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ABSTRACT N
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Both short (up to 25-sec period) and long (25-sec to 10-min period) waves can cause damaging conditions
in harbors. Harbors of all sizes are affected, ranging from small recreational harbors Lo large commercial
harbors. The U.S. Army Corps of Engineers has many years of experience with harbor wave concerns
and has developed powerful and complementary numerical and physical modeling tools. The CE numerical
model, described in this paper, can be used effectively to answer many engineering questions about harbor
wave response. Two examples are presented of numerical model studies 1o evaluate the relative level of
short wave protection provided by different breakwater configurations. Two additional examples illustrate
mode) applications to evaluate long wave-induced barbor oscillations.
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waves, short waves, computer programs.

INTRODUCTION

Harbors by definition afford protection to ves-
sels from winds, waves, and currents. The pro-
tection is never complete since there must be an
opening in the harbor’s defensive walls through
which vessels can enter and exit. The opening
width must be at least sufficient to insure safe
passage; collision with the harbor walls would be
disastrous. In some harbors, economic or other
factors dictate an entrance even wider than re-
quired for safe navigation.

Wave energy passes freely through a harbor en-
trance and often causes visible motion inside the
harbor. For severe events, the wave motions can
create serious damage to vessels, piers, and wharfs
in the harbor. Some harbors with inadequate pro-
tection regularly experience lower levels of dam-
age, such as undue wear and breakage of mooring
lines.

Waves in harbors are conveniently separated
into two basic classes based on their origin and
periods of motion. The term short waves denotes
waves with periods ranging from about 1 sec to
25 sec. Short waves are generated by the wind,
either due to local winds (referred to as sea waves)
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or by winds at some distant location (swell waves).
Long waves have periods between about 25 sec
and 10 min. They arise from a variety of processes,
including nonlinear interactions between short
wave components.

The U.S. Army Corps of Engineers (CE) has a
significant interest in harbors as part of the CE
mission in both civil works and military engi-
neering. The CE designed and continues to main-
tain many small boat harbors around the U.S.
Some aspects of deep-draft commercial harbors
have also been a CE concern, most notably the
mammoth Los Angeles-Long Beach harbor com-
plex in California.

Harbor design and modification is typically done
with great care to insure that the completed pro-
ject will provide adequate protection from waves.
The CE has developed and refined two comple-
mentary modeling tools for assessing the perfor-
mance of existing and proposed harbor configu-
rations. The physical modeling tool involves
construction of a scale model of the harbor and
subjecting it to comparably sized, artificially-gen-
erated waves (BRiGGS, 1993). The numerical mod-
eling tool, the focus of this paper, requires com-
puterized solution of equations which approximate
the harbor response to incident waves. These
modeling tools should be applied even for rela-
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tively simple harbor shapes when the study has
large economic consequences and accurate results
are essential. A combination of physical and nu-
merical modeling is usually preferred for inves-
tigating the full range of wave conditions in a
harbor (LiLLYCROP et al., 1993b).

Numerical models are most useful for very long
period wave studies, initial evaluations of harbor
conditions, comparative studies of harbor alter-
natives, and revisiting harbors documented pre-
viously with field and/or physical model data. For
example, numerical models have been used effec-
tively to select locations for field wave gages (to
achieve adequate exposure and avoid oscillation
nodes) and to identify, from many alternatives,
the few most promising harbor modification plans
for fine tuning in physical model tests. LiLLYCROP
et al. (1993b) suggested that numerical modeling
is preferrable to physical modeling for periods
longer than 400 sec. Both modeling tools can be
used effectively for shorter period oscillations.

The objectives of this paper are to provide an
overview of the natural processes involved in har-
bor wave response, the CE numerical model, and
several typical applications. References which give
more in-depth information are included through-
out. The following section concentrates on natural
processes related to both short and long waves.
The CE numerical model for harbor response to
waves is presented in the next section. This is
followed by sections on short and long wave ap-
plications. Each section includes several examples
illustrating the use of the model. The final section
provides a summary.

PROCESSES
Short Wave Processes

On the average, most of the wave energy in a
large water body resides in the short wave range
of periods. The waves are generated by the action
of wind blowing across the water surface due to
a variety of meteorological processes (e.g.,
THoMPSON and LEENKNECHT, 1994). Short waves
in deep water can grow very large under strong,
sustained wind conditions, reaching significant
heights of over 15 m and individual wave heights
exceeding 30 m (e.g., GILHOUSEN, 1993).

Short waves incident to a harbor entrance are
usually diminished by their passage over shallow
continental shelf and nearshore waters. However,
they can still carry considerable energy. Wave cli-
mate incident to a harbor entrance can vary great-

ly depending on the harbor exposure and local
bathymetry. Incident significant wave heights of
1-2 m are not unusual at most harbors. Harbors
which face the open ocean may routinely expe-
rience waves of that magnitude and sometimes
endure significant heights of 5-10 m.

In passing from open water into a harbor, short
waves diffract around the tips of the entrance
walls. The process is comparable to diffraction of
light waves around solid objects and may be cal-
culated similarly. Wave height drops rapidly as
waves travel deeper into the shadow zone. The
height of waves coming straight through the en-
trance also decreases further into the harbor as
the waves give up some of their energy to the
shadow regions.

Waves throughout the harbor are also affected
by the shallow bottom configuration and char-
acteristics of the harbor land-water boundaries.
Some harbor surfaces, such as vertical concrete
and sheet pile walls, reflect incident wave energy
back into the harbor, creating amplified and con-
fused conditions in their vicinity. Other bound-
aries, such as sandy beaches and marshy areas,
absorb and dissipate nearly all of the short wave
energy which approaches them. Most harbor sur-
faces reflect a moderate amount of wave energy.
Reflected energy can contribute significantly to
problem conditions in a harbor.

Long Wave Processes

In sharp contrast to short waves, the long waves
incident to a harbor typically contain little energy.
Energy at long wave periods can come from a
variety of sources including the following: nonlin-
ear interactions between short wave components;
moving or fluctuating atmospheric pressure sys-
tems; shifting wind stresses on the water surface;
longshore-propagating edge waves; eddies arising
from currents passing by the harbor entrance; and
underwater seismic activity. Waves generated by
seismic disturbances are often called tsunamis.

Long waves are amplified in shallow water. The
origins and characteristics are much less known
and understood for long waves than for short
waves; one can expect long wave significant heights
at harbor entrances to be at most about 50 cm
and usually much less (BoweRs, 1992; OKIHIRO et
al., 1992).

Long waves at harbors propagate at a speed
given by the shallow water dispersion relation

C=Ved ¢))
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where

C = wave speed,

g = acceleration due to gravity,
d = water depth.
The corresponding wavelength is
L =CT = \/gdT (2)
where

T = wave period.

Thus wavelength increases linearly with wave pe-
riod. Wavelengths for long waves are of the same
order of magnitude as harbor dimensions. For ex-
ample, a 90-sec wave in 10-m deep water has a
wavelength of nearly 0.9 km. The diffraction pro-
cess, which scales with wavelength, becomes in-
consequential for most long wave cases. On the
scale of a long wave, the farthest reaches of the
harbor are usually just a short distance inside the
entrance.

Reflection from harbor boundaries is a critical
concern for long waves. High reflection can be
expected at every solid boundary because on the
scale of a long wave, the boundaries all resemble
vertical walls.

The long wavelengths and high reflections give
rise to standing wave patterns which can encom-
pass part or all of a harbor. For most periods, long
waves are not a problem in a harbor because of
their meager energy. However, there are always a
few specific periods which correspond to natural
resonance modes of the harbor or portions of the
harbor. Long wave energy at these periods is am-
plified inside the harbor, sometimes by a factor
of three or more.

When harbors are subjected to energetic long
waves at resonant periods, strong oscillations and
consequent problems can rapidly develop. Ver-
tical motions are generally small, but horizontal
motions can be large. Oscillation characteristics
are generally controlled by basin size, shape, and
water depth. The phenomenon is also referred to
as harbor surging and seiching.

Harbor oscillations can be a significant problem
for inner harbor components and moored vessels
within a harbor basin. Resonant periods charac-
teristic of moored vessels often fall into the same
range of periods as harbor oscillations. Harbor
oscillations can create dangerous mooring con-
ditions which include breaking of mooring lines,
damage to fender systems, vessel collisions, and
delays of loading and unloading operations. A

comprehensive discussion is provided by RaicH-
LEN and Leg (1992).

NUMERICAL MODEL

Since both short and long waves can cause in-
terruptions and damage in harbors, it is important
to give them proper consideration in designing
new harbors or modifying existing ones. A flexible
and economical tool for investigating harbor re-
sponse to short and long waves is the CE numer-
ical model HARBD.

Based on linear wave theory, the HARBD mod-
el is applicable to harbors of arbitrary size, shape,
and depth. CHEN and MEr (1974) initially devel-
oped the model as a steady state, hybrid element
model for calculating long wave response in a shal-
low offshore harbor. HousTon (1981) modified the
model formulation to accommodate short as well
as long waves by solving BERKHOFF’s (1972) mild
slope equation. The model was further adapted
by CHEN (1986) to include the effects of bottom
friction and variable boundary reflection. The re-
sulting HARBD model, documented by CHEN and
HousTon (1987) and LiLLycrop (1993), has been
applied in numerous harbor oscillation, tsunami,
and short wave applications (e.g., BRIGGS et al.,
1992; HousToN, 1978; LiLLycrop and Boc, 1992).

The model incorporates many of the important
processes affecting harbor wave response. Dif-
fraction, reflection, and wave transformation over
a variable-depth bottom are all treated, within
the confines of the mild slope equation and grid-
determined spatial resolution.

However, the model includes some limitations
which make it less accurate or unsuitable for some
applications. Nonlinear processes such as wave
breaking and overtopping and transmission past
harbor walls are not included. Effects of currents
and wave-current interactions are not modeled.
The model does not account for long wave en-
trance losses (THOMPSON et al., 1993).

The HARBD model domain is divided into two
regions. The primary region (Region A) consists
of the harbor itself as well as a portion of the
adjacent nearshore area (Figure 1). This region is
bounded on the seaward side by a 180-deg semi-
circle and covered by a triangular finite element
grid mesh. The required grid resolution is deter-
mined by the shortest wave period to be modeled,
the shallower depths of interest in the harbor, and
the rodel-recommended minimum resolution of
six grid elements per wavelength.

Each element in the model domain (Region A)
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Figure 1. Definition sketch of harbor regions.

is assigned a water depth and bottom friction co-
efficient. The bottom friction coeflicient is taken
as zero for short waves. For long waves, which
interact more strongly than short waves with the
bottom, it is typically set to either zero or a small,
constant value over the domain. Model long wave
results are mildly sensitive to the choice of bottom
friction coefficient.

Elements located on solid boundaries are also
assigned a reflection coeflicient, ranging from zero
to one. Reflection coefficients for short waves may
span the full possible range, and model results are
quite sensitive to the particular values used. For
long waves, which strongly reflect from harbor
boundaries, the reflection coefficient is set equal
to one.

The secondary region (Region B) is a semi-in-
finite far region extending beyond the semicir-
cular boundary to infinity in all horizontal sea-

ward directions (Figure 1). This region is
considered to have straight, semi-infinite coast-
lines, a constant water depth, and no bottom fric-
tion.

In addition to the finite element grid, bathym-
etry, and friction and reflection information, the
HARBD input file includes wave conditions to be
tested. These consist of a series of wave height,
period, and direction triplets. The model is linear
except in its treatment of bottom friction, so spec-
ification of wave height becomes important only
when bottom friction is non-zero. Each triplet
represents one incident wave condition, applied
uniformly along the semicircular boundary.

Model output consists of an amplification fac-
tor (ratio of local wave height to incident wave
height) and a corresponding phase at every node
within the harbor domain. The phase represents
the difference between local phase and the phase
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Figure 2, Erxisting layout of Maalaea Harbor.

of the incident wave. Another optional output is
amplification factor averaged over pre-specified
multi-node regions of special interest in the har-
bor. Since the model is basically linear, results
from multiple incident wave triplets can be re-
combined to simulate a spectral response.

SHORT WAVE APPLICATIONS
Maalaea Harbor

A recent study of Maalaea Harbor, Maui, Ha-
waii, typifies the use of HARBD to evaluate har-
bor layout alternatives (LILLYCROP et al., 1993a).
Maalaea Harbor i3 a small shallow draft harbor
on the south side of the island of Maui. The harbor
is protected from the west by land, from the south
by a wide main breakwater, and from the east by
a rubble breakwater (Figure 2). The objectives of
any harbor modifications would be to provide in-
creased protection from short waves and to in-
crease the available berthing space. Additional
considerations include preserving adequate flush-
ing in the harbor and giving proper attention to

favorable surfing areas in the vicinity of the har-
bor.

The grid developed for the existing harbor is
shown in Figure 3. At this stage of the project,
three modified plans and several variations were
under consideration. Grids were devised to rep-
resent all of the alternative plans (e.g., Figure 4).
The plans include deepening the area adjacent to
the east breakwater to create a new berthing area.
Wave climate near the harbor entrance was de-
veloped by eatimating the deep water climate and
using a large scale numerical model to calculate
the effects of shallow water and the offshore shel-
tering island of Kahoolawe.

Using the frequency of occurrence information
for the wave conditions making up the local wave
climate and the incident wave vs. harbor response
relationships calculated with HARBD, wave cli-
mate was estimated in the harbor berthing areas
and entrance channel. These results were then
evaluated relative to the standard CE criteria,
which specify that wave heights should exceed 0.3
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Figure 3. Numerical grid, Maalaea Harbor, existing configu-
ration.

m (1 ft) in berthing areas and 0.6 m (2 ft) in
entrance channels less than 10 percent of the time
(Table 1). Model results indicate that the existing
harbor berthing areas do not have sufficient pro-
tection. Plans 1, 1a, and 3 can be expected to
remedy the problem, though Plan 1a may only
marginally satisfy the berthing area criterion.
Thus, the HARBD model was helpful in identi-
fying the more promising alternative plans.

Port Allen Harbor

Another recent short wave application of the
HARBD model was at Port Allen Harbor, Kauai,
Hawaii (T'HoMPsoN and HaDLEY, 1994). The har-
bor lies at one end of an embayment and is pro-
tected by a single rubble mound breakwater (Fig-
ure 5). The seaward end of the breakwater suffered
damage in several storms, most recently Hurri-
cane Inikiin 1992. Ag a result, the effective break-
water length is about 20 m shorter than the orig-

Table L. Evaluation of Maalaea Harbor plans against CE
performance criteria.

Percent of Time
Criterion is Exceeded

CE Cri- Exist- Plan Plan Plan Plan Plan

Location terion ing 1 2 3 la 1b

Berthing areas
(1 ft criterion)
Entrance channe)
(2 f1 eriterion)

<100 214 61 17.7 2.0 10.0 189

<100 96 20 11.3 20 50 4.9

Figure 4. Numerical grid, Maalaea Harbor, Plan 1.

inal design. A small study was conducted to help
assess the benefits of restoring the breakwater to
its original length. The HARBD model was used
to evaluate the relative difference in protection
between the existing harbor and the original plan.

LONG WAVE APPLICATIONS
Barbers Point Harbor

Barbers Point Harbor, Oahu, Hawalii, serves as
a good example of the numerical model HARBD’s
ability to reproduce the geometry and bathymetry
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Figure 5, Layout of Port Allen Harbor,
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Figure 6. Numerical grid, Barbers Point Harbor, existing con-
figuration.

of a harbor area and estimate harbor response to
long waves. The State of Hawaii is considering
plans for deepening and enlarging the harbor to
accommodate larger vessels. At the same time,
harbor and navigation safety must be maintained
or improved. Numerical model tests were per-
formed as part of a larger study which also in-
volved physical modeling and field data collection
(BrigGs et al., 1992, 1994; Briccs, 1993). The
HARBD model was used to identify and visualize
oscillation patterns in the existing and various
planned harbor configurations.

An example numerical model grid is shown in
Figure 6. This grid is finer than would normally
be required for harbor oscillation studies because
it was designed for both short and long waves.
Grid size is further reduced in shallower basins
branching off the entrance channel.

The numerical model was run for closely spaced
frequencies (frequency is the reciprocal of wave
period) over the full range of long wave frequen-
cies to generate harbor response curves at various

NUMERICAL MODEL
PHYS\CAL MODEL

Chonnel Midpoint

North Comer

6.0

Normalized Mognituce

Eost Corner

South Corner

¢ 5.0000  0.0037 0.007 0.0m 0.018 008 0.0222
FREQUENCY (Hz)
— v — o
8192.0 2700 135.0 90.0 67.5 54.0 45.0
PERIOD (sec)

Figure 7. Frequency response curves, Barbers Point Harbor (from LiLLycrop et al., 1993b).
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points in the harbor (Figure 7). The physical mod-
el performed similar tests, also shown in the fig-
ure. Harbor response at the north, east, and south
corners of the main, nearly square basin is shown.
The fourth response curve, labelled ‘*‘channel mid-
point,” represents a point near the west (open)
corner of the square basin geometry. All four cor-
ners show amplified response to the lowest fre-
quency resonant cases. However, for resonant pe-
riods shorter than about 270 sec, the corners differ
significantly in their responses, depending on the
characteristics of the various resonant modes.

Numerical model results for resonance condi-
tions of particular interest can be displayed over
the whole harbor to show oscillation patterns. For
example, amplification factors and phases calcu-
lated with the example grid are presented for the
132-sec wave period, corresponding to strong res-
onant peaks in the north and south corners of the
main harbor basin (Figures 8 and 9). Phases are
relative to the incident wave. Phase plots are use-
ful because phases in a pure standing wave are
constant up to a node and then change rapidly
(180-deg shift) across the node. Thus, phase con-
tour lines cluster together at node locations. Since
regions of similar phase, plotted with similar gray
shades (or colors on a computer screen) move up
and down together, the resonant modes of oscil-
lation can be much more easily visualized.

This information about node locations and be-
havior of resonant modes is quite useful in ana-
lyzing harbor oscillations. For example, Figure 9
shows that the 132-sec resonance is basically a
simple standing wave oscillation between the north
and south corners of the bagin. The east corner
and channel midpoint are near nodal zones, which
explains why these locations showed only a weak
response to 132-sec waves (Figure 7). The ampli-
fication factor and phase information can also be
used to create animated displays and video foot-
age of harbor response.

Los Angeles and Long Beach Harbors

A similar study of long wave motion in Los
Angeles and Long Beach, California, harbors was
done with the HARBD model (SARGENT, 1989;
Housron, 1976). The study objective was to eval-
uate the performance of the existing, inter-con-
nected harbors and proposed improvements.

The study by HousTon (1976) serves as a good
illustration. Wave periods ranging from 1 min to
10 min were considered. The wave period range
was divided into five intervals and a different grid

Figure8. Amplification factor contours, Barbers Point Harbor,
132-sec period.

was developed for each interval. Multiple grids
were needed because of the trade-offs between
need for coverage of the harbor domain, spatial
resolution requirements (relative to wavelength)
and computer processing demands. As the period
increased, the grid element size and area of grid
coverage increased. The grid for the longest pe-
riods (610 min) covered virtually the entire har-
bor complex (Figure 10). One interesting feature

Figure 9. Phase contours, Barbers Point Harbor, 132-sec pe-
riod.
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Figure 10. Numerical grid, Los Angeles and Long Beach harbors (from HousTon, 1976).

of the grid is the treatment of the three break-
waters protecting the outer harbor. Stone break-
waters are quite pervious to the long waves being
considered. Accordingly, one breakwater was
treated as completely pervious (no breakwater).
The other two were modeled as submerged mounds
with crest elevation matching the top of the im-
permeable breakwater cores.

SUMMARY

Both short and long waves can cause damaging
conditions in harbors. Harbors of all sizes are af-
fected, ranging from small recreational harbors to
large commercial harbors. The CE has many years
of experience with harbor wave concerns and has
developed powerful and complementary numer-
ical and physical modeling tools. The CE numer-
ical model can be used effectively to answer many
engineering questions about harbor wave re-
sponse. Two examples are presented of numerical
model studies to evaluate the relative level of short
wave protection provided by different breakwater
configurations. Two additional examples illus-

trate model applications to evaluate long wave-
induced harbor oscillations.
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