®

TECHNICAL REPORT CERC-91-15

US Army Corps WAVE TRANSFORMATION OVER
of Engineers A GENERALIZED BEACH

A—A242 087 Volume |
T MAIN TEXT AND APPENDIX A

Michael J. Briggs, Jane M. Smith, Debra R. Green
Coastal Engineering Research Center

DEPARTMENT OF THE ARMY
Waterways Experiment Station, Corps of Engineers
3909 Halls Ferry Road, Vicksburg, Mississippi 39180-6199

M=

=

,‘u“’ P, N E

=

\ S

] -~ I =

H H ==

i § September 1991 O =
: . Final Report

Approved For Public Release; Distribution Unlimited

Prepared for DEPARTMENT OF THE ARMY
US Army Corps of Engineers
Washington, DC  20214-1000

Under Nearshore Waves and Currents Work Unit 31762
Laboratory Simulation of Nearshore Waves Work Unit 31672
Wave Estimation for Design Work Unit 31592

91 10 28 069




Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporung busden 1or this woriection of infarmation s esumated o average | hyur per respunse, induding the tme for reviewing instructions, searching existing data sources,
gathering and matntaining the data needed, and «ompienng and reviewing the oiiecuon of information  send comments regarding this burden estimate or any ather aspect of this
cottection of iformatiun, inuuding suggestiuns for seduung thes durden tu Washington Headquariers Services, Directorate for information Operations and Reports, 1215 Jefferson
Davis Mighway, Suite 1204, Achngton, vA £2202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704.0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 1991 Final report (in 2 vols)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Wave Transformation Over a Generalized Beach;
Volume I, Main Text and Appendix A WU 31762, 31672,
and 31592

6. AUTHOR(S)

Michael J. Briggs, Jane M. Smith, and Debra R. Green

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
USAE Waterways Experiment Station

Coastal Engineering Research Center Technical Report
3909 Halls Ferry Road CERC-91-15
Vicksburg, MS 39180-6199
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER

US Army Corps of Engineers
Washington, DC 20314-1000

11. SUPPLEMENTARY NOTES

Available from National Technical Information Service, 5285 Port Royal Road,
Springfield, VA 22161

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited

13. ABSTRACT (Maximum 200 words)

A three-dimensional, physical model study of the effects of wave
directionality on wave transformation in the nearshore region was recently
completed in the directional spectral wave basin. The model consisted of a 1:30
slope beach with plane-parallel contours, similar to the Torrey Pines Beach in
southexrn California. Irregular waves, typical of unimodal and bimodal
unidirectional and directional spectra, were created and tested. An array of 20
capacitance wave gages was used to measure surface wave elevations. This array
consisted of offshore and nearshore, high-resolution linear arrays to quantify
directional distributions and a cross-shore gage array along the center line to
study wave transformation. Results are compared with two-dimensional flume test
data of similar unidirectional waves aud will be used to improve several exist-
ing numerical models. The goal of this research is to provide more realistic
estimates of nearshore conditions by incorporating the effects of directional
distributions in numerical models.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Directional spectra  Shoaling waves Wave nonlinearity 122
Directional spreading Spectral evolution Wave spectra 16. PRICE CODE

Hydraulic model test Wave directionality Wave transformation

17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSTFTED UNCLASSTFTED
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Presctibed by ANSI Std. 239.18
298102




SUMMARY

A three-dimensional, physical model study of the effects of wave
directionality on wave transformation in the nearshore region was recently
completed in the directional spectral wave basin. The model consisted of a
1:30 slope beach with plane-parallel contours, similar to the Torrey Pines
Beach in southern California. Irregular waves, typical of unimodal and
bimodal unidirectional and directional spectra, were created and tested. An
array of 20 capzcitance wave gages was used to measure surface wave eleva-
tions. This array consisted of offshore and nearshore, high-resolution linear
arrays to quantify directional distributions and a cross-shore gage array
along the center line to study wave transformation. Results are compared with
two-dimensional flume test data of similar unidirectional waves and will be
used to improve several existing numerical models. The goal of this research
is to provide more realistic estimates of nearshore conditions by incorporat-
ing the effects of directional distributions in numerical models.

This report consists of two volumes: Volume I consisting of the main
text and Appendix A and Volume II consisting of Appendices B-I. A limited
numbexr of copies of Volume II were published under separate cover. Copies of
Volume I are available from the National Technical Information Service,

5285 Port Royal Road, Springfield, VA 22161.

A 3-1/2 min. videotape of each test case was made using a black-and-
white, remote-controlled, overhead camera with pan, tilt, and zoom capabili-
ties. Each of the nine, 3/4-in. format video cassettes contains approximately

six cases. They are available for viewing and copying.
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PREFACE

This report is a product of Work Units 31762, "Nearshore Waves and
Currents*; 31672, "Laboratory Simulation of Nearshore Waves"; and 31592, "Wave
Estimnation for Design," of the Coastal Flooding and Storm Protection Program,
Civil Works Research and Development, sponsored by Headquarters, US Army Corps
of Engineers (HQUSACE). Testing was conducted from March to May 1989, and
data reduction and report preparation were completed in September 1989 at the
Coastal Engineering Research Center (CERC), US Army Engineer Waterways
Experiment Station (WES). The HQUSACE Technical Monitors for the Coastal
Flooding and Storm Protection Program were Messrs. John H. Lockhart, Jr.; John
G. Housley; James E. Crews; and Robert H. Campbell. Dx. C. Linwood Vincent
was Program Manager at CERC.

This report was prepared by Mr. Michael J. Briggs, Research Hydraulic
Engineer; Mrs. Jane M. Smith, Research Hydraulic Engineer; and Mrs. Debra R.
Green, Computer Analyst, Wave Prccesses Branch (WPB), Wave Dynamics Division
(WDD), CERC, under the direct supervision of Mrx. Douglas G. Outlaw, Chief,
WPB, and Dr. Martin C. Miller, Chief, Ocearography Branch, Research Division
(RD), CERC. General supervision was provided by Mr. C. E. Chatham, Jr.,
Chief, WDD; Mr. H. Lee Butler, Chief, RD; Mr. Charles C. Calhoun, Jr., -
Assistant Chief, CERC; and Dr. James R. liouston, Chief, CERC.

Numerous individuals contributed to the successful completion cf this
project. Mr. David A. Daily, Electronic Technician in the WES Instrumentation
Services Division, maintained the direc?ional spectral wave generator, current
meters and wave gages, and associated ei;ctronics. Mr. Larry A. Barnes, Civil
Engineering Technician, WPB, designed the model and interfaced with the WES
shops; Dr. Charles E. Long, Research Scientist, Field Research Facility, CERC,
reviewed the draft report and provided many helpful comments.

Coﬁmander and Director of WES during publication of this report was

COL Larry B. Fulton, EN. Technical Director was Dr. Robeit W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply — By
degrees (angle) 0.01745329
feet 0.3048
inches 2.54
square feet 0.02290304

To Obtain
radians
meters
centimeters

square meters




WAVE TRANSFORMATTION OVER A GENERALIZED BEACH

PART I: INTRODUCTION

Background and Purpose

1. The transformation of waves in shallow water is dependent on irregu-
larity of the wave field. The wave field is composed of a variety of periods,
heights, and directions, but little guidance exists on the combined effects of
distribution of energy and direction on wave shoaling, refraction, and break-
ing. The Generalized Beach Model (GBM) tests were conducted to examine the
effects of spectral shape (one or two peaks and relative energy distribution)
and directicnal distribution (mean wzse direction and directional spread) on
wave transformation under controlled laboratory conditions. The results of
these tests will be used to upgrade mathematical wave transformation models
for predicting nearshore wave properties from offshore measurements or hind-
casts. Accurate nearshore wave predictions are critical for estimating beach
evolution and designing coastal structures.

2. The GBM three-dimensional (3:D), physical model study was conducted
in the directional spectral wave basin of the US Army Engineer Waterways
Experiment Station’s (WES's) Coastal Engineering Research Center (CERC). The
model consisted of a 1:30 concrete slope with plane, parallel contours. Ir-
regular waves, typical of unimodal (i.e. single peak) and bimodal (i.e. two
peaks) unidirectional and directional spectra, were created and tested. An
array of 20 capacitance wave gages was used to measure water surface eleva-
tions. This array consisted of offshore and nearshore, high-resolution linear
gage arrays to quantify directional distributions and a cross-shore gage array
along the model center line to study wave transformation.

3. The GBM tests are an extension of flume tests on the shoaling and
breaking of bimodal unidirectional wave fields (Smith and Vincent, in press).
The flume tests were conducted on a plane, 1:30 slope in an 18-in."-wide
flume at CERC. The frequency spectra simulated in the flume study were repro-

duced in the GBM tests with added factors of wave direction and directional

* A table of facturs for converting non-SI units of measurement to

SI (metric) units is presented on page &4.
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spread. The flume tests showed that during wave decay, wave energy is lost
preferentially in the higher frequency mode. The flume results also showed
that relative "closeness" and distribution of energy between modes are impor-
tant. The GBM test results will be used to expand on flume results by includ-
ing effects of directionality.

4, Elgar and Guza (1985, 1986) reported the results of field tests they
conducted at Torrey Pines and Santa Barbara, California. Based on results
with bispectral and cross-bispectral analysis, they found nonlinear coupling
between frequencies to be a significant mechanism in the shoaling of ocean
surface gravity waves. For unimodal, narrow-band spectra, nonlinear quadratic
interactions between the peak and its higher frequency harmonics were the
mechanism for cross-spectral energy transfers during wave shoaling. These
harmonics were phase-coupled, and more of them interacted as the water depth
decreased. Initially, the peak interacted with its first harmonic, but as the
water got shallower, the harmonics would interact with each other. They saw
the same phenomenon for unimodal, broad-banded spectra except that a mode
might be involved in a myriad of interactions amor.g a wide range of frequen-
cies, not just harmonic frequencies. For bimodal spectra, they found that the
excitation of modes at intermediate frequencies by both sum and difference
interactions caused energy to increase in the "valley" between sea and swell
peaks (i.e. spectral gap) as the wave traveled into shallower water. After
breaking, the distinction between modes was lost, and the spectrum became
unimodal in shape. They also found that the low-frequency phenomenon "surf
beat," composed of infragravity modes with frequencies less than (.04 Hz, was
being generated by nonlinear coupling between neighboring frequencies within
the spectral peak and their difference frequencies. Finally, cross-bispectral
analysis showed that low-frequency modes in shallow water were nonlinearly
coupled to higher frequency modes seaward of the surf zone. None of these
results can be predicted with linear wave theory.

5. Thus, the purpose of this report is to describe the GBM tests and to
present preliminary results and analyses. These analyses are not meant to be
exhaustive, but rather a preliminary indication of the effects of linear and

nonlinear interactions on wave transformation.




Report Organization

6. The report is divided into two volumes. Volume I contains the body
of the report, discussion of results for representative cases, and overall
summacy. Volume II is composed of appendices that contain tabular listings
and plots from all other cases.

7. Part II describes the model setup, wave conditions, testing proce-
dure, and data analysis. The 37- by 18-m model comnsisted of a beach with
plane-parallel contours on a 1:30 slope. Twenty capacitance wave gages wvere
arranged in linear offshore (OGA) and nearshore (NGA) gage arrays for measur-
ing directional distribution transformation and a cross-shore array (CGA) for
wave transformation. A series of 54 unimodal and bimodal, unidirectional and
directional spectra were simulated, iteratively corrected, and tested. Data
were analyzed with zero-downcrossing, single-channel frequency spectral, and
directional spectral analysis methods.

8. Part II1 describes test results from the first three preliminary
phases: basin circulation, test duration, and signal calibration. 1In
Phase 1, four Marsh McBirney, electromagnetic U-Velocity/V-Velocity (U/V)
current meters were located along the basin perimeter to measure the presence
of a wave-induced circulation in the basin. Measurements with current meters,
dye tracer, and visual observations were all used during this phase. In
Phase 2, preliminary tests of the first 12 cases were run to determine the
proper sampling duration. Average measurements from the OGA were used to
evaluate sample durations of 200 waves at the peak period versus durations of
400 waves. In Phase 3, control signals for each of the 54 wave conditions
were iteratively corrected using a transfer function and a system gain factor
to ensure reasonable generation of the desired directional spectra. Compari-
sons of measured OGA and predicted directional wave spectra parameters include
peak wave period, zero-moment wave height, frequency spectrum, and directional
distribution (composed of mean wave direction and directional spread).

9. Results from Phase 4, the wave transformation phase, are presented
and discussed in Part IV. Time domain, single-channel frequency spectra, and
directional spectral analyses were performed on the measured data. Time do-
main analysis results include time series plots of surface elevation for the
CGA to illustrate wave profile evolution and tabular listings of zero-
downcrossing average surface elevation, peak period, and significant wave

height. Spectral analysis results include listings of measured peak wave
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pecsiods and zero-moment wave height for all gages, and linear and semilog
spectral plots of the CGA illustrating wave transformation. The linear super-
position assumption is evaluated based on height and spectral comparisons.
Directional spectral analysis includes comparisons of measured directional
spectra from the OGA and NGA to quantify effects of directional distribution
on wave transformation. Results are presented in the same form as in the
signal calibratién phase.

10. Finally, Part V contains a summary of results and recommendations
for future research and improvements.

11. A 3-1/2-min videotape of each test case was made using a black-and-
white remote-controlled, overhead camera with pan, tilt, and zoom capabili-
ties. Each of the nine, 3/4-in. format video cassettes contains approximately

six cases. They are available for viewing and copying.




PART II: EXPERIMENTAL DESIGN

Model Setup

Physical model

12. A three-dimensional, physical model of a gently sloping beach with
plane, parallel contours (i.e. homogeneous in the longshore direction) was
constructed in CERC’s directional spectral wave basin. The 1:30 slope physi-
cal model, 36.6 by 18.3 m, was patterned after the beach at Torrey Pines
(1:40 slcpe) in southern California. The water depth at the directional spec-
tral wave generator (DSWG) was 50 cm. The toe of the slope was located 4.48 m
in front of the DSWG. Figure 1, a schematic of the basin layout, shows the
DSWG, instrumentation, coordinate system, and grid locations. The right-hand,
global coordinate system origin is located along the face of the DSWG at the
beginning of paddle 1.

13. The rear of the basin behind the DSWG was lined with a permeable
boundary of wave absorber frames backed by a concrete wall. The basin sides
(i.e. slope edges) were lined with these absorber frames and a secondary row
of horsehair rolls and were open to adjacent basins. Thus, wave energy was
able to propagate away from the test area into the adjacent larger basins with
minimal reflections from distant vertical walls.

Instrumentation

14. Instrumentation consisted of four current meters and 20 capacitance
wave gages. The current meters (i.e. squares in Figure 1) were used in
initial calibration tests to quantify wave-induced circulation within the
basin. These meters were designed to measure average tidal velocities rathex
than wave orbital (i.e. particle) velocities. Thus, the gross circulation
patterns produced by the waves were measured. The x- and y-axes of the cur-
rent meters were aligned with the x- and y-axes of the DSWG. Current meter
locations and corresponding water depths are listed in Table 1.

15. Twenty wave gages were arranged in patterns and water depths simi-
lar to the deep- and shallow-water arrays used in the field experiment. at

Torrey Pines in 1978." The field deep array had lag spacings of 2-3-1-8-10

-

Personal Communication, September 1989, Dr. Steve Elgar, Professor,
Washington State University, Pullman, WA.
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with a unit lag of 16 m. The field shallow-water array had lags of 8-1-3-2-5
with a unit lag spacing of 10 m. The model OGA and NGA 8-1-3-2-5 linear ar-
rays (i.e., circles in Figure 1) were located in water depths of 40 and 16 cm,
respectively. The OGA was composed of gages 1 to 6, and the NGA consisted og
gages 12 to 17.

Table 1

Current Meter Goordinates

Gage X Y Depth
No. m m cm
CM1 -2.00 30.00 50.0
CcM2 0.00 30.00 50.0
CM3 14.15 30.00 18.0
M/ 14.15 28.00 18.0

Unit lag spacings of 85 and 55 cm were selected for the 0GA and NGA arrays,
respectively, based on the field dimensions. Pawka (1982, 1983) had showed
that the field arrays had a directional resolution of 10 deg for 16-sec waves.
Imbedded in the two linear arrays was a CGA along the basin center line to
measure wave transformation in spectral shape, wave period, and wave height.
It was composed of the 10 gages: 4, 7 to 11, 15, and 18 to 20. Table 2 lists

gage coordinates and corresponding water depths.

Wave Conditions

16. Unidirectional and directional wave spectra with a range of
spectral parameters were selected for study and comparison. Both unimodal
(i.e. single peak) and bimodal (i.e. double peak) frequency spectra were com-
bined with different directional distributions. The unidirectional spectra
were similar to earlier flume tests conducted by Smith and Vincent (in press).

17. Fifty-four wave conditions were organized in four groups consisting
of (a) Unimodal, (b) Superposition, (c¢) Directional, and (d) Nonbreaking
Series. Descriptions of these groups are given in the following paragraphs.

Table 3 lists the target peak periods, significant wave heights, overall mean
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Table 2

Capacitance Gage GCoordinates

Gage X Y Depth
No. m m cnm
Cl 7.48 5.22 40,
Cc2 7.48 9.47 40.
Cc3 7.48 11.17 40.
G4 7.48 13.72 40,
C5 7.48 14.57 40.
Cé6 7.48 21.37 40,
G7 8.68 13.72 36.
c8 10.68 13.72 29.

c9 11.68 13.72  25.
C10 12.68 13.72 22.
Cll 13.68 13.72 19.
C12 14.68 8.22 16.
C13 14.68 10.97 16.
Cla 14.68 12.07 16.
Cl15 14.68 13.72 16.
Cl6 14.68 14.27 16.
Cl7 14.68 18.67 16.
C18 15.68 13.72 12.
€19 16.18 13.72 11.
c20 16.68 13.72 9.

OO0 OOODOOONAAVWOOOOOOO

wave directions (i.e. peak wave direction), and directional spreads”

(i.e. full width at half power) for each wave case. Wave parameters for the
unimodal cases are listed under the column with the "1" heading and under
columns labeled "1" and "2* for the bimodal cases.

18. 1In the first group, the Unimodal Series, 12 broad-banded (i.e.
spectral peakedness parameter v = 3.3)" directional spectra were created to
test the effect of wave directionality. Target peak periods T, = 1.25 or
2.50 sec were selected. A significant wave height Hyy = 15.2 cm was used for
the six T, = 2.50 sec cases. This wave height was reduced by 20 percent to
Hp = 12.2 cm for the six T, = 1.25 sec cases to prevent excessive wave

breaking at the DSWG. Directional distributions consisted of combinations of

* The recommendations of the International Association of Hydraulic Research

(IAHR) Working Group on Wave Generation and Analysis (1986) "List of Sea
State Parameters" were followed wherever possible.

For convenience, symbols and abbreviations are listed in the Notation
(Appendix A).

*fr
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overall mean wave direction © = 0 (i.e. normal incidence), 10, and 20 deg
and full-width directional spreading o, = 0 (i.e. unidirectional) and 40 deg.
Wave angle is the direction towards which the waves travel, with positive
angles measured clockwise from the positive x-axis.

19. The second group, the Superposition Series, consisted of nine
cases: three bimodal and six unimodal unidirectional spectra. Modal superpo-
sition was used to create the bimodal cases from two narrow (i.e. vy = 20)
unimodal frequency spectra. For the bimodal cases, first mode (i.e. low-
frequency) peak period T,; = 2.5 sec and second mode (i.e. high-frequency)
peak period T, , = 1.75 sec were combined. The total energy in the bimodal
spectra was adjusted to give a target wave height Hgy = 15.2 cm. The energy
distribution was adjusted so that the ratio of energy in the two modes was
1/3:2/3, 1/2:1/2, ox 2/3:1/3 corresponding to Hpg j:Hp,2 = 7.6:13.2 cm,
10.8:10.8 cm, or 13.2:7.6 cm, respectively. Equivalent unimodal spectra, with
T, = 2.5 or 1.75 sec, were created for each of the six modes represented by
these energy combinations. By comparing the sum of results from the two
unimodal spectra to their equivalent bimodal spectra, the appropriateness of
linear superposition of unimodal results and the effect of energy distribution
and wave/wave interactions among the modes can be ascertained.

20. The third group or Directional Series consisted of 23 bimodal
unidirectional and directional spectra to investigate the effect of wave
directionality on wave transformation. All cases were narrow-banded (y = 20)
with target H;y = 15.2 cm. In the first 15 cases (D13 to D53 in Table 3),
modes with T, = 2.50 sec and T, , = 1.75 sec were specified. Modal energy
ratios of 1/3:2/3, 1/2:1/2, and 2/3:1/3 were used. The directional distribu-
tions were composed of different combinations of ) (0 and 20 deg) and o,
(0, 20, and 40 deg). 1In the last 8 cases (D61 to D68), T, was left un-
changed and T, , = 1.25 sec to increase the frequency spreading between
modes. In the last 11 cases (D51 to D68), equal energy distribution between
modes (i.e. Hpe,q = Hyp,p = 10.8 cm) was specified. The same directional dis-
tribution combinations were selected in these cases. In 16 cases (D13 to D49
and D61 to D64), the same 6 or o, was used for both modes. Different
directional parameters were selected for the remaining 7 cases (D51 to D53 and
D65 to D68).

21, The final group, the Nonbreaking Series, consisted of 10 cases with
reduced wave height to eliminate wave breaking outside the surf zone. For

these 10 cases, the Directional Series cases D51 to D67 were repeated with
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target Hpg, = Hp , = 6.5 cm by using a gain factor of 60 percent. All other

wave parameters remained unchanged.

Testing Procedure and Data Analysis

22. In this section, a description of the control signal simulation and
generation, data collection, and data analyses are given.
Control signal simulation and generation

23. The 54 wave conditions were converted into control signals for each
c¢f the 61 paddles using a frequency domain, double summation, deterministic
amplitude, random phase model (Briggs, Borgman, and Outlaw 1987). The direc-
tional spectra were simulated as the product of a TMA frequency spectra
Sqa(f) and a wrapped normal directional spreading function D(£,8). The
Sqa(f) was calculated at 30 discrete frequencies, selected to give good
resolution about the modal peak frequency £, . Similarly, 30 discrete direc-
tions were selected about 6 to give good resolution. Uneven frequency and
direction increments were used to define the spectral energy about the peaks
more accurately. Full-width directional spread o, = 0, 20, and 40 deg were
selected as a representative range. Equivalent wrapped normal directional
spread o, = 1, 16.3, and 31.2 deg were used in the simulation (Jane M. Smith,
unpublished data, March 1989),

24, The Digital/Analog (D/A) rate for the DSWG is 20 Hz, corresponding
to a time increment At = 0.05 sec. Typically, a time series duration T,
= 750 sec (i.e. 15,000 points) was created for each paddle. After Fourier
transformation in the frequency domain, this signal duration corresponds to an
evenly spaced frequency increment Af = 0.00133 Hz, or 1,464 frequencies be-
tween the lower and upper cutoff frequencies f; = 0.05 and £, = 2.00 Hz,
respectively. A longer time series with T, = 1,500 sec (i.e. 30,000 points)
was created for the six unimodal cases with T, = 2.5 sec. The frequency
increment correspcnds to Af = 0.000667 Hz, or 2,926 frequencies between f;
and £, .
Data collection

25. Gage and water depth calibration, data sampling, and control signal
correction are discussed in the following paragraphs.

26. Gage and water depth calibration. Four Marsh McBirney current
meters were borrowed from the WES Hydraulics Laboratory; these had been cali-

brated in previous tests. Depth of immersion of the current meter sphere was
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8.9 cm, ample to measure average surface currents. This distance corresponds
to the distance between the center line of the sphere and the change in diame-
ter of the stinger or support rod.

27. The capacitance wave gages had 30.5- or 45.7-cm-long measurement
rods, depending on local water depth. They were calibrated each day with the
computer-controlled process IDCAL, which incorporates an ll-step procedure
using a quadratic least squares fit. Table 4 lists the rod length and cali-
bration range for each of the 20 gages. Individual gage rod lengths and cali-
bration ranges were selected to adequately measure anticipated wave heights in
a particular water depth. Generally, measurement accuracy is greater for
shorter calibration ranges. Table 5 lists the percentage of full-scale errors

for each gage and date based on the calibration ranges in Table 4.

Table 4
Gage Calibration Data

Gage Rod Length  Cal Range
_No. cm cm
Cl 45,72 25.40
G2 45.72 25.40
G3 45,72 25.40
C4 45.72 25.40
G5 45.72 25.40
C6 45,72 25.40
G7 45.72 25.40
c8 45.72 25.40
c9 45.72 21.59
C10 45.72 20.32
Cll 30.48 16.51
Cl2 30.48 11.43
€13 30.48 12.70
Cl4 30.48 12.70
Cl5 30.48 11.43
Cl6 30.48 13.97
Cl7 30.48 11.43
C18 30.48 10.16
Cl19 30.48 8.89
C20 30.48 7.62

28. The water depth was maintained within +0.031 cm of the desired
level by an automatic water level float control system.

29. Data sampling. Data were collected in four phases: basin circula-

tion, test duration, signal calibration, and wave transformation. Table 6
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Table 6

Data Collection Parameters

Peak Record No. Test Gain
Period Length Points Duration Factor
sec _sec Record __sec Range

Basin Circulation Phase

2.50 1,200 12,000 1,260 1.0
1.25 600 6,000 660 1.0

Test Duration Phase

2.50 1,200 12,000 1,260 1.0

1.25 600 6,000 660 0.3-0.95
Signal Calibration Phase

2.50 650 6,500 700 0.93-1.0

1.25 350 3,500 400 0.8
Wave Transformation Phase

2.50 650 6,500 700 0.97-1.3

1.25 350 3,500 400 0.8

Note: 837 in Test Duration Phase had Gain = 0.60.

lists the data collection parameters for these four phases Luos.d on the peak
period of the first mode. Parameters listed include record length of data
collected, corresponding number of points collected in a record, test dura-
tion, and system gain factor range. Except for the gain factor range, values
for the first two and last two phases were the same.

30. Experiments were conducted by starting the 9T magnetic tape con-
taining the control signal and waiting 10 sec (timed by a stopwatch) to allow
a common starting point for repeat tests. The DSWG was not actually making
waves until this instant in time. Then, a 10-sec hardware ramp was automatil-
cally activated on the control signal to prevent damage to the DSWG. After
the completion of this ramp at the beginning of the control signal (i.e. total
delay ~f 20 sec), current meters or wave gages were sampled at 10 Hz (i.e.
time increment At = 0.10 sec). The first pure (i.e. nonramped) waveleats
reached the farthest gage 20 approximately 20 sec later. The first point in
the data analysis was 100 sec into the records (see below).

31. Control signal correction. In Phase 3, the c¢ontrol signals were

iteratively corxrected using a response amplitude operator (RAO) transfer
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function to compensate for observed variations in period, height, and spectral
shape. The RAQO is calculated in the frequency domain as the ratio of the
average frequency spectral shape of the OGA to the L rget spectral shape.
Calculated RAO values outside f; and £, cuteff frequencies were set to 1.0
because of low signal-to-noise ratios. Also, RAO's greater than 100.0 or less
than 0.01 were set to these respective upper and lower limit values. Once the
RAO is calculate?, control signals are Fourier transformed to the frequency
domain, divided by the appropriate RAQ at each frequency, and then transformed
back to the time domain to form the corre-ted control signal. Although the
effect of RAO corrections on directional listributions have w.c been quanti-
fied, rerults with anothe physical model data set for the Yaquina Bay,
Oregon, ncrth jetty (Carver, Briggs, and Green, in preparation} produced a
better match of the targel distribution.

32. The DSWG has specified limits on displacement, velocity, and
acceler~tion of the individual paddles. While attempting tc produce large
wave heights, these limit values were often exceeded in the control signals.
Prior to running the tests, the control signals were checked for exceedance of
these paddle limits and corrected if necessary. Typical locations of these
exceedances were at the peaks and troughs (and corresponding positive and
negative flanks) of large waves. The procedure consisted of r =nding these
peaks or troughs to lower values within the thresholds. If a - alue exceeded
the thres*.ld, a new value equal to half the distance between the threshold
and the ;revious value was substituted. This procedure was used on successive
steps until the exceedance was remedied. Because the threshold values are
based on a displacement less than the naximum, the procedure usually converged
after one or two iterationms.

33. Although this procedure worked fairly well, the feedback sensors
for some of the DSWG paddles (i.e. paddle 37) would shut them dcwn after
several minutes into a high energy case. Thus, it was necessary to reduce the
entire signal by a small amount to complete the test. Gain factors were input
at run time to control the amplitude of the control signal. The ideal gain
has a value of "1.0," corresponding to 100 percent of the desired amplitude.
The gain was successively reduced in increments of 0.01 (i.e. 0.99, 0.98,
0.97, etc.) untiil tke centroel signal ran for the entire test duration.

Table 6 lists the range of gain factors used to correct the control signals.
Thus, strokz limitations of the DSWG played an important part in the signal

generation.
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Data_analyses

34. Data analyses consisted of time domain zero-downcrossing, single-
channel frequency spectra, and directional wave spectra. The Wave Dynamics
Division TSAF22 package” was used for the first two and the program NUSPECGBM
for the latter.

35. Zero-downcrossing analysis. Standard methods of zero-downcrossing
analysis, as specified by the IAHR (1986), are incorporated in the TSAF22
software. Average surface elevation 7 , significant wave period Tyy,. .4
and significant wave height H,,; 4 were calculated.

36. Single-channel frequency spectral analysis. For spectral analysis,
data records were zero-meaned (quadratic trend removed for cases in Phase 1
only), tapered by a 10-percent cosine bell window, Fourier transformed, and
band averaged between f; = 0.0l Hz and £, = 2.50 Hz. Table 7 lists the
spectral analysis parameters for the four test phases. Includer. in the table
are number of points in a record (NTIME), record length (T,) in swcouds, Af
in Hertzs, resolution bandwidth B, in Hertzs, number of frequeniies analyzed
between f; and £, , number of smoothed frequencies in each band, and
degrees of freedom v. The first point analyzed in each record was 1,001 for
all cases. To facilitate comparison of data in Phase 4, the number of spec-
tral bands averaged was based on achieving the same B, = 0.024 Hz in the
flume tests.

37. Directional spectral analysis. A Fourier series expansion of the
directional spectrum is used to estimate S(£,4) . This method is based on
¢he relation that the autospectra and cross-spectra between all pairs of wave
azev4i¥ton time series can be expressed as a linear combination of the direc-
ticual components of S(f,0) at that frequency (Briggs 1988). The S(f,8)
is parameterized as the product of a frequency spectrum and a directional
spreading function. The autospectral density S;;(f) for each of N gages
is estimated, and a combined best estimate S(f) is obtained using a harmonic
mean. The directicnal spreading function is initially approximated by a

truncated Fourier series expansion of 1 harmonics.

n*

Charles E. Long, 1986, "Laboratory Wave Generation and Analysis: An
Instructional Report for Unidirectional Wave Generation and Analysis,"
unputlished report, US Army Engincer Waterxways Experisient Station,
Vicksburg, MS.
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Table 7
Analysis Parameters

Tp Tr Af e No. Frequencies
sec NTIME sec Hz Hz Anal. Smooth v
Basin Circulation
2.50 10,000 1,000 0.001 0.050 2,490 50 100
1.25 5,000 500 0.002 0.050 1,245 25 50
Test Duration
2.50 10,000 1,000 0.001 0.050 2,490 50 100
5,000 500 0.002 0.050 1,245 25 50
1.25 5,000 500 0.002 0.050 1,245 25 50
2,500 250 0.004 0.052 622 13 26
Signal Calibration Phase
2.50 5,000 500 0.002 0.050 1,245 25 50
1.25 2,500 250 0.004 0.052 622 13 26
Wave Transformation
2.50 5,000 500 0.002 0.024 1,245 12 24
1.25 2,500 250 0.004 0.024 622 6 12

Note: Same parameters used for T, = 2.50 sec cases were used for three
unimodal cases in Superposition Series with T, = 1.75 sec.

38. The first step is Lo calculate measured autospectral and cross-
spectral density estimates for each gage and each gage pair, respectively.
The data are zero-meaned, tapered by a 10-percent cosine bell window, Fourier
transforned using a "235" Fast Fourier Transform. Then a Gaussian smoothing
function is used to smooth the estimates with an effective width of 0.024 Hz
between the same £, and f;, wused for the single-channel spectral analysis.
The equivalen. umber of Gaussian smoothed frequencies corresponding to T,
= 2.5 and 1.25 sec are 28 and 14, respectively.

39. The significant wave height H, 1is equal to 4 times the standard
deviation of the time series of surface wave elevation o, . An average for
the number of gages used to calculate the directional spectrum is calculated.

40, For N gages, a set of N? simultaneous linear equations can be

solved for the full-circle Fourier coefficients a, and b, of the spreading




function. A least squares Fourier transform method for numerical integration
is used to solve the set of available equations. A vector linear regression
model inverts the matrix containing the spreading coefficients of D(f,¥9)

41. Finally, a parameterized wrapped normal spreading function is
fitted to D(£,8) to improve the initial distorted estimate due to truncation
of the Fourier series. A resolution of 2 deg (i.e. 180 increments in 360 deg)
was used for the directional spreading function estimates. Once a, and b,
are obtained, the mean wave direction 6(£f) 1is calculated from the first
harmonic a; and b; coefficients. The mean of all #(f) equals the over-
all mean wave direction or peak wave direction )

42. A directional spread was calculated to give a relative indication
of the width of the directional distribution. The directional spreading func-
tion was first normalized by its peak value. The spread then was calculated

as half the width at the 50-percent level of the spreading function.
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PART III: PRELIMINARY TEST RESULTS AND ANALYSIS
Basin Circulation Phase

43. Four current meters and dye tracer were used for cases SOl and S33
to monitor the presence of basin circulation due to wave conditions and basin
configuration. Based on the lack of a significant circulation for these

tests, further testing with the other cases was not deemed necessary.
Test Duration Phase

44, Table 8 lists normalized values of wave period and height for the
12 Unimodal Series cases. Measurements of T, and Hyy from the OGA for
durations of 200 waves at the peak period (hilf duration) were divided by
durations of 400 waves (full duration) to obtain the normalized value. The
duration of 200 waves is part of the longer duration time series of 400 waves
duration. The starting point in the analysis is the same for both durations;
1,000 points (100 sec) are skipped from the beginning of the time series.
Other analysis parameters are also identical. The actual measured values of
T, and Hy are listed in Appendix B.

45. 1t is important to note that the control signals had not been cali-
brated or corrected during these tests, so the measured values did not always
agree with the target or desired values. Based on the average of the six
gages, the maximum period variation was 4 and 2 percent for T, = 2.5 and
1.25 sec cases, respectively. The maximum height variation was 5 percent for
both peak periods. The spectral estimates for T, and H, are fairly
stable statistics that should compare well for this type of test. The fact
that there was little difference increased confidence that possible artifacts
in the basin (i.e. circulation, long waves, etc.) were not significant.

46. The major effect of a short record is decreased confidence in
spectral estimates as quantified by v . Therefore, the spectral shapes for
the different sampling durations were compared. Figure 2 shows an overlay of
the measured frequency spectra for gages 1-4 of case S25. Variation in spec-
tral shape for all 12 cases is illustrated in Figure 3 for the average of six
gages. The spectral amplification ratio Sy (£)/S4e (£) (i.e. ratio of
spectral levels between long and short test durations) varies between 0.5 to

1.5, within the confidence limits for the spectral estimates. Since spectral




shape did not vary substantially due to record length, it was decided to test

Normalized

Wave Parameters for Test Duration Phase

Table 8

Test
Case

S01
S09
513
S21
S25
$33

§37
S45
S49
S$57
S61
S69

S01
S09
S13
S21
§25
s33

537
S45
S49
S57
S61
569

0GA Gage Number

2 3 5 Ave.

Normalized ’1‘D Periods
0.94 0.94 1.00 0.94 0.94 1.00 0.96
0.91 1.04 0.98 0.93 0.93 1.07 0.98
0.94 0.99 1.03 0.98 0.98 1.03 0.99
1.06 0.94 0.94 1.02 0.98 1.01 0.99
0.94 0.94 1.00 1.03 1.02 0.94 0.98
0.99 0.92 0.94 0.99 1.01 1.00 0.97
1.06 1.06 0.98 0.98 1.02 0.99 1.02
1.05 0.98 1.01 1.02 1.00 1.01 1.01
1.00 0.99 1.00 1.04 1.00 1.00 1.00
0.97 1.03 0.99 1.01 1.02 1.01 1.00
0.93 1.05 1.02 1.02 1.05 1.02 1.01
1.03 0.98 1.06 0.90 1.07 1.01 1.01

Normalized Hmo Heights
0.97 0.97 0.99 0.97 0.97 0.97 0.97
1.00 1.00 1.02 1.02 1.01 1.01 1.01
0.95 0.95 0.96 0.95 0.92 0.95 0.95
0.96 1.02 1.05 0.98 1.00 1.03 1.01
1.00 1.01 1.03 0.97 0.98 1.00 1.00
0.99 1.01 1.01 0.97 0.96 1.00 0.99
0.94 0.96 0.96 0.96 0.94 0.95 0.95
0.97 1.04 1.05 0.98 0.98 0.99 1.00
0.97 1.00 0.97 0.96 0.97 0.98 0.98
0.95 1.02 0.97 0.99 0.99 0.97 0.98
0.99 1.03 0.99 1.00 0.99 1.00 1.00
1.01 0.97 1.01 1.03 0.96 1.00 1.00

for the shorter duration for all future tests.

rected by iterating one to four times using the RAO transfer function and

system gain factor to match the target directional spectra as closely as pos-

sible.

47.

Results from the directional spectral analysis of the OGA are compared

Signal Calibration Phase
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In this phase of testing, each of the 54 control signals was cor-




with predicted control signal values for peak frequency, significant wave
height, frequency spectra, and directional distribution, which includes peak
wave direction and directional spread.

Peak frequency

48. Table 9 summarizes measured and predicted peak freaquency £, for
each of the 54 test cases, grouped by test series and mode number (in the case
of bimodal spectra). To facilitate comparisons, the difference between
predicted and measured frequency is shown for each mode. The maximum differ-
ence was +0.04 Hz, corresponding to a shift of +2 frequency bands, for cases
§33 and S37 in the Unimodal Series. In most cases, the frequency shift was 0
to +1 band. The agreement is excellent since these small differences are
insignificant relative to the inherent variability in the Fourier analysis for
peak frequency.

Significant wave height

49, Figure 4 is a comparison of the three different methods for calcu-
lating significant wave height for the 0GA: H, , Hy3,4 , and Hyy . The
first two heights are from the time domain, and the last one from the frequen-
cy domain. Since the differences were small, the values for H, are used for
comparison. Table 10 lists measured and predicted significant wave heights
H, for the 54 cases. It has the same format as Table 9, except that no
breakdown is given for individual modes since energy is computed for the total
spectrum. The normalized ratio of measured wave height to predicted is
included as a measure of the accuracy of spectral simulation.

50. 1In general, the match was very good, although measured wave heights
were less than their target values. Measured wave height decreased as peak
period, peak wave direction, and directional spreading increased. Given the
problems previously cited concerning DSWG stroke limitations and earlier uni-
directional spectra results (Briggs 1988), these results are not too
surprising. The normalized height ratio ranged from a low of 0.80 (D49) to a
high of 1.01 (D02 and D04) with an average for all cases of 0.92. Table 1l
lists the minimum, maximum, and average normalized heights for each of the
four test series.

51. In the first six cases of the Unimodal Series, wave height de-
creased slightly as wave direction increased from O deg. The next six
cases had larger normalized heights because the target height was smaller (Hpy

= 12.2 cm), with less associated wave breaking.
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Table 9

Summary of Measured & Predicted Peak Frequency

Generalized Beach Model

Mode 1 Mode 2
Case Gage Pred OGA Pred 0oGA
D Code* Hz Hz  Pred-OGA Hz Hz Pred-0GA
Unimodal Series
S0l b 0.40 0.42 -0.02 - - -
s09 a L. 40 0.42 =0.02 - - -
S13 b 0.40 0.42 =0.02 - - -
s21 a 0.40 0.40 0.00 - - -
s25 b 0.40 0.42 =0.02 - - -
S33 b 0.40 0.44 =0.04 - - -
s37 b 0.80 0.76 0,04 - - -
S45 b 0.80 0.82 -0.02 - - -
S49 b 0.80 0.80 0.00 - - -
857 b 0.80 0.82 =0.02 - - -
S61 b 0.80 0.82 -0.02 - - -
S69 a 0.80 0.78 0.02 - - -
Superposition Series
D01 b 0,40 0.40 0,00 - - -
D02 b 0.57 0.59 -0.02 - - -
D03 b 0.40 0.40 0.00 0.57 0.57 0.00
D04 b 0.40 0.40 0.00 - - -
D05 b 0.57 0.59 ~0.02 - - -
D06 b 0.40 0,40 0.00 0.57 0.55 0.02
D07 b 0,40 0.40 0,00 - - -
D08 b 0.57 0.57 0,00 - - -
Dos b 0.40 0.40 0,00 0.57 0.55 0.02
Directional Series
D13 a 0.40 0.40 0,00 0.57 0.57 0.00
D16 a 0.40 0.40 0.00 0.57 0.57 0.00
D18 b 0.490 0.40 0.00 0.57 0.57 0.00
D23 b 0.40 0.40 0,00 0.57 0.57 0.00
D26 b 0.40 0.42 -0,02 0.57 0.57 0.00
D28 a 0,40 0.40 0.00 0.57 0.57 0.00
D33 b 0,40 0,42 ~0.02 0.57 0.57 0.00
D36 b 0.40 0.40 0.00 0.57 0.57 0.00
D39 b 0.40 0,40 0,00 0.57 0.57 0.00
D43 a 0.40 0.40 0.00 0.57 0.59 ~0.02
D46 a 0.40 0,42 -0,02 0.57 0.57 0.00
D49 a 0.40 0,42 =0.02 0.57 0.57 0.00
D51 b 0.40 0.40 0.00 0.57 0.57 0.00
D52 b 0.40 0.40 0.00 0.57 0.59 ~0.02
D53 a 0.40 0.42 -0.02 0.57 0.57 0.00
D61 b 0.40 0.40 0.00 0.80 0.80 0.00
D62 b 0.40 0.40 0.00 0.80 0.80 0.00
D63 b 0.40 0.40 0.00 0.80 0.80 0.00
D64 b 0.40 0,40 0,00 0.80 0.80 0.00
D65 b 0.40 0.40 0.00 0.80 0.80 0.00
D66 b 0.40 0.40 0.00 0.80 0.80 0.00
D67 a 0.40 0.40 0.00 0.80 0.80 0.00
D68 a 0.40 0.40 0.00 0.80 0.82 =0.02
Nonbreaking Series
D71 b 0.40 0.40 0.00 0.57 0.57 0.00
D72 b 0.40 0.40 0,00 0.57 0.59 -0,02
D73 a 0.40 0.42 -0.02 0.57 0.57 0.00
D81 b 0.40 0.40 0.00 0.80 0.80 0.00
D82 b 0.40 0.40 0.00 0.80 0.80 0.00
D83 b 0.40 0.40 0,00 0.80 0.80 0.00
D84 b 0.40 0.40 0.00 0.80 0,80 0.00
D85 b 0.40 0,40 0.00 0.80 0.80 0.00
D86 b 0.40 0.40 0.00 0.80 0.80 0.00
D87 a 0.40 0.40 0.00 0.80 0.80 0.00
% OGA:
a = Gages 1-6, Gaussian Smooth
b = Gages 1-6, Raw Data
¢ = Gages 1-7, Gaussian Smooth
d = Gages 1-7, Raw Data
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Table 10

Summary of Measured & Predicted Significant Wave Height
Generalized Beach Model 7

Case Gage Pred. OGA
ID Code* Cm Cm OGA/Pred

Unimodal Series

S01 b 15.24 14.17 0.93
S09 b 15.24 13.81 0.91
S13 b 15.24 13.47 c.88
Ss21 b 15.24 13.74 0.90
525 b 15.24 13.60 0.89
S33 b 15,24 13.52 0.89
S37 b 12.19 11.58 0.95
S45 b 12.19 11.92 0.98
S49 b 12,19 11.81 0.97
S57 b 12.19- 11.90 0.98
S61 b 12,19 11.61 0.95
S69 b 12,19 11.71 0.96
. Superposition Series
DO1 b 7.62 7.50 0.98
Do2 b 13.11 13.18 1.01
D03 b 15.16 13.87 0.91
D04 b 10.67 10.77 1.01
D05 b 10,67 10.34 0.97
D06 b 15.09 13.31 0.88
DO7 b 13.11 12.18 0.93
D08 b 7.62 7.40 0.97
Dog b 15.16 12.38 0.82
Directional Series
D13 b 15,16 14.43 0.95
D16 b 15.09 13.93 0.92
D19 b 15.16 13.25 0.87
D23 b 15.16 14.1% 0.93
D26 b 15.09 13.58 £.90
D29 b 15.16 13.14 0.87
D33 b 15.16 13,57 0.80
D36 b 15.09 12,96 0.86
n3g b 15.16 12.44 0.82
D43 b 15.16 13.60 0.90
D46 b 15.09 12,62 0.84
D48 b 15.16 12.13 0.80
D51 b 15.09 14.16 0.94
D52 b 15.09 13.57 0.90
D53 b 15,09 13.23 0.88
D61 b 15.09 14,38 0.95
D62 b 15.09 13.93 0.92
D63 b 15,09 14,03 0.93
D64 b 15.09 13,99 0.93
D65 b 15.09 14,32 0.95
D66 b 15.09 13.73 0.91
D67 b 15,09 13.71 0.91
D68 b 15.08 13.72 0.91
Nonbreaking Series
D71 b 9.05 8.43 0.93
D72 b 9.05 8.00 0.88
D73 b 9.05 7.89 0.87
D81 b 9.05 9.04 1.00
D82 b 9.05 8.48 0.94
D83 b 9.05 8.73 0.96
D84 b 9.05 8.45 0.93
D85 b 8.05 8.67 0.96
D86 b 9.05 8.35 0.92
D87 b 8.05 8.27 0,81
* OGA:

a = Gages 1-6, Gaussian Smooth
b = Gages 1-6, Raw Data

¢ = Gages 1-7, Gaussian Smooth
d= 1-7, Raw Data




Table 11

Summary of Calibration Phase Normalized Wave Heights

Series Minimum Maximum Average
Unimodal 0.88 0.98 0.93
Superposition 0.82 1.01 0.9
Directional 0.80 0.95 0.90
Nonbreaking 0.87 1.00 0.93

52. 1In the Superposition Series, the unimodal cases with higher fre-
quency modes (T, = 1.75 sec) more closely matched the desired wave height.

The three bimodal cases D03, D06, and DO9 did not match target wave heights as
well as their unimodal counterparts. Reproduction was most accurate for

case D03, which had more energy in the higher frequency mode. The low-
frequency peaks were harder to reproduce than the higher frequency peak, even
when the lower frequency had more energy (case D09).

53. 1In the Directional Series, the first 12 cases (D13 through D49)
experienced the same pattern of increasing accuracy as the energy in the high-
frequency mode increased relative to the low-frequency mode. The next three
cases, D51 to D53, all had even energy distribution between modes with
constant 51 = 0 deg and 52 = 20 deg and varying directional spreading. The
unidirectional case D51 had significantly better accuracy than case D36 with
8 = 20 deg for both modes. Comparisons of three cases D52 with D16 and D46,
with o1 = o2 = 40 deg, indicate that height decreased as wave direction
increased for one or both modes. Cases D53 and D26, both with o, ; = 20 deg
and oy, = 40 deg, also show this trend. The final eight cases, D61 to D68,
had T, , = 1.25 sec versus T,, = 1.75 sec for the earlier cases. Energy
distribution was equal between modes while wave direction and spreading were
varied. Comparisons of cases D61l with D62 and D65 with D66 show a trend of
reduced height as spreading increases. Only the unidirectional case D61 with
=0 deg showed slightly better low-frequency mode simulation.

54. In the Nonbreaking Series, cases D71 to D73 are analogous to Direc-
tional 3eries cases D51 to D53 and cases D81 to D87 are similar to cases D61
to D67. The normalized wave heights for cases D71 to D73 are slightly reduced
relative to cases D51 to D53. Normalized heights in cases D81 to D86 are the
same or slightly larger than D61 to D66, indicating that breaking did occur in

the Directional Series to reduce measured wave heights. In cases D83 and D84,
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an increase in spreading caused a decrease in wave height, whereas wave break-
ing in cases D63 and D64 disguised this effect.
Frequency spectra

55. Figures 4 and 5 are examples of the measured and predicted frequen-
cy spectra for the unimodal case S25 and the bimodal case D29, respectively.
In each figure, the dashed line is the predicted spectrum, and the solid line
is the measured spectrum. Both spectra are normalized by the peak value of
the predicted spectrum, so that shape and relative magnitudes are preserved.
Plots of the other cases are contained in Appendix C.

56. The measured spectral ordinates at the peak frequency were smallex
than predicted for all cases except $45, S49, S57, and S61. This smaller
shape is in keeping with the smaller than desired wave heights sincz most of
the energy is contained in the peak frequency. One explanation is the smaller
frequency increment of the predicted spectra produces a more peaked spectra
since frequency resolution is finer. As was true for wave height, higher
frequency modes were more easily simulated for both unimodal and bimodal
cases. In some cases, there was more energy in the higher frequencies of the
measured spectra than desired. Cases D04 and DO5 in Figure 6 illustrate both
of these trends.

57. 1In general, the agreement between measured- and predicted spectral
shapes was very good for bimodal spectra to excellent for unimodal spectra.
Based on chi-squared random variables and the limited number of degrees of
freedom, t.e measured and predicted spectra are indistinguishable at the
95-percent level of confidence. For cases with T, = 1.25 sec and v = 12 ,
the estimated spectral ordinate can range between 0.51 to 2.74 of the true
value. Similarly, for T, = 1.75 and 2.50 sec and v = 24, the 95-percent
confidence limits are 0.61 to 1.94.

Directional distributions

58. As previously discussed, directional distributions are represented
by the directional spreading function that is centered at a peak wave direc-
tion with a width described by its directional spread. l

59. Directional spreading function. The agreement between measured and
predicted directional spreading functions for the unidirectional cases (a
spike centered at the peak wave direction) was excellent. Figure 7 for case
§25 is a good example. The dashed line is the predicted spreading function,
and the solid line is the measured spreading. Each curve is normalized by its

ovn maximum spreading value. Truncation of the Fourier series based on the
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limited number of independent measurements tends to produce negative side
lobes in the directional spreading function. These negative values have been
suppressed and set to zero on these plots. The legend lists peak frequency
for the mode, peak wave direction, and a relative directional spread for each
curve,

60. The measured shapes of the directional cases were much more
erratic, however, often displaying only one-third to one-half the desired
directional width. In general, cases with narrower spreads matched predicted
values better than those with wider spreads. Case D29 (Figure 8) is an exam-
ple of a bimodal case with narrow and wide directional spread (op; = 20 deg,
Op,2 = 40 deg) illustrating this point.

61. Since cases with wider directional distributions did not match
target values very well, it was decided to see what effect, if any, the addi-
tion of more gages and Gaussian smoothing would have on the measured direc-
tional distribution estimates. To maximize spatial homogeneity of the array
due to different water depths, only gage C7 was included in the analysis with
the six original linear offshore array gages. Gaussian smoothing is a
weighted moving average with overlapping of the directional spreading function
estimates (Briggs 1988). Different combinations of number of gages and
smoothing produced four options for analyzing the directional distributions.

A gage analysis code for each of these options is summarized in Table 12.

62. The four options were tried on all directional cases. Figures 9a
to 9d illustrate the effect of the four different options for the unimodal
case S33. Figures 10a to 10d are for the bimodal case D68. Gaussian smooth-
ing tends to smooth and widen the distribution with little or no change in the
peak direction. The addition of another gage has the same effects on measured

values.

Table 12

Gage Analysis Code

Offshore Gage Array

Code Gages Smoothing
a 1 to 6 Yes
b 1l to 6 No
c 1 to 7 Yes
d 1l to 7 No
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63. Since the effect of an additional gage and smoothing was not as
profound as had been hoped, preference was given to the original OGA with no
smoothing unless a significant improvement in the directional distributions
for all modes was obvious. Thus, only 10 broad-banded cases have directional
distributions based on a seven gage array with smoothing. The option selected
is listed by gage code in Tables 13 and 14 giving measured and predicted
directional spectral parameters. Since the peak frequency and significant
wave height are affected by the number of gages, only the gage code "b" values
for six gages are reported for these quantities.

64. Measured directional distributions were narrower than desired in
most cases. Typical examples with about one-third the directional spread are
cases S09, first mode of D26, and the second mode of D52 (Figures 1lla to 1llg).
Figures 12a to 12c¢ show examples with about one-half the desired spread in
521, first mode of D52, and the second mode of D13, respectively. Cases that
matched target spreading function shapes reasonably well were S57, first mode
of D68, and second mode of D19 (Figures 13a to 13¢). The measured directional
spread would have been wider in some cases if side lobes with energy levels
less than the 50-percent criteria were included. TFigures l4a to l4c illus-
trate typical examples for cases 569, first mode of DLl6, -and second mode of
D53, respectively. Plots of the remaining cases are contained in Appendix -C.

65. As shown for the wider directional distributions, the energy
appears to be more focused than desired. Array tuning (i.e. length of array
and individual gage spacings) and refraction are possible explanations for
some of this disparity. The linear arrays were modeled after arrays used in
field experiments to measure narrower directional distributions. As wave-
length increases and angle of incidence decreases, the required array length
to adequately resolve the directional distribution increases. The directional
resolution of the linear gage arrays varied from 4 to 8 deg for the range of
peak frequencies from 0.80 to 0.40 Hz, respectively. This resolution is -based
on the theory of Oltman-Shay (1987) for the unit lag spacing and the maximum
19 lags available. Although the directional resolution could have been
better, at least the linear arrays were reasonébly well tuned for the direc-
tional distributions tested.

66. The waves were generated in 50-cm depth, and the OGA was located in
40-cm depth. For the wide directional spreads of o, = 40 deg, a wave ray
refracts approximately 3 to 5 deg for the range of peak frequencies tested.

If one can assume that an equal amount of narrowing would occur on both sides
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Table 13
Summary of Measured-& Predicted Peak: Wave Direction -
Generalized Beach Mnadel
Mode 1 Mode 2
Case Gage Pred. OGA Pred. OGA
iD Code* _Deg Deg Pred-0GA Deg Deg Pred-0GA
Unimodal Series
S01 b 0 0 0 - - -
S09 a 0 -2 2 - - -
S13 b 10 8 2 - - -
S21 a 10 -6 16 - - -
S25 b 20 18 2 - - -
S33 [ 20 6 14 - - -
S37 b 0 0 0 - - -
S45 c 0 2 -2 - - -
S49 b 10 8 2 - - -
S$57 c 10 =4 14 - - -
S61 b 20 18 2 - - -
S69 a 20 0 20 - - -
Superposition Series
D01 b 0 0 0. - - -
D02 b 0 0 0 - - -
po3 b 0 0 0 0 0 0
D04 b 0 0 0 - - -
D05 b 0 0 0 - -
D06 b 0 0 0 [1] 0 0
D07 b 0 0 0 - - -
D08 b 0 0. 0 - - -
pog b 0 0 0 0 4] 0
Directional Series -
D13 a 0 -2 2 0 0 o]
-D16 a 0 -2 2 0 2 -2
p19 c 0 0 1] 0 6 -6
D23 b 0 -4 4 0 =24 24
D26 d 0 -2 2 0 -8 - "8 i
D29 a 0 =10 10 1] 2 -2
D33 b 20 18 2 20 18 2
D36 b 20 18 2 20 18 2
D38 b 20 18 z 20 18 2
D43 a 20 4 16 20 2 18
D46 a 20 8 12 20 2 18
D49 a 20 8 12 20 8 12
D51 b 0 0 0 20 18 2
D52 c 0 4 -4 20 18 2
D53 a 0 8 -8 16- 4 12
D61 b 0 0 0 0 0 0
‘D62 c 0 6 -6 0 =2 2
D63 b 20 18 2 20 18 2 -
D64 b 20 22 -2 20 20 0
D65 b 0 0 0 20 18 2
D66 c 0 6 -6 20 10 10
D67 a 0 6 -6 18 2 16
D68 a 20 20 0 2 16 -14
Honbreaking Series -
: D71 b 4] 0 0 20 18 2
D72 c 0 2 -2 20 18 2 -
D73 a 0 8 =8 16 6 10
D81 b 0 1] 0 0 0 0
- D82 c 0 2 -2 0 =4 4
D83 b 20 18 2 20 18 2
D84 b 20 22 -2 20 20 0
D85 b 0 1] 0 20 18 2
D86 c 0 0 0 20 12 8
D87 a 0 6 -6 18 2 16
" OGA:
a = Gages 1-6, Gaussian Smooth
b = Gages 1-6, Raw Data
c = Gages 1-7, Gaussian Smooth
d = Gages 1-7, Raw Data
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Table 14

Summary of Measured & Predicted Directional Spread
Generalized Beach Model

Mode 1 Mode 2

Case Gage Pred. 0GA Pred. 0GA .
_ID Code* Deg Deg Pred-OGA Deg Deg Pred-GGA

Unimodal Series
S01 b 1.00 5.00 -4,.00 - - -
Se9 a 37.00 12.00 25.00 - - -
S13 b 2.00 5.00 =-3.00 - - -
S21 a 37.00 17.00 20.00 - - -
S25 b 4.00 5.00 =1.00 - - -
S33 c 37.00 18.00 19.00 - - -
s37 b 1.00 3.00 -2.00 - - -
S45 c 37.00 15.00 22.00 - - -
S49 b 2.00 3.00 ~1.00 - - -
S§57 c 37.00 31.00 6.00 - - -
S61 b 4.00 3.00 1.00 - - -
S68 a 37.00 25.00 12.00 - - -

Superposition Series

D01 b 1.00 4,50 =3.00 - - -
D02 b 1.00 4,00 -3.00 - - -
D03 b 1.00 4,00 -3.00 1.00 4,00 =3.00
D04 b 1.00 4.00 -3.00 - - -
D05 b 1.00 4,00 =3.00 - - -
D0% b 1.00 4.00 -3.00 1.00 4,00 =3.00
D07 b 1.00 4.00 ~3.00 - - -
D08 b 1.00 4,00 ~3.00 - - - -
DoS b 1.00 4,00 =3.00 1.00 4.00 =3.00

Directional Series
D13 a 37.00 14,00 23.00 37.00 13.00 18.00
D16 a 37.00 16,00 21.00 37.00 15.00 22.00
D18 c 37.00 12.00 25.00 37.00 26.00 11.00
D23 b 19,00 12.00 7.00 36.00 32,00 4,00
D26 d 19.00 8.00 11.00 35.00 38.00 -3.00
D29 a 19,00 17.00 2.00 31.00 9,00 22.00
D33 b 4.00 5.00 ~1.00 4,00 4,00 0.00
D36 b 4,00 5.00 ~1.00 4.00 4,00 0.00
D39 b 4.00 5.00 =-1,00 4.00 4,00 0.00
D43 a 37.00 15,00 22.00 37.00 24.00 23.00
D4S a 37.00 28.00 9.00 37.00 i7:00 20.00
D49 a 37.00 21,00 16.00 37.060 8.00 29.00
D51 b 1.00 4,00 -3.00 1.00 -4.,00 =3.00
D52 c 37.00 21,00 16-.00 37.00 11.00 26.00
D53 a 19.00 12,00 7.00 37.00 14.00 23.00
D61 b 1.00 4.00 =-3.00 1.00 3.00 -2.00
D62 c 37.00 21.06 16.00 37.00 17.00 20.00
D63 b 1.00 5.00 =-4.00 1.60 3.00 =-2.00
D64 b 37.00 15.00 22.00 37.00 17.00 20,00
D65 b 1.00 00 =-3.00 1.00 3.80 =2.00
D66 c 37.00 23.00 14.00 37.00 28.00 9.00
D67 a 19,00 10.00 9.00 37.00 8.00 29,00
D68 a 19.00 16.00 3.00 37.00 17.00 26.00

Nonbreaking Series
D71 b 1,00 4,00 ~3,00 1.00 4,00 -3.00
D72" c 37.00 19.00 18.C0 37.00 10,00 27.00
D73 a 19.00 11.00 8.00 37.00 15,00 22.00
D8l b 1.00 4.00 -3.00 1.00 3.00 =2.00
D82 c 37.00 18.00 19.00 37.00 16.00 21.00
D83 b 1.00 5.00 =4.00 1.00 3.00 -2.00
D84 b 37.00 15.00 22.00 37.00 17.900 20.00
D85 b 1.00 4.00 =-3:00 1.00 3:00 -2.00
D85 c 37.00 19.00 18.00 37.00 18.00 19.00
D87 a 19.00 10.00 9.00 37.00 S.00 28.00
OGA:

a = Gages 1-6, Gaussian Smooth
b = Gages 1-6, Raw Data
¢ = Gages 1-7, Gaussian Smooth
d = Gages 1-7, Raw Data
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of the symmetric directional distributions, then vcfraction explains a good
deal of the observed disparity in directional spreading functions.

67. Peak wave direction. Table 13 lists the measured and predicted

peak wave directions for each of the cases. The format is the same as Table 9
for peak frequency. The agreement was excellent for both unimodal and bimodal
unidirectional cases. The differences ranged from O to 12 deg, equivalent to
41 directional increment. For the cases with directional spreading, the
agreement showed a high degree of variability. Cases with a target wave
direction of 0 deg varied from 0 to +10 deg (five directional ‘bands). Cases
with nonzero wave directions varied from a perfect match to extremes of -14
(D68) and +24 (D23) deg. Looking at measured directional distributions for
the extreme cases (appendices) shows that although the maximum value in the
spreading function estimate is picked, spreading actually encompasses the
desired peak wave direction. This is typical of other cases that had peak
wave directions significantly different from their intended values. Hydraulic
laboratories in other countries (Sand and Mynett 1987) have reported differ-
ences of +10 deg, so this amount of variation is not too alarming.

68. Directional spread. Table 14 lists measured and predicted direc-
tional spread for the 54 cases. Again, the fermat is the same as previous
tables. As seen in the measured trectional spreading functiors. agreement
between measured and predicted d‘imc.ional spread is excellen. for the unidi-
rectional cases, both unimodal and bimodal. The differences For these cases
range from perfect match to -4 deg (2 bands). Measured unidirectional spreads
are wider than predicted in zll cases except for case $61 aud the second mode
of cases D33 to D39. This small amount of difference is due to the Fourier
series truncation inherent in the directional spectral analysis and is not
considered significant. As discussed previously, cases with directional
spreading show much more variability, usually being only one-third to one-half
as wide as desired. Extreme differences of 29 deg occurred in the second
modes of cases D49 and D67, both having 52 = 20 deg and op, = 40 deg.
Discussion and summary

69. As has been discussed, the peak frequency, wave height, and fre-
quency spectral shapes matched target values very well. There was quite a bit
more variability in the measured directional distributions, especially for the
wider cases at nonzero wave direction. The match between measured and pre-
dicted distributions for the unidirectional cases was excellent, however.

Thus, the question is whether the targeﬁ directional spectra were actually
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simulated or the gage array was not able to correctly resolve the true shapes.
Previous experience leads: one to believe that the proper directional spectra
were generated.

70. Some explanations of this disparity are listed in the following:

a. Variability is inherent in any laboratory simulations.
Differences in peak wave directions are one example.

o*

The control signals were generated in a water depth of

50 cm while they were measured in 40-cm depth.

Refraction definitely affected the measured directional
spectra, narrowing the wider distributions by 6 to 10 deg
depending on peak frequency.

o

The waves experienced some breaking in traveling between
the two water depths. This breaking was true for most of
the cases.

[« ¥

Although the linear array was reasonably tuned, direc-
tional resnlution could have been improved with the addi-
tion of more gages, especially for the wider directional
distributions. The design was modeled after a linear
array used in field measurements for narrower directional
distributions. The 2-3-1-7-5 CERC Field Research Facil-
ity linear array has proved to be reasonably robust in
previous laboratory experiments and should be used in
future tests. Also, new triaxial, ultrasonic current
meters to measure directional spectra at a single loca-
tion might eliminate some  of the spatial tuning problems.

o

Stroke limitations on the DSWG prevented the corrected control
signal from being generated as prescribed. Even though the RAO
corrected the control signals, displacement, velocity, and
acceleration limits on the DSWG often prevented the intended
signal from being generated.

I

Although reflections from the beach should be minimal
because of the 1:30 slope, some could be canceling energy
in some directions.

71. Finally, better analysis methods should be investigated. The Maxi-
mum Likelihood Method (MLM) and Maximum Entropy Method (MEM) and other higher
resolution methods could give better estimates of measured directional

spectra.
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PART IV: WAVE TRANSFORMATION RESULTS AND ANALYSIS
72. 1In this section, time and frequency domain results are presented to

study the effects of nonlinearity and directionality on wave transformation in

the nearshore region.

Time Domain Anaiysis

Time series plots

73. Measured surface elevation time series plots for the broad-banded
unimodal case 525 for gages 4, 8, 10, 15, and 20 are shown in Figures 15a to
15e. Figures l6a to l6e show the time series for the same gages for the
bimodal case D29. Only 15 sec of data for each gage, representative of 6 to
12 waves, are shown to illustrate wave profile evolution in the cross-shore
direction. Common x-axis and y-axis scales and starting points (after elapsed
time of 100 sec to allow the waves to reach the farthest gage) are used. The
classic, nonlinear "sawtooth" wave shape of steep front faces and flat rear
slopes in very shallow water reported by Elgar and Guza (1985) is seen for
both narrow and broad frequency spectra cases. Appendix D contains surface
elevation time series plots for all 10 CGA gages in the 54 cases.
Zero-downcrossing statistics

74. Results from the zero-downcrossing analysis for each gage of each
case are listed in Appendix E. Values of average surface elevation n , sig-
nificant wave period Ty;34 , and significant wave height H,;34 are grouped
by test case within each of the four test series. The average of the first

six gages is also given to facilitate comparisons with the OGA.

Frequency Spectral Analysis of Cross-Shore Array

Peak wave period
75. Tabular listings of the peak period by the CERGC method T, . for

all gages in each case are contained in Appendix F. The format is the same as
the downcrossing results. A detailed analysis of spectral neriod transforma-
tion remains to be performed. However, general trends are that unimodal
spectra peaks remain constant or shift to slightly lower frequency. The same

pattern occurs for bimodal spectra with peak period remaining relatively
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invariant or shifting to the lower frequency peak. Since B, = 0.024 Hz, some
of this peak frequency variation is due to natural variability.
Zero-moment wave height

76. Appendix F also contains tabular listings of H,, for all gages in
each case. The format is the same as the downcrossing results. Wave height
information was the most extensively analyzed. First, measured wave heights
are compared with the two-dimensional (2-D) flume tests to see if the same
trend of shoaling and decay is produced, given the difference in experimental
setup. Next, the effects of energy and directional distributions on wave
height transformation are presented and discussed. Finally, the effect of a
smaller deepwater wave height is evaluated.

77. Comparison with flume trend. The 2-D flume tests provided impor-
tant insight into the problem of wave transformation for unimodal and bimodal,
unidirectional spectra. As the waves shoaled, wave height remained fairly
flat or increased slightly. Inside the surf zone, wave height became locally
depth controlled, no longer governed by outside conditions, as the waves
became saturated. These results are in agreement with field data reported by
Seymour (1989). The 3-D GBM tests provide a natural extension to these flume
tests.

78. Flume comparisons are presented for the 12 Unimodal Series spectra
in Figures 17a and 17b. Figure 17a is a comparison of wave height versus-
depth for the flume and six basin cases (SOl to S33) with target
T, = 2.5 sec, Hy =15.2 cm, and o, = 0 deg. The basin cases with 9 = 0,
10, and 20 deg are included because the reduction in wave height due to
refraction for these cases is expected to be negligible (less than 2 percent
based on linear theory). The top half of the plot is the measured wave
height, and the bottom half is a normalized (nondimensional) wave height
obtained by dividing measured height by the wave height at the 40-cm depth
(gage 4 in the GBM basin tests). The normalized plots facilitate comparisons
because measured heights differed somewhat from target values. In the shozal-
ing region (i.e. region of constant or increasing height), the flume and basin
results compare very well (within 5 percent). In the decay region (i.e. re-
gion of decreasing height), the wave heights from the three basin cases are
very close, following an approximately linear decay. The flume case decays
more slowly at first and then matches the basin cases. The maximum difference

in measured wave height is 1 cm (within 7 percent).
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79. Figure 17b is a similar plot of measured and normalized wave height
for the flume case and six basin cases (S37 to 569) with target T, = 1.25 sec
and Hyy = 12.2 cm. The normalized plot shows that flume and basin case S49
with 8 = 10 deg agree closely, but basin cases with 8 =0 (S37) and )
= 20 deg (S61) begin decay much sooner. The maximum difference between cases
is 15 percent. These two basin cases may decay due to steepness-induced
breaking because they had larger incident heights relative to the flume (see
measured height plot). In the decay region, flume and all basin cases are
close, and again the decay is approximately linear with depth. Although basin
tests do not exactly reproduce flume tests, maximum differences are generally
5 to 10 percent.

80. Energy distribution. The effect of energy distribution on wave

height transformation is illustrated in Figures 18a to 18d. Bimodal cases
with Ty, = 2.5 and T, , = 1.75 sec from the Superposition (D03, D06, and
D09) and Directional (D13 to D49) Series are grouped by directional distribu-
tion (5 = 0 or 20 deg, o, = 0 or 40 deg) and compared. Unimodal Series cases
(801, 509, S25 and S33) with T, = 2.50 sec and Hgy = 15.2 cm are included in
the plots for reference.

81. Flume experiments showed a strong trend of larger wave heights in
the shoaling region for cases with more energy in the low-frequency mode
relative to the high-frequency mode. Normalized plots show the same trend,
with maximum differences of 10 percent for any energy distribution. Based on
trends in the bimodal cases, unimodal cases (with all energy in the first
mode) would be expected to show greater shoaling than bimodal cases. However,
the spectral shape of the unimodal cases is much broader (y = 3.3), in agree-
ment with the earlier flume tests, which confuses the comparison.

82. Directional distribution. The effect of directional distribution

on transformed wave height for the Unimodal Series cases (SOl to $33) with T,
= 2.5 sec and H = 15.2 cm is presented in Figure 19. Figure 19b shows mea-
sured and normalized height for the Unimodal Series crses (S37 to S69) with
T, = 1.25 sec and Hy = 12.2 cm. Directional distribution parameters are [
= 0, 10, and 20 deg and o, = 10 and 40 deg. In general, wave direction and
spreading do not appear to have a significant effect on the transformed wave
height for these broad-banded unimodal cases. Directional spreading tends to
increase height in the decay region, which appears to dominate in the cases
with T, = 1.25 sec (Figure 19b). Measured wave heights in the unidirectional

cases (S13 and S49) with 0 = 10 dez are 10 percent lower than the other
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cases and therefor:. shoal more before breaking dominates. The wave height
appears to be more sensitive to small differences in deepwater wave height
than to differences in incident wave direction or spreading. In the region of
decay, all cases follow a common trend of approximate lineaxr decay with depth,
in agreement with earlier results,

83. The effect of directional spreading for a constant wave direction
foir the bimedal cases from che Superposition (D03, D06, and D09) and Direc-
tienal Series (D.2 to D49) is seen by comparing Figures 18a and 18b (6 =0
dee, ¢ = 0 and 40 deg) and Figures 18c and 18d (5 = 20 deg, o = 0 and 40
deg). An increase in spreading reduces the effect (paragraph 80) of modal
energy variation, especially in the shoaling region.

84. Figures 20a to 20c show the effect of directional distribution on
the same bimodal cases from the Superposition and Directional Series (T, ; =
2.5 sec, Ty, = 1.75 sec) for the three different energy distributions (shown
by the H,, associated with each mode). Figure 20d shows transformed heights
for Directional Series cases (D61l to D68) with T,; = 2.50 and T,
= 1.25 sec and equal modal energy distribution. Directional distribution
parameters are 6 = 0, 10, and 20 deg and o, = 10 and 40 deg. The legend
suows two values for wave direction and spreading: the value to the left of
the slash corresponds to the first mode, and the value to the right corre-
sponds to the second mode.

85. An increase in wave direction produces an apparent increase in wave
height over the entire nearshore region (nondimensional height in Figure 20).
The effect of an increase in spreading is less obvious. Spreading appears to
be frequency-dcpendent, as it tends to increase transformed height in the
shoaling region for cases with T,, = 1.75 sec and in the decay region for
cases with T, , = 1.25 sec. The most variation due to spreading occurs for
the cases with T, , = 1.75 sec and equal energy distribution (Figure 20b).
Again, deepwater wave height appears to be more important than other factors,
i.e., cases with slightly larger deepwater height tend to stay constant or
decrease, and cases with slightly lower deepwater height tend to increase.
Maximum differences in normalized heights are 10 to 15 percent for cases with
Tp,2 = 1.75 sec and 20 percent for cases with T, , = 1.25 sec. The larger
difference for cases with T,, = 1.25 sec (Figure 20d) is probably due to
higher w2 ¢ steepness.

", Effect of deepwater height. Measured wave heights from the Non-

breaking Series with reduced deepwater height are plotted in Figure 2la for
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the three cases (D71 to D73) with T, , = 1.75 sec and in Figure 21b for the
seven cases (D81 to D87) with Tp,2 = 1.25 sec. The first mode period is the
same in both figures. The cases in Figure 21b are analogous to the first
seven cases in Figure 20c with larger deepwater wave heights. In general, the
shoaling region is much greater when the deepwater height is reduced, extend-
ing throughout most of the surf zone. The decay region is less steep and
shorter. This is not surprising, given that wave height is depth-dependent
(Seymour 1989). The cases in Figure 2la do not show significant effect due to
spreading for constant wave directions of 51 = 0 deg and 52 = 20 deg,
although the unidirectional case is slightly higher. In Figure 21b, two of
the three unidirectional cases show an increase in wave height. Even though
all three cases have the same deepwater energy, the two non-normally incident
cases show a significant increase in height, whereas the normally incident
case does not.

87. Linear superposition assumption. If the linear superposition

assumption is correct, the height and spectral transformation of two superim-
posed unimodal spectra shoulcd match that of their equivalent bimodal spectrum.
The flume experiments showed linear superposition worked well in the shoaling
region, but poorly in the decay region. Measured and normalized wave heights
from the Superposition Series (DOl to D09) are shown in Figures 22a to 22c for
the three energy distributions, respectively. Directional distributions in
all cases are 8 =0 deg and o, = 0 deg. Normalized plots show the same
trend as the flume tests: close comparisons in the shoaling region and
overprediction of wave height by linear superposition in the decay region
(overprediction throughout surf zone in equal energy distribution case,

Figure 20b).

88. Figures 23a to 23c compare the two superposed unimodal spectra and
corresponding bimodal spectra from the Superposition Series for the three
different energy distributions, respectively. Each panel represents a
different gage and water depth d in the CGA. The solid line is the bimodal
spectrum, and the dashed line is the linear combination of the unimodal
spectra. If the relative magnitudes of the curves are preserved during trans-
formation, then the superposition assumption can be supported. In
Figure 23a, the first mode (i.e. low-frequency) of the bimodal spectrum main-
tains about one-half to one-third the area of the superimposed spectra for all
depths, but the second mode (i.e. high-frequency) of the bimodal spectrum

decays much faster than the superimposed spectra. This is consistent with
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flume test results and the findings of Elgar and Guza (1985, 1986) that the
higher frequency mode decays faster in the presence of a lower frequency mode.
Figures 23b and 23c show the same trend. Thus, based on this limited set of
wave height and spectra comparisons, the linear superposition assumption can
not be supported everywhere in the nearshore region.
Frequency spectra

89. CGase 525 (T, = 2.5 sec, v = 3.3) is a good example of the transfor-
mation that occurs for a broad-banded unimodal spectrum. Figure 24a is a
linear plot of the transformed spectrum from the 10 gages in the CGA. Each
panel contains the measured spectra for two adjacent gages, starting with
gage 4 in 40-cm depth. All spectra in a test case are normalized by the peak
spectral ordinate of gage 4 to illustrate relative changes due to depth.
Figure 24b shows the same information, but with semilog axes and without nox-

malization. The linear plots show relative features of wave transformation,

especially regions of shoaling and breaking. Changes in energy distribution
between frequencies, especially transfers to subharmonics and super-harmonics
(i.e. £, divided by or multiplied by an integer, respectively), are more
easily seen on the semilog plots. Appendices G and H contain linear and
semilog plots, respectively, for all cases.

90. In case S25, energy increases at the subharmonic and higher
harmonic frequencies as the waves travel into shallower water. During
shoaling, the first (f = 0.80 Hz) and second (f =~ 1.20 Hz) harmonics experi-
ence an energy increase (panels 2 and 3). As the wave breaks (panels 4 and
5), multiple nonlinear interactions among a wide range of frequencies produce
smaller, less well-defined peaks. The third subharmonic (£ = 0.10 Hz) of the
peak also tends to grow (two to three times) as the wave transforms, more so
than the first subharmonic (f =~ 0.20 Hz). These results agree qualitatively
with the findings of Elgar and Guza (1985, 1986).

91. For a narrow-band unimodal spectrum, case D08 (Tp = 1.75 sec, v
= 20) is a good example of spectral transformation. Figures 25a and 25b for
the linear and semilog plots, respectively, show that shoaling continues to
the 16-cm depth (panel 4) in this case. The first (f = 1.14 Hz) and second (f
= 1.71 Hz) harmonics grow as the wave travels from 22.6- to 9.5-cm depth
(panels 3 to 5). The third subharmonic (f = 0.14 Hz) experiences a fivefold
increase in energy, similar to the broad-banded spectral case.

92. Case D29 (T, ; = 2.50 sec, Tp, = 1.75 sec, v = 20) is an example of

a narrow-band bimodal spectrum with more energy in the first mode, typical of
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sea and swell spectra. Linear and semilog plots are shown in Figures 26a and
26b, respectively. As the wave breaks, energy is initially transferred to the
frequency corresponding to the summation of mode frequencies (i.e. £ = 0.97
Hz, panel 2). As the wave continues to decay, energy is transferred out of
this harmonic mode and the second peak mode to the harmonic modes located at

f =~ 0.80 and 1.20 Hz (panels 3 to 5). This transference agrees with Elgar and
Guza's (1985, 1986) findings that a bimodal sea and swell peak spectrum would
become unimodal as it transformed. Again, the subharmonic peak at

f = 0.17 Hz grows due to the nonlinear difference interactions between the sea
and swell peaks.

93. The subharmonic peaks in each of these examples suggest the
naturally occurring surf beat or nonlinear difference interactions between
frequencies observed in the field. However, these peaks might be due to
seiching between the DSWG and the beach and just an artifact of the physical
modeling process. For a standing wave in a basin with constant and varying
depth, the seiche frequency is approximately 0.06 Hz (15.6 sec). It is
improbable that the low-frequency peaks are first or second harmonics of the
seiche frequency and not true subharmonics.

94. In cross-bispectral analysis of waves undergoing transformation in
the breaking region, Elgar and Guza (1985) found that high-frequency energy
was reduced and low-frequency energy increased relative to their levels sea-
ward of the surf zone. They found that there was a significant nonlinear
coupling of the shallow low-frequency modes to the seaward high-frequency
modes. Unidirectional cases D36 and D63, with greater energy in the high-
frequency sea peak than the low-frequency swell peak, are examples illustrat-
ing this behavior. Figures 27a and 27b contain the linear spectral
transformation plots for cases D36 and D63, respectively. Both cases have the
following directional spectral parameters: T, ; = 2.50 sec, Hyy,3 = Hpo,2
= 10.8 cm, and 61 = 52 = 20 deg. The only difference is T, , = 1.75 sec in
case D36 and T, ; = 1.25 sec in case D63. The first mode has less energy
than the second mode in deeper water, but the first mode dominates in shallow-
er depths. The dominance of the first mode is more pronounced in case D63
because of greater frequency separation between modes.

95. Figure 28 shows the linear spectral plot for the unidirectional
case D61, It has the same target directional spectral parameters as case D63

except ©; = 52 = 0 deg. A comparison of cases D61 and D63 shows that an
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increase in wave direction from shore-normal tends to increase the energy in
the first mode.

96. Comparison of cases with constant wave direction (5 = 0 deg) and
varied spreading (o, = 0 or 40 deg) suggests that inclusion of directional
spreading inhibits the growth of subharmonics. Figures 29a and 29b for cases
D06 and D16 (Tp,2 = 1.75 sec), respectively, illustrate this behavior. Cases
D61 and D62 have the same directional spectral parameters as cases D06 and D16
except T, , = 1.25 sec. Figure 28 for case D61 and Figure 29c for case D62
show the same trend.

97. 1If wave directions are different between modes (51 = 0 deg, 52
= 20 deg) and directional spreading is included, the first mode energy level
is reduced, and the second mode peak is split as the wave transforms. Fig-
ures 30a and 30b for cases D65 and D66 (Tp,1 = 2.50 sec, T, , = 1.25 sec),
respectively, demonstrate this behavior.

98. The effect of reduced deepwater wave heights on the transformed
spectral shapes is shown in Figures 3la and 31b for the unidirectional cases
D51 and D71, respectively. Directional spectral parameters are the same in
both cases (T, ; = 2.50 sec, T, , = 1.75 sec, 51 = 0 deg, 52 = 20 deg), except
deepwater wave height is reduced 60 percent in case D71. Whereas case D51 has
begun decay by d = 29.3 cm, case D71 continues to shoal until d = 19.2 cm,
before beginning to decay. Spectral shapes match if the panels for D71 are
linearly translated from the shallower depths to deeper water panels of
case D51.

Directional Spectral Analysis of Longshore Arrays

99. For directional spectral analysis of the two longshore arrays, OGA
and NGA, six gages were used to calculate peak frequency and wave height esti-
mates. The directional distributions were estimated with six or seven gages,
similar to the OGA analysis described in Part III.

Peak frequency

100. Table 15 lists measured peak frequency for the OGA and NGA for
each case. The format is the same as Table 9. The maximum change occurred
for cases S13 (0.04 Hz) and S49 (-0.04 Hz) in the Unimodal Series. Typical
changes, if they occurred, were only +0.02 Hz (i.e. #1 frequency band). Thus,

the average shift in peak frequency due to wave transformation between the two




Table 15

Summary of Measured Peak Frequency
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Mode 1 Mode 2
Case Gage 0GA NGA 0GA NGA
Id Code* Hz Hz OGA-NGA Hz Hz OGA-NGA
Unimodal Series
501 b 0.42 0.42 0.00 - - -
S09 a 0.42 0.42 0.00 - - -
S13 b 0.42 0.38 0.04 - - -
s21 a 0.40 0.42 ~0.02 - - -
525 b 0.42 0.44 ~0.02 - - -
S33 b 0.44 0.44 0.00 - - -
sS37 b 0.76 0.78 ~0.02 - - -
S45 b 0.82 0.80 0.02 - - -
S49 b 0.80 0.84 -0.04 - - -
S57 b 0.82 0.80 0.02 - - -
S61 b 0.82 0.82 0.00 - - -
S69 a 0.78 0.78 0.00 - - -
Superposition Series
D01 b 0.40 0.40 0.00 - - -
D02 b 0.59 0.57 0.02 - - -
D03 b 0.40 0.40 0.00 0.57 0,57 0.00
D04 b 0.40 0.40 0.00 - - -
D05 b 0.59 0.59 0.00 - - -
D06 b 0.40 0.40 0.00 0.55 0.55 0.00
D07 b 0.40 0.40 0.00 - - ~
D08 b 0.57 0.57 0.00 - - -
Dog b 0.40 0.40 0.00 0.55 0.57 -0.02
Directional Series
D13 a 0.40 0.40 0.00 0.57 0.57 0.00
D16 a 0.40 0.40 0.00 0.57 0.57 0.00
D19 b 0.40 0.40 0.00 0.57 0.59 -0.02
D23 b 0.40 0.40 0.00 0.57 0.59 -0.02
D26 b 0.42 0.42 0.00 0.57 0.57 0.00
D29 a 0.40 0.40 0.00 0.57 0.59 -0.02
D33 b 0.42 0,42 0.00 0.57 0.57 0.00
D36 b 0.40 0.490 0.00 0.57 0.57 0.00
D39 b 0.40 0.42 ~0.02 0.57 0.57 0.00
D43 a 0.40 0.40 0.00 0.59 0.59 0.00
D46 a 0.42 0.40 0.02 0.57 0.58 =0.02
D49 a 0.42 0.40 0.02 0.57 0.58 -0.02
D51 b 0.40 0.40 0.00 0.57 0.57 0.00
D52 b 0.40 0.40 0.00 0.59 0.55 0.04
D53 a 0.42 0.42 0.00 0.57 0,57 0.00
D61 b 0.40 0.40 0,00 0.80 0.80 0.00
D62 b 0.40 0.40 0.00 0.80 0.80 0.00
D63 b 0.40 0.40 0.00 0.80 0.78 0.02
D64 b 0.40 0.40 0.00 0.80 0.80 0.00
D65 b 0.40 0.40 0.00 0.80 0.80 0.00
D66 b 0.40 0.40 0.00 0.80 0.78 0.02
D67 a 0.40 0.40 0.00 0.80 0.82 -0.02
D68 a 0.40 0.40 0.00 0.82 0.80 0.02
Nonbreaking Series
D71 b 0.40 0.40 0.00 0.57 0.57 0.00
D72 b 0.40 0.40 0.00 0.58 0.57 0.02
D73 a 0.42 0.42 0.00 0.57 0.57 0.00
D81 b 0.40 0.40 0.00 0.80 0.80 0.00
D82 b 0.40 0.42 =0.02 0.80 0.80 0.00
D83 b 0.40 0.40 0.00 0.80 0.80 0.00
D84 b 0.40 0.40 0.00 0.80 0.80 0.00
D85 b 0.40 0.40 0.00 0.80 0.80 0.00
D86 b 0.40 0.40 0.00 0.80 0.80 0.00
D87 a 0.40 0.40 0.00 0.80 0.82 -0.02
* OGA: NGA:
a = Gages 1-6, Gaussian Smooth a = Gages 12-17, Gaussian Smooth
b = Gages 1-6, Raw Data b = Gages 12~17, Raw Data
¢ = Gages 1-7, Gaussian Smooth ¢ = Gages 11~18, Gaussian Smooth
d = Gages 1-7, Raw Data d = Gages 11-18, Raw Data




linear arrays was insignificant. This is in agreement with the results from
the CGA measurements.
Significant wave height

101. Table 16 lists average H, measured with OGA and NGA for the
54 cases. 1t has the same format as Table 10. Normalized height is the mea-
sured NGA height divided by the measured OGA height. In general, wave heights
were reduced between the OGA and the NGA due to wave breaking and decay. The
normalized height ratio ranged from a low of 0.79 (D6l) to a high of 1.08
(DO1), with an average for all cases of 0.90. Values greater than one indi-
cate that the shoaling region extended at least to the NGA depth. Table 17
lists the minimum, maximum, and average for each of the four test series. The
standard deviation is given for the average as an indication of the
variability.

Frequency spectra

102. Figures 32a and 32b are examples of measured average frequency
spectra of the OGA and NGA for the unimodal S$S25 and bimodal D29 cases, respec-
tively. The format is the same as the figures for the calibration phase. The
dashed line is the OGA spectrum, and the solid line is the NGA
spectrum. Again, the measured frequency spectra are normalized by the
spectral ordinate at the peak of the predicted spectrum. Thus, the relative
size to the predicted spectrum is preserved. The trends discussed earlier
from the single-channel spectral analysis -of the CGA are observed. Plots for
the remaining cases are contained in Appendix I.

Directional gdistributions

103. Pirectional spreading function. Measured directional spreading
functions for the NGA were analyzed with the method selected for the O0GA. The
only difference was inclusion of two additional gages in options "c¢" and "d"
for the NGA. Since water depth did not change appreciably for the gage
immediately in front of (gage 11) and the gage behind (gage 18) the NGA, it
was felt that spatial homogeneity of the array would not be compromised sig-
nificantly if these two gages were included in analysis of the directional
distributions. Table 18 summarizes the gage analysis code for the NGA.

104. 1In most cases, the central tendency of the directional distribu-
tions remained consistent during wave transformation. Unidirectional cases
did not change, and wider directional distributions tended to narrow as they
traveled into shallower water due to refractioi:. Because of uncertainty in

the directional spectral analysis and resolution of the linear array, peak
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* OGA:
a = Gages
b = Gages
¢ = Gages
d = Gages

Table 16

Summary of Measured Significant Wave Heights

Case Gage OGA NGA
Id Code® Cm Cm NGA/OGA
Unimodal Series
S01 b 14,17 12,11 0.85
509 b 13.81 11,71 0.85
S13 b 13.47 11.80 0.88
s21 b 13.74 11.70 0.85
S25 b 13.60 11.38 0.84
S33 b 13.52 11.79 0.87
S37 b 11.58 10.05 0.87
845 b 11.92 10.11 0.85
S49 b 11.81 9.82 0.83
S57 b 11.90 10.00 0.84
561 b 11.61 9.37 0.81
S68 b 11.71 10.06 0.86
Superposition Series
Dol b 7.50 8.07 1.08
D02 b 13.18 11.50 0.87
po3 b 13.87 11.5 0.83
D04 b 10,77 10.58. 0.98
D05 b 10,34 10.08 0.97
D06 b 13,31 11.38 0.85
D07 b i2.18 11.21 0.92
pog b 7.40 7.77 1.05
Dog b 12.38 11.25 0.91
Directional Series
D13 b 14743 11.94 0.83
D16 b 13.93 11.80 0.85
D19 b 13.25 11.82 0.89
D23 b 14.14 11,89 0.84%
D26 b 13.58 11.78 0.87
D28 b 13.14 11.68 0.89
b33 b 13.57 11,48 0.85
D36 b 12.96 11,40 0.88
D39 b 12,44 11.26 0.91
D43 b 13,60 11,70 0.86
D46 b 12,62 11.39 0.90
D49 b 12,13 11.14 0.92
D51 b 14.16 11.82 0,83
D52 b 13.57 12.00 0:88
D53 b 13.23 11.69 0.88
D61 b 14,38 11,30 0.79
D62 b 13.93 11,52 0.83
‘D63 b 14.03 11,62 Q.83
D64 b 13.99 11.72 0,84
D65 b 14.32 11.47 -0.80
D66 b 13.73 11.:45 0.83
D67 b 13.71 11,€8 0.85
D68 b 13.72 11,53 0.84
Nonbreakinyg Seories
D71 b 8.43 8.74 1.04
D72 b 8.00 8.59 1.07
D73 b 7-.89 8.38 1.06
D81 b 9.04 9,05 1.00
D82 b 8.48 8.34 0.98
De3 b, 8.73 -8.79 1.01
D84 b 8.45 8.50 1.01
D85 b 8.67 8.64 1.00
D86 b 8.35 8.35 1.00
D87 b 8.27 8.62 1.04
NGA:
1-6, Gaussian Smooth a = Gages 12-17, Gaussian Smooth
1-6, Raw Data b = Gages 12~17, Raw Data
1-7, Gaussian Smooth ¢ = Gages 11-18, Gaussian Smooth
1-7, Raw Data d = Gages 11-18, Raw Data
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Table 17

Summary of Wave Transformation Phase Wave Heizhts

Series Minimum- - {aximum Average, S;diDev
Unimodal 0.81 0.88 0.85, +0.02
Superposition 0.83 1.08 0.94, +0.09
Directional 0.79 0.92 0.86, +0.03
Nonbreaking 0.98 1.07 1.02, +0.03

Table 18

Gage Analysis Code
Nearshore Gage Array

Code Ggges Smoothing
a 12 to 17 Yes
b 12 to 17 No
c 11 to 18 Yes
d 11 to 18 No

direction and directional spread estimates can have errors in the range of +4
to 8 deg.

105. Figure 33a illustrates this trend for the unimodal, unidirectional
case D08. Figure 33b shows significant narrowing for the unimodal case S57
with wide directional spreading (o, = 40 deg). The bimodal case D29 (51 = 52
= 0 deg, o, = 20 deg, oy, = 40 deg) illustrates a narrowing in the first
mode and widening in the second mode (Figure 34a). Case D26 has the same
target directional distribution as case D29. The main difference between the
two cases is energy distribution in frequency: case D26 has even modal dis-
tribution and case D29 has more energy in the low-frequency mode. Figure 34b,
for case D26, is an example where the directional distribution remains fairly
constant. Plots of remaining cases are contained in Appendix I. The format
is the same as directional spectral plots for the Signal Calibratiosn Phase in
Appendix C.

106. Peak wave direction. Table 19 lists the measured OGA and NGA
mean wave directions for each of the cases. The format is the same as
Table 13. The largest directional shift was in the cases with 8 =20 deg.
Figure 35a illustrates this shift in wave direction for the unimodal, unidi-

rectional case S25. In the bimodal cases, the maximum variation was 12 deg in
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Table 19

Summary of Measured Peak Wave Direction

Mode 1 Mode 2
Case Gage OGA NGA 0GA NGA
Id Codex* Deg Deg OGA-NGA Deg Deg OGA-NGA
Unimodal Series

S01 b 0 0 0 - - -
sS09 a -2 -2 0 - - -
S13 b 8 6 2 - - -
S21 a -6 0 -6 - - -
S25 b 18 12 6 - - -
533 c 6 0 6 - - -
S37 b 0 0 0 - - -
S45 c 2 ~4 6 - - -
S49 b 8 6 2 - - -
S$57 c -4 =4 0 - - -
S61 b 18 14 4 - - -
S69 a 0 0 0 - - -

Superposition Series
D01 b 0 0 0 - - -
D02 b 0 0 0 - - -
Do3 b 0 0 0 n 0 0
D04 b [1] 0 0 - - -
D0S b 0 0 0 - - -
D06 b 0 0 0 0 0 0
D07 b 0 0 0 - - -
D08 b 0 0 0 - - -
D09 b 0 0 0 0 0 0

Directional Series
D13 a =2 -2 0 0 2 -2
D16 a -2 0 -2 2 0 2
D19 c 0 6 -6 6 2 4
D23 b =4 -4 0 =24 -6 -18
D26 d -2 0 -2 -8 2 =10
D29 a ~10 -2 -8 2 0 2
D33 b 18 12 6 18 12 6
D36 b 18 12 6 18 12 ]
D39 b 18 10 8 18 12 6
D43 a 4 2 2 2 2 0
D46 a 8 6 2 2 6 -4
D49 a 8 0 8 8 6 2
D51 b 0 0 0 18 12 6
D52 c 4 4 0 18 8 10
D53 a 8 4 4 4 0 4
D61 b 0 0 0 0 0 G
D62 c 6 6 0 -2 -6 4
D63 b 18 12 6 18 12 6
D64 b 22 16 6 20 4 16
D65 b 0 0 0 18 14 4
D66 c 6 8 -2 10 =10 20
D67 a 6 6 0 2 6 -4
D68 a 20 8 12 16 2 14

Nonbreaking Series
D71 b 0 0 0 18 12 6
D72 c 2 6 ~4 18 10 8
D73 a 8 4 4 6 2 4
D81 b 0 0 0 0 0 0
D82 c 2 6 =4 -4 2 -6
D83 b 18 12 6 18 12 6
D84 b 22 16 6 20 4 16
D8S b 0 0 0 18 14 4
D86 c 0 6 -6 12 ~2 14
D87 a 6 [ 0 2 6 -4
OGA: NGA:
a = Gages 1-6, Gaussian Smooth a = Gages 12-17, Gaussian Smooth
b = Gages 1-6, Raw Data b = Gages 12-17, Raw Data
¢ = Gages 1-7, Gaussian Smooth ¢ = Gages 11-18, Gaussian Smooth
d = Gages 1-7, Raw Data d = Gages 11-18, Raw Data
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case D68 for the first mode and 20 deg in case D66 for the second mode. The
target energy distributions are the same for both cases, but the directional
distributions are different. Figures 35b and 35¢ illustrate this behavior for
case D68 (8, = 20 deg, 6, = 0 deg, op; = 20 deg, 0, , = 40 deg) and case D66
(51 = 0 deg, 52 = 20 deg, oy, = 0,,, = 40 deg), respectively.

107. Directional spread. Table 20 lists measured OGA and NGA direc-
tional spread for the 54 cases. It has the same format as Table 14. The
unidirectional cases basically did not change. The slight widening of 1 deg
for some unidirectional cases is probably not significant. One anomaly
occurred for the second mode of the unidirectional case D65 (52 = 20 deg). A
secondary unidirectional peak formed at 8 =0 deg (Figure 36). This is a
good example of a nonlinear interaction: second mode energy shifted to the
direction of the first mode. The maximum change of 22 deg occurred for
case 857 with o, = 40 deg (see Figure 33b).

108. Discussion. In general, directional distribution estimates for
the 26 unidirectional cases were excellent. The 28 directionally spread
cases, however, exhibited much more variability although central tendencies
matched reasonably well. Explanations of this variability are:

a. Changes in peak direction and narrowing of the distributions
were primarily due to wave refraction. For example, a wave
with o, = 35 deg at the OGA would refract to a o, = 22 to
24 deg at the NGA for the range of £, tested.

lo*

The directional resolution of the linear NGA was the same as
the OGA: &4 to 8 deg for the range of £, = 0.80 to 0.40 Hz,
respectively. The NGA design was based on earlier field tests
with different design requirements. An optimum design would
provide better resolution.

The FFT-based analysis algorithm might not be capable of
resolving the wide directional distributions. Additional
analysis with the high-resolution MLM should be undertaken.

(e}
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Table 20
Summary of Measured Directional Spread

Mode 2

49

Mode 1
Case Gage OGA NGA OGA NGA
Id Code™ Deg Deg OGA-NGA Deg Deg OGA-NGA
Unimodal Series

S01 b 5.00 5.00 0.90 - - -
S09 a 12.00 10.00 2.00 - - -
S13 b 5.00 5.00 0.00 - - -
S21 a 17.00 9.00 8.00 - - -
S25 b 5.00 5.00 0.00 - - -
$33 ¢ 18.00 13.00 5.00 - - -
S37 b 3.00 3.00 0.00 - - -
S45 [ 15.00 10.00 5.00 - - -
S49 b 3.00 3.00 0.00 - - -
S57 c 31.00 9.00 22.00 - - -
S61 b 3.00 3.00 0.00 - - -
S69 a 25.00 8.00 17.00 - - -

Superposition Series
DO1 b 4.00 5.00 -1.00 - - -
D02 b 4.00 4.00 0.00 - - -
D03 b 4.00 5.00 ~1.00 4.00 4.00 0.00
D04 b 4.00 5.00 ~1.00 - - -
D05 b 4.00 4.00 0.00 - - -
D06 b 4.00 5.00 =-1.00 4.00 4.00 0.00
D07 b 4,00 5.00 ~1.00 - - -
D08 b 4.00 4.00 0.00 - - -
D09 b 4.00 5.00 -1.00 4.00 4.00 0.00

Directional Series
D13 a 14,00 9.00 5.00 19.00 10.00 9,00
D16 a 16.00 16.00 0.00 15.00 13,00 2.00
D19 c 12.00 13.00 -1.00 26.00 33.00 =7.00
D23 b 12.00 11.00 1.00 32.00 19.00 13.00
D26 d 8.00 7:.00 1.00 38.00 38.00 =1.00
D29 a 17.00 11.00 6.00 9.00 15.00 -6.00
D33 b 5.00 6.00 ~1.00 4.00 4.00 0.00
D36 b 5.00 5.00 0.00 4.00 4,00 0.00
D39 b 5.00 5.00 0.00 4.00 4.00 0.00
D43 a 15.00 9.00 6.00 14.00 14,00 0.00
D46 a 28.00- 8.00 20.00 17.00 15.00 2.00
D49 a 21.00 21.00 0.00 8.00 15.00 =7.00
D51 b 4,00 5.00 =-1.00 4.00 4.00 0,00
D52 c 21.00 13.00 8.00 11,00 14,00 ~3.00
D53 a 12.00 9.00 3.00 14.00 9.00 5.00
D61 b 4.00 5.00 =-1.00 3.00 3.00 0.00
D62 c 21.00 12.00 9,00 17.00 22.00 -5.00
D63 b 5.00 5.00 0.00 3.00 3.00 0.00
D64 b 15.00 15.00 0.00 17.00 9.00 8.00
D65 b 4,00 5.00 ~1.00 3.00 9.00 ~-6.00
D66 c 23.00 10.00 13.00 28.00 22,00 6.00
D67 a 10.00 11.00 ~-1,00 8.00 10.00 -2.00
D68 a 16.00 11.00 5.00 17.00 12,00 5.00

Nonbreaking Series
D71 b 45,00 5.00 -1.00 4.00 4.00 0,00
D72 c 19.00 12.00 7.00 10.00 14.00 =4.00
D73 a 11.00 8.00 2.00 15,00 10.00 5,00
D81 b 4,00 4.00 0.00 3.00 3.00 0.00
D82 c 18,00 12.00 6.00 16.00 13,00 3,00
D83 b 5.00 5.00 0.00 3.00 3.00 0.00
D84 b 15.00 14.00 1.00 17.00 10.00 7.00
D85 b 4.00 5.00 -1.00 3.00 3.00 0.00
D86 c 19.00 11.00 8.00 18.00 23.00 -5.00
D87 a 10.00 10.00 0.00 9.00 11.00 ~-2.00

* OGA: NGA:

a = Gages 1-6, Gaussian Smooth a = Gages 12-17, Gaussian Smooth
b = Gages 1-6, Raw Data b = Gages 12-17, Raw Data
¢ = Gages 1-7, Gaussian Smooth ¢ = Gages 11-18, Gaussian Smooth
d = Gages 1-7, Raw Data d = Gages 11-18, Raw Data




PART V: SUMMARY AND CONCLUSIONS

109. The GBM tests were conducted to study transformation of direc-
tional wave spectra propagating over a gently sloping beach in a controlled
laboratory environment. Little guidance exists on the combined effects of
frequency-directional energy distributions on wave shoaling, refraction, and
breaking. Knowledge of transformed wave conditions is critical for estimating
beach evolution and designing coastal structures. Results from this research
will be used to upgrade numerical models for predicting nearshore wave proper-
ties from offshore measurements or hindcasts.

110. A fixed-bed model with bathymetry consisting of plane, parallel
contours with a 1:30 slope was patterned after Torrey Pines Beach in southern
California. The rectangular model measured 36.6 by 18.3 m and had an offshore
water depth of 50 cm. The toe of the beach was 4.5-m in front of the DSWG.

111. A total of 54 directional spectra was simulated as the product of
the TMA spectral form and a wrapped normal spreading function. Both unimodal
(single peak) and bimodal (double peak) frequency spectra with varying energy
distributions were simulated. The ratios of energy between modes in the
bimodal cases were 1/3:2/3, 1/2:1/2, and 2/3:1/3. Directional distributions
(combination of peak wave direction and directional spread) were both narrow
(unidirectional) and wide (directional) and were varied between modes. Peak
wave periods were 1.25, 1.75, and 2.50 sec; wave heights were 6.5, 7.6, 10.8,
12.2, 13.2, and 15.2 cm; spectral peakedness parameters were 3.3 and 20.0;
peak wave directions were 0 (shore-normal) and 20 deg; and full-width spread
parameters were 1, (unidirectional), 20, and 40 deg.

112, Twenty capacitance wave gages were arranged in patterns and water
depths similar to the prototype arrays used in 1978 and 1980 experiments at
Torrey Pines Beach. The gage pattern consisted of two 8-1-3-2-5 alongshore
linear arrays to measure changes in directional distributions and a cross-
shore array to study transformation of wave frequency spectra. The linear 0GA
and NGA were located in water depths of 40 and 16 cm (0.52 ft), respectively.
Lag spacings between gages for the 0GA and NGA were 85 and 55 cm, respec-
tively. The design of these linear arrays allowed measurements of waves with
a directional resolution of 4 to 8 deg for the range of peak periods tested.

The CGA was nested within these two linear arrays, transverse to their axes

and aligned with the physical model center line.




113. The 54 wave conditions were converted into stroke control signals
for each of the 61 paddles of the DSWG using a frequency domain, double summa-
tion, deterministic amplitude, random phase model. Typically, control signals
were digitized at 20 Hz for 750-sec duration. Data were sampled at
10 Hz for a minimum duration corresponding to 200 waves of the mode with the
longest peak period.

114. Data analyses consisted of time domain zero-downcrossing, frequen-
cy domain single-channel spectral analysis, and directional spectral analysis.
For the spectral analysis, the wave gage data were zero-meaned, tapered by a
10-percent cosine beil window, Fourier transformed, and band averaged between
lower and upper cutoff frequencies of 0.0l and 2.50 Hz, respectively. This
process yielded a resolution bandwidth of 0.024 Hz. The directional spectral
analysis is based on a Fourier series expansion of the directional spreading
function. The measured data again were zero-meaned, windowed, and Fourier
transformed to the frequency domain. A Gaussian smoothing function then was
used to smooth the cross-spectral matrix of autospectra and cross-spectra. A
linear, stepwise regression model was used to solve for the Fourier coeffi-
cients of spreading function.

115. Prior to wave transformation tests, three prelimimary test phases
were conducted: basin circulation, test duration, and signal calibration. In
Phase 1, four current meters were positioned along the basin perimeter to
measure the presence (if any) of wave-induced circulation in the basin. Based
on these measurements, dye tracer, and visual observations for two cases,
wave-induced circulation was not judged to be significant, and further tests
with the other cases were not deemed necessary.

116. 1In Phase 2, test durations of 200 and 400 waves at the peak period
for the first 12 unimodal cases were compared to determine the proper sampling
duration. For the OGA, the maximum peak period variation was 4 and 2 percent
for the 2.50- and 1.25-sec period cases, respectively. Maximum wave height
variation was 5 percent for both periods. Spectral shapes did not vary sig-
nificantly due to changes in sampling duration. The amplification factor
(ratio of spectral ordinate for 200 wave duration divided by ordinate for
400 wave duration) clustered around 1.0 with a range between 0.5 to 1.5,
within the 95-percent confidence limits for the spectral estimates. Thus, it
was decided to test for the shorter duration for the last two test phases of

signal calibration and wave transformation.
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117. In the signal calibration phase (Phase 3), each of the 54 control
signals was iteratively corrected one to four times using an RAO transfer
function and system gain factor to match the target directional wave spectra
as closely as possible. The RAO is calculated in the frequency domain as the
ratio of average measured frequency spectrum from the OGA to target spectrum.
The control signal that produced measured spectra then is corrected in the
frequency dorain before being transformed back to the time domain for the next
iteration. The RAO seems to work well up to two or three iterations, after
which, improvement in the generated signal is less substantial.

118. Results from this signal calibration phase are presented in the
form of plots of measured and predicted frequency spectra and directional
spreading functions and tabular listings of four parameters: peak frequency,
significant wave height, peak wave direction, and directional spread. Results
are averages for the gages in the O0GA. In general, the match between measured
and predicted directional wave spectra was good to excellent,

119. The maximum variation in peak frequency was #0.04 Hz, occurring in
only two cases. In most cases, there was no significant frequency shift.

120. Wave heights matched target values very well. Normalized height
ratios (measured height divided by target height) averaged 0.92 for all cases
with a minimum of 0.80 and a maximum of 1.01. Wave breaking and DSWG stroke
limitations explain most of these energy losses.

121. The agreement between measured and predicted frequency spectra was
very good to excellent, The peak of the measured spectrum was usually
slightly smaller than the target spectral ordinate, but within the 95-percent
confidence level. Also, since wave height was generally less than desired,
cne would expect the measured spectrum to be smaller. There also tended to be
more energy in the high-frequency region of the measured spectrum, possibly
due to energy transfers seaward of the OGA.

122. The greatest disparity was in the directional distributions. For
unidirectional cases, agreement was excellent. Peak wave directions experi-
enced differences of no more than 2 deg, directional spread ranged from a
perfect match to a difference of -4 deg, and spreading functions matched tax-
get shapes in all cases. For directional cases, directional distributions
showed a high degree of variability. Attempts to correct measured directional
distributions using analysis techniques did not produce i substantial improve-
ment. The effects of adding another gage (No. 7) to the OGA and the use of

Gaussian smoothing on the measured directional distribution were evaluated for
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all cases. Both of these techniques tended to smooth and widen the measured
distribution without affecting wave direction. Peak wave directions varied
from a perfect match to an extreme difference of +24 deg. In general, mea-
sured directional spread and spreading functions were narrower than desired,
usually, only one-third to one-half target widths. In most cases, wave direc-
tion and spreading were contained within the measured directional distribu-
tion. In some cases, the magnitude of the side lobes was less than the
50-percent criterion, leading to narrower calculated directional spread.

123. Some explanations for the differences in measured and predicted

directional spectra are listed below:

a. Accurate measurement of directional distributions in
laboratory mode?s is difficult at best. Other labora-
tories have reported variations of +10 deg in peak wave
directions based on differences just in the analysis
method. Thus, much of the variation in these measure-
ments is accounted for.

o

The control signals were generated in a depth of 50 cm
and measured in 40-cm depth over the slope of the model.
Wave refraction explains much of the observed changes in
wave direction and directional spread.

o

Some of the waves experienced some minor breaking in
traveling between the two water depths, producing a loss
of energy.

e

Stroke limitations on the DSWG displacement, velocity,
and acceleration prevented corrected control signals
from being generated as prescribed. If the control
signal for a particular paddle happens to contain direc-
tional information that is suppressed due to these
limitations, the measured directional distribution would
be altered.

e. The tuning of the OGA was not sufficient to accurately
measure the wider directional distributions, especially
when coupled with the larger peak wave direction. The
design of the 0GA was modeled after a field experiment
linear array that did not necessarily experience the
range of directional characteristics. Typically, a
2-3-1-7-5 linear array, patterned after the FRF, is used
in physical model experiments.

I

It is possible that the OGA was in the "near field" of
the DSWG. The directional wave fields did not have
enough space to properly form before encountering the
beach toe and being measured. The location of the JGA
was a trade-off with available model space.

g. The waves were not sampled long enough for good statis-
tical stability. The number of degrees of freedom in
the analysis would have increased by a factor of two if
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a duration of 400 waves had been used instead of only
200 waves.

=

Reflections from the beach might be interacting with
the spectrum producing alternate reinforcement and
cancellation in the energy and directional distribu-
tions. Testing this hypothesis would involve addi-
tional tests with different gage setups to accurately
resolve the reflection coefficients.

124, Thus, based on experience in measuring wide directional distribu-
tions with different linear and spatial gage arrays, it is felt that the tar-
get energy and directional distributions were generated within reasonable
limits. Data adaptive, high-resolution analysis techniques, such as MEM or
MLM, should be investigated to see what effect they might have on the measured
0GA data.

125. The unique emphasis of these tests was the study of wave transfor-
mation of bimodal directional wave spectra due to shoaling, refraction, wave
breaking, and decay. Many of the cases in the GBM tests were repeats of
earlier flume tests with unidirectional wave spectra on a similar beach.
Analyses in this report are not meant to be exhaustive, but rather a prelimi-
nary indication of effects of linear and nonlinear interactions on wave
transformation.

126. Time domain results include time series plots of surface wave
elevation for the CGA and tabular listings of zero-down vossing average eleva-
tion and significant wave period and height. Time series plots revealed the
classic, nonlinear "sawtooth" wave shape of steep front faces and flat rear
slopes in very shallow water due to wave transformation.

127. Frequency domain results include single-channel spectral analysis
of the CGA. Spectral analysis results include listings of measured peak wave
perioas and zero-moment wave height for all gages, and linear and semilog
spectral plots of gages in the CGA.

128. Peak wave periods in the CGA showed little change due to wave
transformation. Typically, they remained invariant or shifted slightly to a
lower frequency.

129. The wave height data were the most extensively analyzed. Zero-
moment wave height values were used for comparisons lLecause there was no sig-
nificant difference with zero-downcrossing and time series derived wave
heights. A summary of results is presented below:

a. Measured wave heights in the CGA display a trend of a
flat shoaling region followed by a linearly decreasing
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decay region. Extent of the shoaling region varies
according to initial height. Smaller initial heights
have longer shoaling regions with less steep decay
through the breaker zone. Agreement with the flume

tests is very good, varying no more than 5 to 15 percent.

o

The effect of energy distribution between modes was
evaluated. When more energy is in the low-frequency
mode relative to the high-frequency mode (swell and
sea), larger wave heights are recorded in the shoaling
region. This effect is in-agreement with flume

test results.

The effect of directional distribution on unimodal
cases did not appear to be significant. An increase
in wave direction did produce an increase in measured
wave height in the bimodal series. The effect of
directional spreading was less obvious, although it
did reduce the effect of variations in modal energy
distribution. Maximum variations in measured height
are 10 to 20 percent, with the larger value for cases
with wider frequency separation between modes.

10

130. The linear superposition assumption was tested and compared with
results from the flume tests. If this assumption was correct, measured wave
heights and spectra of two unimodal spectra should match their bimodal coun-
terparts during all stages of wave transformation. The assumption worked well
in the shoaling region, but poorly in the decay region. In the decay region,
wave height is overpredicted, and bimodal spectra experience faster second
mode decay in the presence of the lower frequency mode. These findings are in
agreement with the flume tests.

131. Elgar and Guza (1985) found nonlinear coupling between frequencies
to be a significant mechanism in the transformation of ocean surface gravity
waves. Results from the transformation of the CGA frequency spectra support
these conclusions. Nonlinear interactions and other mechanisms are described

below:

I

For unimodal broad-banded spectra, energy shifts from

the peak frequency to subharmonics and harmonics as the
wave travels into shallow water. During shoaling, first
and second harmonics increase in magnitude. As the wave
breaks, multiple nonlinear interactions among a wide range
of frequencies produce smaller harmonic peaks. The third
subharmonic grows as the wave transforms.

o

For unimodal narrow-banded spectra, the same pattern of
spectral evolution occurs, except that fewer frequencies
are involved and harmonics remain stronger throughout the
wave transformation.




1o

The bimodal sea and swell peak spectrum, represented by
greater energy in the low-frequency mode, becomes unimodal
as it transforms. Energy is initially transferred to the
harmonic located at the frequency corresponding to the sum-
mation of mode frequencies. As the wave continues to decay,
energy is transferred out of this mode and higher frequency
mode to harmonics. The spectral "valley" between sea and
swell peaks disappears. The subharmonic grows due to non-
linear difference interactions between sea and swell peaks.

[

The opposite condition, a bimodal spectrum with greater
energy in the sea peak, suggests a significant nonlinear
coupling of the low-frequency mode in shallow water to the
high-frequency mode seaward of the surf zone. During wave
transformation, energy is transferred from the sea peak to
the swell peak. The dominance of the low-frequency mode is

more pronounced for greater frequency separation between
peaks.

i®

Seiching between the DSWG and the beach was suggested as

a source of the observed subharmonic growth in the frequency
spectra. For a standing wave in the DSWG basin with both
fixed and varying depth, the seiche frequency is approximately
0.06 Hz (15.6 sec). Although possible, it is improbable that
the observed low-frequency peaks are first or second harmonics
of the seiche frequency rather than true subharmonics of the
peak frequency.

I-h

Cross-basin oscillations due to sidewall reflections can
also affect the low-frequency modes in the DSWG basin.
Although these reflections were minimized during the GBM
study, they might have had a slight impact on the measured
spectra.

132. Bispectral and cross-bispectral analysis would allow more precise
location of nonlinear interactions among frequencies in measured wave spectra
in the nearshore region. Bispectral analysis is used on measured data from
single gages. Cross-bispectral analysis is used on two gages (as in cross-
spectral coherence analysis) to detect nonlinear energy transfers between
frequencies in one location to frequencies in the other location. The GBM
data should be studied with these types of analyses.

133, Conclusions regarding the effect of directional distribution on
wave transformation are suggested from the spectral analysis of the CGA. They

are listed below:

a. For bimodal unidirectional spectra, an increase in wave
direction tends to increase energy in the low-frequency mode.

b. Just the opposite occurs if the wave directions are
different between modes and directional spreading is
included. The energy in the low-frequency mode is decreased.
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¢. The inclusion of directional spreading tends to suppress
the formation and growth of subharmonics in the directional
spectrum.

134. Directional spectral analysis also was part of the frequency
domain analysis. Results from this analysis consist of tables and plots com-
paring measured directional spectra for the OGA and NGA to quantify
directional distribution changes due to wave transformation. This is an area
that is very important for researchers in nearshore processes since not much
information is available. In general, trends for the peak frequency, signifi-
cant wave height, and frequency spectra are consistent with the single-channel
frequency spectral analysis results. A summary of results is presented below:

a. The shape of the directional distribution remained
consistent between offshore and nearshore locations.
Observed changes in peak wave direction and directional
spreading can be explained by refraction theory. The
nonlinear interactions affecting the shape of the frequency
spectrum did not appear to be a significant factor in
transforming directional distributions.

o

Directional spreading did not change for the unidirec-
tional cases. The cases with wider directional spreading
tended to narrow as they traveled into shallower water.
The maximum change was 22 deg.

135. The GBM tests were very successful in providing a first step in
WES's attempts to understand and quantify the mechanisms that affect wave
transformation over a generalized beach in a laboratory experiment. Realistic
wave conditions with a range of energy and directional distributions were
created and tested. Results compared well with earlier flume tests of similar
unidirectional wave conditions. The extensive data set will be used to
upgrade numerical models for predicting nearshore wave properties that are

critical for estimating beach evolution and designing coastal structures.
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Case D16 with 1.75-sec mode 2 peak period
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Case D62 with 1.25-sec mode 2 peak period
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Case D66 with 40-deg directional spread
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Figure 31, Initial height effect on spectral transformation (Continued)
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APPENDIX A: NOTATION




an Real Fourier coefficient of spreading function

by, Imaginary Fourier coefficient of spreading function
B, Resolution bandwidth, Hz
D(£,0) Directional spreading function, 1l/deg
£ Frequency, Hz
£; Lower cutoff frequency, Hz
£, Spectral peak frequency, Hz
i Upper cutoff frequency, Hz
h Water depth, cm
H Wave height, cm
Hao Zero-moment wave height, cm
Hys3 4 Zexo downcrossing significant wave height, cm
Hpo s Zero-moment wave height of mode i, cm
H, Significant wave height, four times standard deviation

of the surface elevation time series, cm

L Number of Fourier series harmonics
N Number of gages in array
RAO Response amplitude operator function
S(£) Frequency spectrum, cm?/Hz
S(£,0) Directional wave spectrum, cm?/Hz/deg
S;;:(6) Measured autospectral density for gage i, cm?/Hz
Sp(£) Predicted frequency spectrum, cm?/Hz
Sa00(£) Frequency spectrum for 200 waves at T,

half duration test, cm?/Hz

Suo0(E) Frequency spectrum for 400 waves at T,,
full duration test, cm?/Hz

Ty3.a Zero-downcrossing significant period, sec

A3




Tp Spectral peak period, sec

Tp,s Spectral peak period of mode i, sec
T, Time series duration, sec
X X-axis coordinate, m

Random variable

y Y-axis coordinate, m

o Spectral parameter

Y Spectral peakedness parameter

T Peak enhancement factor
Af Basic frequency increment, Hz
At Time interval, sec

n Water surface elevation, cm

; Average water surface elevation, cm

6 Wave direction at frequency £ , deg

) Peak wave direction, overall mean wave direction for all

frequencies, deg

Ei Mean wave direction of mode i, deg
o, Left spectral width parameter
oy Right spectral width parameter
On Mean spreading standard deviation
Om,i Directional spread of mode i
Oy Standard deviation of surface elevation time series, cm
v Degrees of freedom
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