height and water depth by a factor of 1.45, and wave period

and current speed by a factor of \/ﬁ ). The full model bathymetry was not
altered for the scale tests, but the model water level was adjusted to give the
correct scaled depth on shallowest portion of the ebb shoal, where the most
intense breaking occurs.

Figure 8 shows a cross-sectional view of the model depths and gauge posi-
tions. Figures 9 to 11 show results of the wave height variation over the ebb shoal
and into the inlet channel for incident wave height of 5.5 cm, peak period of 0.7 s,
and current speed of 0, 16, and 27 cm/s. The scaled wave heights are plotted in
the same figures. The results show good agreement in the wave height across the
ebb shoal (cross-shore distance 300 to 800 cm). The heights in the flat channel

Chapter 4 Example Results and Discussion
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Figure 9. Wave heights for Runs 56 and 203 (scaled down by 1/1.45)

(cross-shore distance > 800 cm) show poorer agreement because the depth is not

scaled and the current distribution in the channel varies somewhat between cases.

Incident wave conditions and associated numbers for all runs are given in
Appendix D.
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Figure 10. Wave heights for Runs 63 and 198 (scaled down by 1/1.45)
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Figure 11. Wave heights for Runs 68 and 193 (scaled down by 1/1.45)

Wave Spectra

As waves propagate from offshore, across a shallow ebb shoal, and into an
inlet with a strong current, the spectral shape changes through the processes of
shoaling, breaking, blocking, and nonlinear interaction. Waves increase in height
through depth- and current-induced shoaling. As the wave height-to-depth ratio
or the wave steepness becomes large, energy is dissipated through breaking. Very
strong ebb currents block waves, reflecting or dissipating the incident energy.
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Nonlinear interactions redistribute energy within the spectrum. These interactions
can increase the peak period of a spectrum and thus increase the ebb current
required to block the wave. This section presents sample spectra for a variety of
inlet currents and two incident peak wave periods. The examples illustrate the
processes of wave transformation at an inlet and the changes in spectral shape.

Transformation of 1.4-s waves

Figures 12 through 15 show wave spectral evolution for an incident wave of
height 5.5 cm and peak period of 1.4 s for ebb currents of 0 (no current), 16 (weak
current), 27 (medium current), and 35 cm/s (strong current), respectively. The
maximum current is measured in the inlet throat at Gauge 12. The current magni-
tude decreases offshore of Gauge 6, as the current diffuses offshore of the jetties.
Spectra are shown for selected gauges only, to prevent the plots from being
cluttered. Note that each of the plots has the same scale, and the peak energy
density of the incident spectrum (Gauge 1) is approximately 5 cm*/Hz.

At Gauge 2, for all currents, the energy density increases as the waves shoal
(depth decreases from 32 to 19 cm). The ebb current at Gauge 2 increases from
approximately 0 cm/s for the no-current case to 8 cm/s for the strong current. The
shoaling increases as the ebb current increases at Gauge 2 because of the wave-
current interaction. Wave breaking is the dominant process from Gauges 5 to 7.
The dissipation is greatest at Gauges 5 and 6, where the depth is smallest. The
spectral densities at Gauges 6 and 7 are smaller for the medium and large current
because the steepening of the waves by the current enhances dissipation.

— Gauge 1
- Gauge 2

ﬁ —*—Gauge 6

— Gauge 9

7 - Gauge 5 | |
6 &I % Gauge 7 [

——Gauge 12| |

Energy Density (cmlez)

Frequency (Hz)

Figure 12. Selected spectra from Run 58 (H»,=5.5 cm, T,=1.4 s, U=0 cm/s)
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Figure 13. Selected spectra from Run 61 (Hn,=5.5 cm, T,=1.4 s, U=16 cm/s)
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Figure 14. Selected spectra from Run 70 (Hn,=5.5 cm, T,=1.4 s, U=27 cm/s)
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Figure 15. Selected spectra from Run 92 (H,=5.5 cm, T,=1.4 s, U=35 cm/s)

Dissipation through breaking removes wave energy at the spectral peak and
higher frequencies (the equilibrium range of the spectrum). Thus, the mean fre-
quency was reduced during breaking in these runs, but the peak frequency often
remained constant. Breaking can be parameterized with a reduction in the equi-
librium range. Generally, linear wave-breaking models are formulated to remove
energy proportionally across the entire spectrum, which maintains constant peak
and mean frequencies. As the waves enter shallow water and break, the spectral
shape becomes much flatter and less peaked (compare Gauges 2 and 6 in Figure
15). Energy is transferred to frequencies both higher and lower than the peak by
nonlinear interactions. These interactions increase in regions of small water depth
and large current. In both the medium and large current cases, significant
increases in low frequency energy are evident.

Transformation of 0.7-s waves

Figures 16 through 19 show wave spectral evolution for an incident wave of
height 5.5 cm and peak period of 0.7 s for ebb currents of 0 (no current), 16 (weak
current), 27 (medium current), and 35 cm/s (strong current), respectively. The
peak period for these cases is half the value of that in the previous example (0.7
versus 1.4 s). The shorter period reduces the depth-induced shoaling but increases
the current-induced shoaling and breaking. Because the shorter period waves are
propagating more slowly, the current has a greater influence.
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Figure 16. Selected spectra from Run 56 (Hn,=5.5 cm, T,=0.7 s, U=0 cm/s)

9
— Gauge 1
87 -8~ Gauge 2
. ——Gauge 4
E —*%Gauge 5
NE 6 - Gauge 6 —
) —+-Gauge 7
%‘ 5 — Gauge 9 | |
5 4 —©- Gauge 12
a]
: 1\
5 o '
c
u x \
0 0.5 1 1.5 2 25 3 35
Frequency (Hz)

Figure 17. Selected spectra from Run 63 (H,=5.5 cm, T,=0.7 s, U=16 cm/s)
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Figure 18. Selected spectra from Run 68 (H»,=5.5 cm, T,=0.7 s, U=27 cm/s)
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Figure 19. Selected spectra from Run 91 (H,=5.5 cm, T,=0.7 s, U=35 cm/s)
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The no-current case (Figure 16) shows no shoaling of the spectrum between
Gauges 1 and 2, with dissipation occurring between Gauges 2 and 6. This is
similar to Figure 12 (1.4-s period and no current) with less shoaling but breaking
farther offshore. The increase in dissipation at deeper depths is probably the
result of larger wave steepness. The weak-current case (Figure 17) is similar to
no-current case, except the wave height (and energy) peaks for a second time in
the channel. The wave dissipates from Gauge 2 to Gauge 8, peaks again at
Gauge 9, and dissipates through Gauge 12. The peaking at Gauge 9 occurs
because the current is slightly stronger in the inner portion of the channel. A
slight trend toward downshifting of the peak frequency is seen in the weak-current
case. This appears more strongly in the medium and strong currents, and it will
be discussed next.

Flume measurements of wave breaking on a strong current made by Lai,
Long, and Huang (1989) and by Chawla and Kirby (2000) show that side-band
instabilities develop (Benjamin and Feir 1967) and shift significant wave energy
to lower frequencies. Energy from the spectral peak is shifted into side bands
(peaks occurring symmetrically on either side of the peak frequency). These
energy transfers generally occur over long distances, but waves propagating on
opposing currents near the blocking limit (where the group celerity approaches
zero) travel slowly, thus long times are available for the energy transfers to occur.
Near the blocking limit, waves are also very steep, which fuel the side-band
development. Lower wave frequencies require a larger opposing current to be
blocked; therefore, energy at the peak frequency and upper side band may be
blocked, while the lower side band can propagate through the current. In this
manner, nonlinear energy transfers allow waves to propagate through the linear
blocking limit.

The side-band growth and frequency downshift is illustrated in Figure 18 for
the medium current. At Gauges 2 and 4, two frequency peaks are evident, and
energy is shoaled and shifted from the incident peak to the lower side band. The
upper side band in this run is blocked by the current. Shoreward of the shift in
peak frequency, the energy is dissipated by breaking (predominantly through
Gauges 5 and 6 on the shoal). The waves shoal again to Gauge 7 and then are
further dissipated/blocked through Gauge 12. The strong-current case shows a
similar behavior with dissipation and blocking occurring shoreward of Gauge 6.
The strong-current, 0.7-s-period case was visually observed to have no wave
action in the inlet throat.

Wave Height Transformation

Wave height as discussed in this section is defined as the zero-moment wave
height (H,,, =4\/m, , where m, is the zeroth moment of the spectrum, or more

simply, the area under the spectrum). Wave height is typically the first-order
parameter used in the design and evaluation of coastal inlet projects, such as
jetties and channels. Wave breaking, in particular, is of interest because:

a. Breaking waves in coastal entrances are a hazard to navigation.
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b. Turbulence generated by breaking waves stirs sediment and can increase
sediment transport, contributing to scour near structures or to channel
shoaling.

c. Gradients in wave height caused by wave breaking generate currents that
transport sediment.

This section presents examples of wave height transformation across the ebb shoal
and through the idealized inlet for a variety of inlet currents and incident waves.

Figure 20 shows the wave height transformation from offshore (Gauge 1 at
distance = 0 cm) through the inlet throat (Gauge 12 at distance = 1,500 cm) for
incident waves with height of 5.5 cm and peak period of 1.4 s. The wave heights
for four current magnitudes are shown on the same plot for comparison. These
four runs correspond to the spectra plotted in Figures 12 through 15. For the no-
current run, there is a small amount of shoaling between Gauges 1 and 2, and
dissipation occurs through the remainder of the profile. Most of the dissipation
occurs across the ebb shoal (distance of 600 to 800 cm), where the depth is
smallest (7.6 cm). Some additional dissipation occurs in the inlet channel
(distance > 800 cm), which is probably caused by diffraction into the rock jetties
(Melo and Guza 1991). The reduced wave height at the most inshore gauge
(Gauge 12, distance = 1,500 cm) is the result of inverse shoaling and refraction
away from the deeper gorge in the center of the inlet. The trend of decreased
wave height at Gauge 12 is consistent through all the runs. As the current is
increased, there is more shoaling in the region offshore of the ebb shoal (distance
0 to 600 cm), and there is greater dissipation across the ebb shoal. In the inlet
throat, waves reform and shoal on the medium and strong current but break again
in the region with the strongest current (distance > 800 cm).

Wave Height (cm)

——U=0cm/s ’\\A
I U=16 cm/s

——U=27 cm/s
—*—U=35 cm/s

0 200 400 600 800 1000 1200 1400 1600
Cross-shore Distance (cm)

Figure 20. Wave height transformation from Runs 58, 61, 70, and 92 (H,=5.5
cm, T,=1.45s)
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Figure 21 shows the wave height transformation for waves with height of
5.5 cm and peak period of 0.7 s for the same four current magnitudes. These
cases correspond to the spectra plotted in Figures 16 through 19. These waves are
steeper than those shown in Figure 20 (shorter wavelength gives a larger wave
height-to-length ratio), and the shorter/slower waves interact more strongly with
the current. Compared to the 1.4-s waves, the 0.7-s waves break in deeper water
depths, and they reform, shoal, and break more strongly in the inlet throat because
of the interaction of the waves with the current. For the strong current, the 0.7-s
waves are blocked in the inner channel. The very small wave heights shown in
the plot correspond to energy at low frequencies.
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Figure 21. Wave height transformation from Runs 58, 61, 70, and 92
(Hmo=5.5 cm, T,=0.7 s)

The wave transformation through the inlet can be broken down into three
regions: offshore, ebb shoal, and inlet throat. In the offshore region, the wave
height may increase slightly through shoaling or decrease slightly through
breaking. Shorter, steeper waves tend to break, and longer waves tend to shoal.
The addition of an ebb current increases shoaling in this region. Across the ebb
shoal, wave breaking is the dominant process, with the greatest dissipation
occurring in the smallest water depth. The addition of the ebb current increases
the dissipation. In the inlet throat, the wave height is relatively constant with no
current present. The addition of the ebb current causes wave reformation and
shoaling, and then breaking and dissipation. An increase in the ebb current leads
to a decrease in wave height at the most shoreward measurement point. But,
within the throat, the local wave height may increase with increasing ebb current
magnitude, prior to breaking. This local increase in wave height and breaking can
pose a significant navigation hazard.

Chapter 4 Example Results and Discussion



Appendixes B and C contain tabular listings of wave parameters for the
irregular and monochromatic runs, respectively. The tables include incident
conditions and measurements of water depth, wave height, wave period, and
velocity at each of the 12 gauges. Appendix D is a listing of all experimental runs
and associated wave height, wave period, wave type, gauge arrangement number,
ebb current speed, and stillwater level. Appendix E is a listing of basin bathy-
metry which can be scanned by the user. Appendix F contains coordinates of the
wave and current meter gauges relative to the coordinate system defined in
Appendix E. Photographs 1-22 provide examples of overhead views on waves on
the ebb shoal for selected tests. In the photos, offshore is to the left, with the
offshore tips of the jetties appearing on the right-hand side.
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5 Conclusions

Wave breaking at coastal inlets poses a hazard to navigation and enhances
sediment transport through the generation of turbulence and nearshore currents.
Wave breaking occurs at coastal inlets and entrances because of small water
depths across ebb-shoal bars and increased wave steepening caused by interaction
of waves with the ebb current. Few data sets are available to quantify the break-
ing process in the presence of an ebb shoal and a current.

Wave-breaking measurements were made in the 3D (three-dimensional)
Idealized Inlet Laboratory Facility with normally incident, unidirectional irregular
and monochromatic waves. The model scale is approximately 1:50. The physical
model includes an offshore equilibrium slope, an ebb shoal, rubble jetties, and a
flat entrance channel. This report provides results from 47 irregular and 41 mono-
chromatic wave-breaking tests (Appendixes B and C, respectively). Waves and
current were measured along a model cross section through the jetties. These data
are an extension of those given by Smith et al. (1998) with the addition of an ebb
shoal and a larger range of ebb currents and incident waves.

The application of scale-model wave-breaking results to prototype problems
requires verification of Froude scaling for small-scale wave breaking on a current.
A series of scaling runs was made with a geometric scale factor of 1.45. The
appropriate scaling was applied to the wave height, wave period, and water depth
across the ebb shoal. The scaling runs showed good agreement in wave height
and energy dissipation across the ebb shoal.

Analysis of the wave spectra shows that dissipation of an incident wave
increases as the ebb current increases. The dissipation occurs at the spectral peak
and higher frequencies. Linear models that dissipate energy proportionally across
the entire spectrum will, therefore, overestimate mean frequency. Wave energy is
also transferred within a spectrum through nonlinear interactions. Through the
breaking process, spectra tend to become flatter and energy increases in the lower
frequencies. Near the blocking limit (as the wave group velocity goes to zero),
wave energy is transferred from the incident peak to upper and lower side bands.
The current in some cases blocks the upper side band and the incident peak, but
energy in the lower side band propagates through the blocking limit. The result is
a downshifting of the peak frequency. The nonlinear energy transfers allow
waves to propagate through the linear blocking limit.

Wave transformation in the Idealized Inlet can be broken into three regions:
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a. In the offshore, wave height increases slightly through shoaling or
decreases slightly through breaking. Shoaling and breaking increase as
the ebb current increases. Also, shorter, steeper waves tend to break and
longer waves tend to shoal.

b. Across the ebb shoal, wave breaking is the dominant process. The
greatest dissipation occurs where the water depth is smallest. The wave
dissipation increases as the ebb current increases.

c. In the inlet throat (between the jetties), the wave height is relatively
constant with no current. The addition of the ebb current causes wave
reformation and shoaling, and then breaking and dissipation.

An increase in the ebb current magnitude results in lower wave heights at the most
shoreward wave gauge in the Idealized Inlet Facility. This occurs because wave-
current interaction increases the height and steepness of the waves and, thus,
increases breaking and dissipation. But, within the inlet throat, increasing the cur-
rent causes an increase in wave steepness and breaking and local peaks in wave
height. These processes may result in a significant navigation hazard on ebb
current.

Chapter 5 Conclusions
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Wave height 3.7 cm, wave period 0.71 s (irregular wave), no current

Photo 1.



Photo 2.
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Wave height 5.5 cm, wave period 0.71 s (irregular wave), no current



Wave height 3.7 cm, wave period 1.41 s (irregular wave), no current

Photo 3.



Photo 4. Wave height 5.5 cm, wave period 1.41 s (irregular wave), no current



Wave height 5.5 cm, wave period 0.71 s (monochromatic wave), no

current

Photo 5.



Photo 6. Wave height 5.5 cm, wave period 1.41 s (monochromatic wave), no
current



Photo 7. Wave height 5.5 cm, wave period 1.41 s (irregular wave), ebb current
12 cm/s



Photo 8. Wave height 3.7 cm, wave period 1.41 s (irregular wave), ebb current
12 cm/s



Photo 9. Wave height 5.5 cm, wave period 0.71 s (irregular wave), ebb current
12 cm/s



Photo 10. Wave height 3.7 cm, wave period 0.71 s (irregular wave), ebb current
12 cm/s



Photo 11. Wave height 5.5 cm, wave period 0.71 s (monochromatic wave), ebb
current 12 cm/s



Photo 12. Wave height 5.5 cm, wave period 1.41 s (monochromatic wave), ebb
current 12 cm/s



ebb current

, wave period 0.71 s (irregular wave)

Photo 13. Wave height 3.7 cm

24 cm/s



Photo 14. Wave height 5.5 cm, wave period 0.71 s (irregular wave), ebb current

24 cm/s



ebb current

Photo 15. Wave height 3.7 cm, wave period 1.41 s (irregular wave)

12 cm/s



Photo 16. Wave height 5.5 cm, wave period 1.41 s (irregular wave), ebb current
24 cm/s



Photo 17. Wave height 5.5 cm, wave period 0.71 s (monochromatic wave), ebb
current 24 cm/s



Photo 18. Wave height 5.5 cm, wave period 1.41 s (monochromatic wave), ebb
current 24 cm/s



Photo 19. Wave height 5.5 cm, wave period 0.71 s (irregular wave), ebb current
32 cml/s



Photo 20. Wave height 5.5 cm, wave period 1.41 s (irregular wave), ebb current
32 cm/s



Photo 21. Wave height 5.5 cm, wave period 0.71 s (monochromatic wave), ebb
current 32 cm/s



Photo 22. Wave height 5.5 cm, wave period 1.41 s (monochromatic wave), ebb
current 32 cm/s
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Appendix A Notation

Coefficient in Equation 1, m"?

Wave celerity, cm/s
Still-water depth, cm

Average water level relative to preexperiment still-water level, cm,
referenced to mean water level

Gravitational acceleration, m/ §?

Average wave height from down-crossing time series analysis
Maximum wave height, cm

Zero-moment wave height determined from FFT, cm

Significant wave height from down-crossing time series analysis, cm
Wave number, m”

Characteristic length, m

Airy wavelength, cm
Area, m’
Volume, m’

Linear scale of the model

Model length scale, £,/ (,

Model quantity
Zeroth moment of energy spectrum, cm’

Prototype quantity

A1



A2

S S S S o o583

=

Time, s

Wave period, s

Average wave period from down-crossing time series analysis, s
Wave period of peak energy density of spectrum, s

Significant wave period from down-crossing time series analysis, s
Current velocity, cm/s (along channel component of the velocity)
A characteristic velocity

Current velocity, cm/s (the across-channel component of velocity)
Velocity sensor location (Figure 4)

Wave gauge location (Figure 4)

Coordinate axis, cm

Water surface elevation, ft (Figure 6)

Appendix A Notation



Appendix B
Data Tables for Irregular
Waves

Tables B1 through B47 list measurements for the irregular wave runs. Run
numbers are summarized in Appendix D. For each run, the tables include the
still-water depth (d), wave setup (e), zero-moment wave height (H,,,), peak
period (7,), mean wave height (#,,) and period (7,,), mean cross-shore (U ) and
alongshore velocity (V), root-mean-square cross-shore (U,,s) and alongshore
velocity (V,.s), estimated wavelength (L), height-to-wavelength ratio (//L), and
height-to-depth ratio (H/d). Gauge 1 is the gauge farthest offshore (near the
generator) and Gauge 12 is in the inlet throat. The gauge spacing is 122 cm
between consecutive gauges for Gauges 2 to 12. The gauge locations are shown
in Figure 8, as well as in Appendix F.

Appendix B Data Tables for Irregular Waves
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Appendix C
Data Tables for Monochromatic
Waves

Tables C1 through C41 provide measurements for the monochromatic wave
runs. Run numbers are summarized in Appendix D. For each run, the tables
include the still-water depth (d), wave setup (e), peak period (7,), mean wave
height (H,,) and period (7,,), mean cross-shore (U ) and alongshore velocity (V),
root-mean-square cross-shore (U,,s) and alongshore velocity (V,,,), estimated
wavelength (L), height-to-wavelength ratio (H/L), and height-to-depth ratio
(H/d). Gauge 1 is the gauge farthest offshore (near the generator), and Gauge 12
is in the inlet throat. The gauge spacing is 122 cm between consecutive gauges
for Gauges 2 to 12. The gauge locations are shown in Figure 8 and Appendix F.
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Appendix D
Table of Experiments

Table D1
Conditions for Wave-Current Experiments with Ebb Shoal

Gauge Wave Type SWL

Wave Wave Arrangement i=irregular Current, (still-water level,

Run Period, s Height, ft Number m=monochromatic | cm/sec ft, @1:50 scale)
55 0.71 0.12 1 i 0.0 +2.5
56 0.71 0.18 1 i 0.0 +2.5
57 1.41 0.12 1 i 0.0 +2.5
58 1.41 0.18 1 i 0.0 +2.5
59 0.71 0.18 1 m 0.0 +2.5
60 1.41 0.18 1 m 0.0 +2.5
61 1.41 0.18 1 i 12 +2.5
62 1.41 0.12 1 i 12 +2.5
63 0.71 0.18 1 i 12 +2.5
64 0.71 0.12 1 i 12 +2.5
65 0.71 0.18 1 m 12 +2.5
66 1.41 0.18 1 m 12 +2.5
67 0.71 0.12 1 i 24 +2.5
68 0.71 0.18 1 i 24 +2.5
69 1.41 0.12 1 i 24 +2.5
70 1.41 0.18 1 i 24 +2.5
71 0.71 0.18 1 m 24 +2.5
72 1.41 0.18 1 m 24 +2.5
73 0.71 0.12 2 i 0.0 +2.5
74 0.71 0.18 2 i 0.0 +2.5
75 1.41 0.12 2 i 0.0 +2.5
76 1.41 0.18 2 i 0.0 +2.5
77 0.71 0.18 2 m 0.0 +2.5
78 1.41 0.18 2 m 0.0 +2.5
79 0.71 0.12 2 i 12 +2.5
80 0.71 0.18 2 i 12 +2.5
81 1.41 0.12 2 i 12 +2.5
82 1.41 0.18 2 i 12 +2.5
83 0.71 0.18 2 m 12 +2.5
84 1.41 0.18 2 m 12 +2.5
85 0.71 0.12 2 i 24 +2.5
86 0.71 0.18 2 i 24 +2.5
87 1.41 0.12 2 i 24 +2.5
88 1.41 0.18 2 i 24 +2.5
89 0.71 0.18 2 m 24 +2.5
90 1.41 0.18 2 m 24 +2.5
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Table D1 (Continued)

Gauge Wave Type SWL
Wave Wave Arrangement i=irregular Current, (still-water level,
Run Period, s Height, ft Number m=monochromatic | cm/sec ft, @1:50 scale)
91 0.71 0.18 2 i 32 +2.5
92 1.41 0.18 2 i 32 +2.5
93 0.71 0.18 2 m 32 +2.5
94 1.41 0.18 2 m 32 +2.5
95 0.71 0.12 3 i 0.0 +2.5
96 0.71 0.18 3 i 0.0 +2.9
97 1.41 0.12 3 i 0.0 +2.5
98 1.41 0.18 3 i 0.0 +2.5
99 0.71 0.18 3 m 0.0 +2.5
100 1.41 0.18 3 m 0.0 +2.5
101 0.71 0.12 3 i 12 +2.5
102 0.71 0.18 3 i 12 +2.5
103 1.41 0.12 3 i 12 +2.5
104 1.41 0.18 3 i 12 +2.5
105 0.71 0.18 3 m 12 +2.5
106 1.41 0.18 3 m 12 +2.5
107 0.71 0.12 3 i 24 +2.5
108 0.71 0.18 3 i 24 +2.5
109 1.41 0.12 3 i 24 +2.5
110 1.41 0.18 3 i 24 +2.5
111 0.71 0.18 3 m 24 +2.5
112 1.41 0.18 3 m 24 +2.5
113 0.71 0.12 4 i 0.0 +2.5
114 0.71 0.18 4 i 0.0 +2.5
115 1.41 0.12 4 i 0.0 +2.5
116 1.41 0.18 4 i 0.0 +2.5
117 0.71 0.18 4 m 0.0 +2.5
118 1.41 0.18 4 m 0.0 +2.5
119 0.71 0.12 4 i 12 +2.5
120 0.71 0.18 4 i 12 +2.5
121 1.41 0.12 4 i 12 +2.5
122 1.41 0.18 4 i 12 +2.5
123 0.71 0.18 4 m 12 +2.5
124 1.41 0.18 4 m 12 +2.5
125 0.71 0.12 4 i 24 +2.5
126 0.71 0.18 4 i 24 +2.5
127 1.41 0.12 4 i 24 +2.5
128 1.41 0.18 4 i 24 +2.5
129 0.71 0.18 4 m 24 +2.5
130 1.41 0.18 4 m 24 +2.5
131 0.71 0.18 4 i 32 +2.5
132 1.41 0.18 4 i 32 +2.5
133 0.71 0.18 4 m 32 +2.5
134 1.41 0.18 4 m 32 +2.5
135 0.5 0.09 1 m 0.0 -3.75
136 1.0 0.06 1 i 0.0 -3.75
137 1.0 0.09 1 i 0.0 -3.75
138 1.0 0.09 1 m 0.0 -3.75
139 1.41 0.09 1 i 0.0 -3.75
140 1.41 0.09 1 i 0.0 -3.75
141 1.41 0.09 1 m 0.0 -3.75
142 0.5 0.09 1 m 8.5 -3.75
143 1.0 0.06 1 i 8.5 -3.75
144 1.0 0.09 1 i 8.5 -3.75
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Table D1 (Continued)

Gauge Wave Type SWL
Wave Wave Arrangement i=irregular Current, (still-water level,
Run Period, s Height, ft Number m=monochromatic | cm/sec ft, @1:50 scale)
145 1.0 0.09 1 m 8.5 -3.75
146 1.41 0.06 1 i 8.5 -3.75
147 1.41 0.09 1 i 8.5 -3.75
148 1.41 0.09 1 m 8.5 -3.75
149 0.5 0.09 1 m 16.3 -3.75
150 1.0 0.06 1 i 16.3 -3.75
151 1.0 0.09 1 i 16.3 -3.75
152 1.0 0.09 1 m 16.3 -3.75
153 1.41 0.06 1 i 16.3 -3.75
154 1.41 0.09 1 i 16.3 -3.75
155 1.41 0.09 1 m 16.3 -3.75
156 0.5 0.09 4 m 16.3 -3.75
157 1.0 0.06 4 i 16.3 -3.75
158 1.0 0.09 4 i 16.3 -3.75
159 1.0 0.09 4 m 16.3 -3.75
160 1.41 0.06 4 i 16.3 -3.75
161 1.41 0.09 4 i 16.3 -3.75
162 1.41 0.09 4 m 16.3 -3.75
163 0.5 0.09 4 m 8.5 -3.75
164 1.0 0.06 4 i 8.5 -3.75
165 1.0 0.09 4 i 8.5 -3.75
166 1.0 0.09 4 m 8.5 -3.75
167 1.41 0.06 4 i 8.5 -3.75
168 1.41 0.09 4 i 8.5 -3.75
169 1.41 0.09 4 m 8.5 -3.75
170 0.5 0.09 4 m 0.0 -3.75
171 1.0 0.06 4 i 0.0 -3.75
172 1.0 0.09 4 i 0.0 -3.75
173 1.0 0.09 4 m 0.0 -3.75
174 1.41 0.06 4 i 0.0 -3.75
175 1.41 0.09 4 i 0.0 -3.75
176 1.41 0.09 4 m 0.0 -3.75
177 0.9 0.14 4 i 28.2 +7.2
178 0.9 0.26 4 i 28.2 +7.2
179 0.9 0.26 4 m 28.2 +7.2
180 1.7 0.14 4 i 28.2 +7.2
181 1.7 0.26 4 m 28.2 +7.
182 0.9 0.14 4 i 14.7 +7.2
183 0.9 0.26 4 i 14.7 +7.2
184 0.9 0.26 4 m 14.7 +7.2
185 1.7 0.14 4 i 14.7 +7.2
186 1.7 0.26 4 m 14.7 +7.2
187 0.9 0.14 4 i 0.0 +7.2
188 0.9 0.26 4 i 0.0 +7.2
189 0.9 0.26 4 m 0.0 +7.2
190 1.7 0.14 4 i 0.0 +7.2
191 1.7 0.26 4 m 0.0 +7.2
192 0.9 0.14 1 i 28.2 +7.2
193 0.9 0.26 1 i 28.2 +7.2
194 0.9 0.26 1 m 28.2 +7.2
195 1.7 0.14 1 i 28.2 +7.2
196 1.7 0.26 1 m 28.2 +7.2
197 0.9 0.14 1 i 14.7 +7.2
198 0.9 0.26 1 i 14.7 +7.2
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Table D1 (Concluded)

Gauge Wave Type SWL
Wave Wave Arrangement i=irregular Current, (still-water level,
Run Period, s Height, ft Number m=monochromatic | cm/sec ft, @1:50 scale)
199 0.9 0.26 1 m 14.7 +7.2
200 1.7 0.14 1 i 14.7 +7.2
201 1.7 0.26 1 m 14.7 +7.2
202 0.9 0.14 1 i 0.0 +7.2
203 0.9 0.26 1 i 0.0 +7.2
204 0.9 0.26 1 m 0.0 +7.2
205 1.7 0.14 1 i 0.0 +7.2
206 1.7 0.26 1 m 0.0 +7.2
207 0.7 0.066 1 m 30 +2.5
208 0.7 0.197 1 m 30 +2.5
209 0.77 0.066 1 m 30 +2.5
210 0.77 0.197 1 m 30 +2.5
211 1.0 0.066 1 m 30 +2.5
212 1.0 0.197 1 m 30 +2.5
213 0.7 0.066 1 m 0.0 +2.5
214 0.7 0.197 1 m 0.0 +2.5
215 0.77 0.066 1 m 0.0 +2.5
216 0.77 0.197 1 m 0.0 +2.5
217 1.0 0.066 1 m 0.0 +2.5
218 1.0 0.197 1 m 0.0 +2.5
219 0.7 0.066 4 m 0.0 +2.5
220 0.7 0.197 4 m 0.0 +2.5
221 0.77 0.066 4 m 0.0 +2.5
222 0.77 0.197 4 m 0.0 +2.5
223 1.0 0.066 4 m 0.0 +2.5
224 1.0 0.197 4 m 0.0 +2.5
225 0.7 0.066 4 m 30 +2.5
226 0.7 0.197 4 m 30 +2.5
227 0.77 0.066 4 m 30 +2.5
228 0.77 0.197 4 m 30 +2.5
229 1.0 0.066 4 m 30 +2.5
230 1.0 0.197 4 m 30 +2.5
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Appendix E
Basin Bathymetry

The basin bathymetry is provided in xyz coordinates. The origin is as shown
in Figure E1. “x” and “y” values are in actual feet and the “z” value is the depth
scaled at 1:50, in feet, and relative to the mean low water datum. Typically, the
model was operated at the +5.0-ft water level for all but the scale effects runs, so
that +5.0 ft (@1:50 scale) should be added for total water depth. Actual depth in
feet is obtained by dividing by 50. Table D1 shows other water levels used for the
scaling runs. Figure E1 below shows the origin, with the positive x-axis running
horizontally and the y-axis running vertically from the point located in the upper
right corner.

The first 733 lines describe the original bathymetry without the ebb shoal and
the last 95 lines represent the ebb shoal, and its starting location is marked in the
listing.
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Figure E1. Model layout and origin of axes
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bathymetry file

95.58
94.96
94.40
92.56
89.25
86.78
86.22
85.76
85.30
84.86
84.41
84.33
84.35
84.34
84.39
84.38
84.35
84.36
50.18
50.25
50.25
43.68
43.61
43.65
43.63
43.66
43.68
43.76
43.79
41.58
41.59
41.60
41.67
41.67
41.66
41.70
41.70
41.74
81.25
81.27
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y
92.20

91.57
91.37
91.34
91.35
91.28
91.43
91.56
91.89
92.41
93.31
93.97
101.87
109.79
121.28
132.17
141.83
147.29
92.13
116.61
134.86
-0.05
7.29
27.15
48.29
76.73
102.10
129.46
142.85
5.29
22.94
44.53
74.37
95.42
114.95
135.07
140.92
142.35
1.77
11.09

10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
-25.00
-25.00
-25.00
-30.00
-30.00
-30.00
-30.00
-30.00
-30.00
-30.00
-30.00
-50.00
-50.00
-50.00
-50.00
-50.00
-50.00
-50.00
-50.00
-50.00
0.00
0.00
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E4

81.28
81.31
81.38
81.53
81.83
82.49
83.55
84.59
85.40
86.37
87.91
89.89
92.03
93.91
94.72
95.16
95.58
96.11
96.57
96.89
97.17
97.33
97.38
97.40
97.39
97.39
97.38
97.41
97.40
97.41
97.36
97.42
97.42
97.40
97.38
97.41
97.39
97.27
96.78
95.94
94.52
90.91
86.47
84.77

33.89
56.39
76.78
77.70
78.46
79.44
80.40
80.87
81.12
81.17
81.14
81.14
81.12
81.15
81.15
81.04
80.93
80.62
80.32
79.87
79.50
79.11
78.77
76.96
73.85
70.24
66.00
62.32
59.09
56.36
52.05
127.87
119.61
108.86
100.86
94.35
92.39
91.75
91.00
90.35
89.93
89.93
89.91
90.16

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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84.23
83.60
82.92
82.11
81.40
81.37
81.36
81.37
81.39
81.36
95.82
95.83
95.88
95.86
95.87
95.50
94.76
93.90
90.67
87.44
86.44
85.74
85.02
84.40
84.32
84.30
84.29
84.29
84.27
84.22
84.23
95.87
95.88
95.89
95.86
85.33
85.33
85.33
85.34
85.39
85.39
85.53
86.00
86.85
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90.33
90.67
91.21
92.23
94.24
102.03
110.52
124.33
136.44
147.29
52.07
59.39
73.93
77.60
78.15
78.87
79.50
79.82
79.82
79.83
79.81
79.50
78.99
77.93
76.47
67.87
57.41
43.27
27.94
13.78
1.73
127.87
120.80
109.20
93.34
32.45
44.21
55.58
67.60
73.75
77.72
78.44
78.95
79.48

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
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87.98
90.99
92.84
93.64
94.04
94.33
94.65
94.97
95.12
95.26
95.33
95.40
95.42
95.39
95.39
95.38
95.37
95.38
95.44
85.37
85.37
85.37
85.37
85.35
85.35
85.38
85.36
85.38
85.58
86.02
86.60
87.29
88.89
92.41
93.83
94.30
94.71
95.06
95.31
95.42
95.45
95.46
95.38
95.41

79.53
79.56
79.53
79.53
79.42
79.25
79.08
78.75
78.52
78.22
77.94
77.64
74.92
70.51
65.81
59.22
55.88
54.08
52.05
147.22
142.99
133.85
123.74
113.12
104.02
98.11
94.45
93.34
92.76
92.21
91.85
91.67
91.65
91.64
91.59
91.72
91.93
92.31
92.75
93.04
95.06
99.53
105.04
111.46

15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
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95.40
95.42
95.43
95.45
95.45
95.41
50.09
50.14
50.13
50.17
50.18
50.19
50.26
50.27
50.25
89.62
90.35
91.99
92.72
93.43
93.82
94.24
94.56
94.86
94.86
94.60
94.06
93.32
90.96
87.33
84.50
83.88
83.22
82.73
82.68
82.83
83.01
83.22
83.42
83.80
84.27
85.41
87.09
88.18
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119.00
123.29
126.99
129.81
137.15
147.05
1.90
13.49
33.50
52.80
71.79
102.35
125.15
137.62
144.50
83.30
83.51
83.47
83.46
83.47
83.64
83.99
84.45
85.31
85.90
86.56
87.17
87.61
87.58
87.57
87.57
87.47
86.84
85.89
85.39
84.99
84.52
84.20
83.99
83.75
83.52
83.50
83.47
83.54

15.00

15.00

15.00

15.00

15.00

15.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
-25.00
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90.20
50.11
50.15
50.16
83.16
83.05
82.97
83.00
83.01
83.01
83.02
83.02
83.03
82.98
83.01
83.02
83.00
83.04
83.04
83.05
83.04
83.17
83.16
83.18
83.22
83.26
83.23
83.27
83.27
83.29
83.26
83.26
83.26
83.29
83.28
83.37
83.69
84.18
84.78
85.35
85.76
86.78
89.26
93.47

83.50
17.79
35.26
59.62
92.33
92.82
93.21
93.93
95.20
99.15
102.72
107.15
111.24
116.44
122.01
129.57
135.04
138.94
142.63
144.75
147.24
1.81
7.16
18.31
26.30
35.34
45.56
54.99
64.26
67.52
71.89
75.12
76.86
77.50
77.76
78.25
78.88
79.46
79.98
80.23
80.37
80.50
80.49
80.44

-25.00
-25.00
-25.00
-25.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
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94.29
94.82
95.20
95.62
95.84
96.19
96.42
96.65
96.74
96.82
96.79
96.80
96.81
96.79
96.79
96.80
96.83
96.80
96.79
96.79
96.81
96.83
96.83
96.83
96.82
96.82
96.86
96.83
96.52
96.24
95.78
95.14
94.43
93.33
89.29
85.74
85.11
84.69
84.11
83.83
83.61
83.42
83.35
83.38
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80.49
80.31
80.18
79.96
79.71
79.41
79.14
78.72
78.50
77.89
75.23
72.16
69.20
65.38
62.66
59.22
57.58
56.02
53.64
52.07
127.80
125.57
117.58
110.75
106.89
100.59
95.99
92.73
91.99
91.64
91.16
90.79
90.60
90.62
90.59
90.72
90.96
91.17
91.73
92.08
92.54
92.88
93.17
93.62

5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
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83.31
83.30
83.33
83.25
83.33
83.29
83.30
83.30
83.31
83.33
83.32
83.32
83.33
83.28
85.27
85.26
85.28
95.71
95.16
94.56
92.32
89.59
87.60
85.19
82.55
81.41
81.02
80.40
79.92
79.44
78.87
78.36
77.66
77.14
76.76
76.61
76.63
76.60
76.61
76.59
76.57
76.55
76.55
76.52

93.97
95.18
98.36
101.82
104.57
107.55
111.44
116.97
124.38
130.23
136.49
140.76
144.95
147.24
1.86
9.06
19.29
89.95
89.71
89.65
89.60
89.61
89.61
89.66
89.60
89.77
89.89
90.13
90.37
90.58
90.96
91.36
92.01
93.09
94.77
99.25
105.48
111.80
119.87
127.22
134.17
140.66
145.12
147.30

5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
15.00
15.00
15.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
-5.00
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82.89
82.89
82.91
82.89
82.94
82.95
82.99
82.99
82.99
82.98
83.00
83.02
83.03
83.03
83.02
83.08
83.21
83.42
83.78
84.23
84.66
84.94
85.32
85.59
87.07
89.05
90.80
92.19
93.75
94.10
94.48
94.70
95.00
95.69
96.01
96.34
96.59
96.74
96.83
97.03
97.10
97.08
97.05
97.07
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1.80

6.64
11.10
17.66
26.74
39.14
53.35
62.22
69.36
74.64
76.97
77.21
77.52
77.79
78.09
78.61
79.11
79.55
80.02
80.44
80.70
80.85
81.05
81.13
81.07
81.04
81.05
81.03
81.04
81.01
81.04
81.03
80.93
80.60
80.40
80.09
79.76
79.49
79.30
78.66
78.51
76.83
74.75
72.15

3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
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97.04
97.06
97.02
97.03
97.06
97.03
97.03
97.00
97.02
97.02
97.06
97.02
97.02
97.04
96.96
96.75
96.43
95.99
95.52
94.98
94.53
93.23
91.07
87.24
85.53
84.98
84.57
84.10
83.71
83.43
98.66
98.63
98.63
98.66
98.63
98.62
98.66
98.66
98.63
98.62
98.49
98.20
97.66
96.97
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68.08
64.14
60.33
57.60
54.31
52.05
127.80
124.08
118.31
111.55
106.86
101.32
95.53
92.38
92.06
91.60
91.16
90.73
90.43
90.23
90.09
90.14
90.11
90.10
90.13
90.31
90.54
90.87
91.26
91.77
127.75
126.43
123.41
118.37
112.84
108.05
100.29
94.52
93.30
92.77
92.03
91.20
90.36
89.74

3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00
-15.00

Appendix E Basin Bathymetry



96.35
95.66
94.29
91.30
88.31
84.58
80.73
77.89
76.46
75.04
73.43
72.71
71.95
70.99
69.39
68.57
67.63
66.70
66.21
65.71
65.40
65.29
65.32
65.28
65.31
65.32
65.32
65.31
65.35
65.35
65.33
97.65
97.63
97.63
97.66
97.62
97.64
97.65
97.65
97.65
97.65
97.65
97.55
97.37
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89.35
89.09
89.07
89.08
89.08
89.08
89.07
89.08
89.10
89.13
89.12
89.18
89.33
89.58
90.19
90.84
91.94
92.88
93.76
94.94
96.20
96.96
101.60
106.48
113.35
120.74
128.40
136.03
141.42
145.10
147.30
52.02
54.54
57.57
60.28
63.26
68.04
72.08
74.85
77.45
78.17
78.61
79.05
79.58

-15.00
-15.00
-15.00
-15.00
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Appendix F
Location of Gauges

The wave and current meters were located in a portable rack which was
moved among four locations. These locations are noted in Figure F1. The gauge
coordinates are given in Table F1. In Appendixes B and C, Gauge 1 in the tables
is an average of the four wave gauges located 1.5 m in front of the wave gen-
erator. Setups | and 4 are combined and the numbering begins at the seaward
most gauge denoted as Gauge 2. This is a wave gauge, followed by Velocity
Gauge 2, and so on down the line to Wave Gauge 12, following Velocity
Gauge 11. To interpret the tables in Appendixes B and C, note that the current
values offshore and onshore of the wave gauge are averaged and assigned the
gauge number of the wave gauge between the two. In the case of Wave Gauge 1,
only the value of Current Meter 2 is used, and at Wave Gauge 12, only Current
Meter 11 values are used.
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Table F1

Gauge Locations

Gauge Number | Sensor Type Gauge Setup X coordinate, ft' | Y coordinate, ft'
2 Wave 1and 4 42.16 85.32
2 Current 1and 4 4416 85.32
3 Wave 1and 4 46.16 85.32
3 Current 1and 4 48.16 85.32
4 Wave 1and 4 50.16 85.32
4 Current 1and 4 52.16 85.32
5 Wave 1and 4 54.16 85.32
5 Current 1and 4 56.16 85.32
6 Wave 1and 4 58.16 85.32
6 Current 1and 4 60.16 85.32
7 Wave 1and 4 62.16 85.32
7 Current 1and 4 64.16 85.32
8 Wave 1and 4 66.16 85.32
8 Current 1and 4 68.16 85.32
9 Wave 1and 4 70.16 85.32
9 Current 1and 4 72.16 85.32
10 Wave 1and 4 74.16 85.32
10 Current 1and 4 76.16 85.32
11 Wave 1and 4 78.16 85.32
11 Current 1and 4 80.16 85.32
12 Wave 1and 4 82.16 85.32
2 Wave 2and 3 42.16 83.32
2 Current 2and 3 4416 83.32
3 Wave 2and 3 46.16 83.32
3 Current 2and 3 48.16 83.32
4 Wave 2and 3 50.16 83.32
4 Current 2and 3 52.16 83.32
5 Wave 2and 3 54.16 83.32
5 Current 2and 3 56.16 83.32
6 Wave 2and 3 58.16 83.32
6 Current 2and 3 60.16 83.32
7 Wave 2and 3 62.16 83.32
7 Current 2and 3 64.16 83.32
8 Wave 2and 3 66.16 83.32
8 Current 2and 3 68.16 83.32
9 Wave 2and 3 70.16 83.32
9 Current 2and 3 72.16 83.32
10 Wave 2and 3 74.16 83.32
10 Current 2and 3 76.16 83.32
11 Wave 2and 3 78.16 83.32
11 Current 2and 3 80.16 83.32
12 Wave 2and 3 82.16 83.32
' To convert feet to meters, multiply by 0.3048.
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