CHAPTER 164

DECOUPLED NUMERICAL MODEL OF THREE-DIMENSIONAL BEACH CHANCE

Magnus Larsonl, Nicholas C. Krausz, M.ASCE, and Hans Hanson3

ABSTRACT

This paper describes a numerical model of three-dimensional beach
change as produced by breaking waves and wave-induced currents. Cross-
shore lines spaced at intervals alongshore form the basic calculation
element, and cross-shore and longshore transport rates are calculated
independently on the lines. Transport rates are coupled indirectly
through the mass conservation equation and a contouring routine that
determines local depth contour orientation for calculating wave
transformation. The model has reduced calculation time compared to
fully gridded hydrodynamic and beach change models, yet allows
representation of complex boundary conditions, coastal structures, and
movement of longshore bars and berms. Results of two test series are
presented, one for the movement and protective functioning of a linear
mound constructed of dredged material, and the other for impoundment
at a jetty.

INTRODUCTION

The goal of beach change numerical modeling is to describe the three-
dimensional (3D) evolution of nearshore bottom topography resulting
from spatial and temporal differences in sand transport. For practical
use, five model capabilities were considered to be essential: (1) accu-
rate and reliable beach change simulation compatible with input data
routinely available at engineering projects; (2) representation of sand
transport and beach change on temporal and spatial scales of engineer-
ing interest; (3) representation of general boundary conditions and
coastal structure configurations; (4) calculation robustness, meaning
that uncertainties typically present at projects do not produce
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aberrant model predictions; and (5) economical execution time. The
second capability implies that both short-term processes (e.g., storm-
induced beach erosion/recovery, and cyclical daily and seasonal change
in the beach profile shape and position) and long-term processes (e.g.,
accretion and erosion at shore-normal structures) are simulated,
including approach to an equilibrium bottom configuration wunder
constant forcing and boundary conditions. A model having these
capabilities is now under development, and this paper introduces the
model and representative initial test results.

Model Architecture

To develop a 3D bathymetric change numerical model with the aforemen-
tioned five capabilities for wide-application use, the model architec-
ture was founded on two design concepts. The first concept was to
combine essential features of two previous successful beach change
models, SBEACH for calculating storm-induced beach erosion and recovery
(Larson et al. 1988, Larson and Kraus 1989, Larson et al. 1990) and
GENESIS for calculating long-term change in shoreline position (Hanson
1989, Hanson and Kraus 1989). The 3D modeling system also allows
extension of capabilities of the two models that is not possible within
the limits of the individual models. The second design concept was to
treat lines running across the shore as the basic calculation element.
Waves, longshore current, and longshore and cross-shore transport rates
are calculated independently on the cross-shore lines, thereby
decoupling the transport rate calculation along the beach. Neighboring
areas of the beach interact through a local contouring routine that
calculates the beach orientation at each grid point on the cross-shore
lines and through the sand mass conservation equation, from which the
change in bathymetry is obtained from the transport rates.

The resultant model, called 3DBEACH for 3-dimensional Decoupled model
of BEAch CHange, is significantly more efficient than "point models"
that require computation-intensive and sophisticated 2D gridded
hydrodynamic wave and current models, yet it gives stable, equilibrium
beach profile shapes that are difficult to attain in point models.
Despite the simplification introduced by the decoupling approach, the
model has substantial generality in representation of profile shape,
such as multiple bars and troughs, than allowed in "line models" that
require monotonically increasing depth with distance offshore.

By decoupling cross-shore and longshore transport processes, execution
time is minimized, allowing the model to be applied either on the local
or regional level and for long simulation times. The local validity of
the cross-shore line as the basic calculation element restricts model
applications to situations with mild bottom slopes alongshore; also,
partially enclosed embayments where the shoreline intersects a cross-
shore line more than once cannot be represented. Thus, 3DBEACH is
targeted toward the open coast, and local bathymetric disturbances such
as rip currents and rip channels are not represented directly.
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Model Structure

3DBEACH consists of six calculation modules that function semi-indepen-
dently, allowing modification of any module without affecting or
requiring detailed knowledge of the other modules. Principal quantities
calculated by the respective modules are: (1) wave height, wave angle,
mean water level, and runup; (2) longshore current; (3) cross-shore
sand transport rate; (4) longshore sand transport rate; (5) bottom
contour orientation; and (6) bottom topography change.

Fig. 1 is a schematic of a 3DBEACH calculation grid. A Cartesian
coordinate system 1is placed on the project coast with the x-axis
pointing offshore and the y-axis following the trend of the shoreline.
Cross-shore lines are placed along the coast with an interval Ay, and
grid points on the line are spaced Ax apart. Typically, Ay is much
larger than Ax under the assumption that the beach slope changes much
more gently alongshore than across-shore. Fine grid spacing across-
shore (typically 1 to 5 m) is needed to describe dominant morphological
profile features such as bars, troughs, berms, and rapid change
occurring during storms, whereas a coarse spacing alongshore (typically
25 to 100 m) is compatible with more gradual beach change produced by
gradients in longshore sand transport. A time step in the range of 5
to 40 min is used in the model, with a typical value of 20 min. Short

descriptions of the six calculation modules follow.
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Fig. 1. Schematic of a 3DBEACH calculation grid

(1) Wave module. The wave module calculates the wave height H and
other wave-related quantities, such as wave angle # and wave- and wind-
induced setup, at grid points on each profile line (Kraus and Larson
1990). Cell opening (wetting) and closing (drying) occurs according to
the wave and wind conditions, and tide level. Assuming locally plane
and parallel depth contours the wave height is determined by linear
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wave theory in regions of nonbreaking and by the Dally et al. (1985)
model where waves break. Either regular or random wave height can be
specified. The module reproduced wave breaking and reformation over bar
and trough profiles measured in a large wave tank (Kajima et al. 1982),
as well as wave height and setup in laboratory experiments with a plane
beach and oblique wave incidence (Visser 1982). The wave module only
requires input time series of wave height, period, and direction (and
wind speed and direction if wind is important).

(2) Longshore current module. The longshore current V is calculated

at grid points on each cross-shore line as in the model NMLONG (Kraus
and Larson 1990, Larson and Kraus 1991b). NMLONG was developed to
calculate the longshore current over a multiple bar and trough profile
produced by oblique wave incidence and wind, and it contains linear or
nonlinear bottom friction as options, and lateral mixing. The model
was verified using two field data sets (Kraus and Sasaki 1979, Thornton
and Guza 1986) and one laboratory data set (Visser 1982), and default
values of empirical parameters are provided. The longshore current is
used to calculate the longshore sand transport rate.

(3) Cross-shore transport module. The net cross-shore sand transport
rate on each cross-shore line is calculated as in SBEACH (Larson and
Kraus 1989). The profile is divided into four zones of different wave
and transport properties, with the magnitude of the transport mainly
governed by energy dissipation in the surf zone. SBEACH has been
verified with data both from large wave tank experiments and the field
(Larson and Kraus 1989, 1991a, Larson et al. 1990). The calculation
procedure can generate bars and berms, but at present it is restrict-
ed to cross-shore transport related to breaking waves. The wave module
supplies the main input to this module, which also requires an initial
profile shape and sediment grain size.

(4) Longshore transport module. A local transport rate formula
proposed by Kraus et al. (1988) based on field measurements is used,
in which the needed longshore current velocity and wave height are
obtained from modules (1) and (2). Inputs are supplied by the wave and
longshore current modules. This module contains an empirical transport
rate parameter that must be determined in calibration.

(5) Contour module. The orientation of depth contours is required to
define a local wave angle to determine the magnitude and direction of
the longshore transport. The contour orientation at each grid point is
obtained by approximating the local bathymetry with a plane. The
calculation requires depths from neighboring cross-shore lines and
provides indirect interaction among the lines.

(6) Bottom change module. Changes in the bottom topography are
obtained from the mass conservation equation after the cross-shore and
longshore transport rates have been calculated at each grid point for
the particular time step.
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MODEL TESTS

Results of two of many model test series are described. The objective
of these initial "proof of concept" tests was demonstration of correct
qualitative behavior for simulating realistic project conditions. One
series focused on the response of a subaqueous mound of dredged
material and the feedback to the waves, current, and beach from the
mound. The other series focused on impoundment at a jetty or groin. In
the simulations, if a random wave input time series was used, the wave
height and/or angle were uniformly distributed over a given interval.
The longshore grid spacing varied between 20 and 50 m, and the cross-
shore spacing varied between 2 and 5 m, depending on the test. The time
step was fixed at 20 min.

Placed Mound (Silver Strand, Calif.)

Simulation conditions pertain to a Corps of Engineers project at Silver
Strand Beach, California, located south of San Diego Harbor (see Junke
et al. 1989). In December 1988, approximately 80,000 cu m of sand with
median diameter 0.18 mm were dredged from the harbor entrance channel
and placed offshore of Silver Strand in the form of a short linear
mound on the existing bottom of 0.25-mm sand. The mound was intended
to break higher, potentially erosive waves, as well as nourish the
beach by onshore migration. The mound was initially 381 m long and 76
m wide, extending from about 225 m to 450 m from the shoreline (between
bottom contours of 4.5 and 9 m), and with an average relief of 2.1 m
at its crest. The bathymetry was surveyed periodically for two years
on seven profile lines spaced at 76-m intervals, five lines on the
feature and two to the south (historic direction of littoral movement
alongshore). The bathymetry shortly after construction of the feature
was completed is shown in Fig. 2. This configuration served as the
initial condition for this model test series.
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Fig. 2. Initial bathymetry for offshore mound test series
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Four tests distinguished by input wave conditions are presented:
(1) moderately erosional waves; (2) storm with shore-normal approach;
(3) storm with oblique approach; and (4) accretionary waves. A semi-
diurnal tide with amplitude of 0.56 m (mean amplitude for Silver
Strand) was applied in all tests, and calculations were carried out for
simulated times of 3 to 10 days. A pinned-beach boundary condition
(Hanson and Kraus 1989) was specified at both sides of the grid,
whereby sand could freely enter and leave the calculation domain from
the lateral boundaries. The cross-shore lines ended in a depth of
11.4 m, necessary to ensure that negligible transport occurred at the
seaward boundary, even under storm waves. The net direction of
transport as erosive (offshore directed) or accretionary (onshore
directed) is determined in the model according to the criterion used
in SBEACH (Larson et al. 1988, Larson and Kraus 1990) that has
subsequently been further verified with a large field data set (Kraus
et al. 1991).

Test 1: Moderately erosive waves. Fig. 3 displays simulation results
after exposure of the coast to moderately erosional waves for 10 days.
The deepwater wave height H, randomly varied between 1 and 2 m, the
wave period T was 12 sec, and the incident deepwater wave angle 0,
randomly varied between -10 and +10 deg. Because of their relatively
small height, the waves passed over the mound with little change and
broke further inshore. The waves gradually removed material from the
foreshore and deposited it shoreward of the mound to produce an almost
uniform longshore bar. This storm bar has distinct depressions result-
ing from refraction at the ends of the mound. Mound end effects also
produce depressions on the foreshore.
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Fig. 3. Bar formation and beach erosion by moderately erosive waves

Test 2: Strong storm, normal wave incidence. It is of considerable
interest to quantitatively evaluate the protection afforded by a mound
to the beach in its lee. Thus, simulations were conducted for a 3-day
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storm with Hj randomly varying between 4 and 6 m and T = 12 sec, with
the waves incident normal to the mound. Fig. 4 shows the bathymetry at
the end of the storm, in which a pronounced and curved longshore bar
is seen. The shape of the mound significantly changed because the waves
breaking on its seaward side moved material from the mound offshore to
form part of the bar. At the sides of the mound the bar lies closer to
shore because material forming it had to be taken from the inner surf
zone, whereas the mound supplied sand to the erosive waves breaking
directly seaward of it. The mound therefore protected the beach and
surf zone directly shoreward of it, both satisfying the demand for sand
by the breaking waves in development of the storm bar and by causing
additional wave breaking. The sand supplied by the mound replaced that
taken from the surf zone in the regions on the sides of the mound, as
seen by the more seaward movement of contour lines on the unprotected
sides. The beach face does not show significant change alongshore,
because erosion on the foreshore is strongly controlled by water level,
and not depth-limited breaking waves. The complete symmetry of the
calculation with respect to a shore-normal line at the center of the
mound is an indication of the stability of the calculation.
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Fig. 4. Bathymetric change for a storm, normally incident waves

Test 3: Strong storm, oblique wave incidence. The previous test, a
strong storm, was repeated, but with ¢, varying between 0 and 20 deg
to introduce net longshore transport. Fig. 5 shows that the bathymetric
response is no longer symmetric as in Test 2. Because of wave refrac-
tion, the longshore sand transport rate was reduced at the downdrift
end of the mound; a local depth maximum appeared downdrift of the
mound, further modifying the wave transformation. The present test
produced satisfactory results; however, in related tests examining
sensitivity to incident wave angle, if a large oblique angle was
maintained for a long time interval, the greatly changing bathymetry
induced numerically-generated rhythmic features. In such extreme cases,
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decoupling of the cross-shore lines was not satisfactory because the
longshore depth gradients were not small.
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Fig. 5. Bathymetric change for a storm, obliquely incident waves

Test 4: Accretionary waves. Simulations with low waves were conducted
to calculate the response of the beach and mound to accretionary
forcing conditions. Such conditions occur in the summer (in the
northern hemisphere) and after storms, when low waves of long period
typically arrive. Fig. 6 shows the results of one such test performed
with Hj varying between 0.6 and 0.8 m, T = 14 sec, and the 6§, varying
between 0 and 20 deg. The waves were run for 10 days. The mound shape
was only slightly altered by the low waves which passed over it and
travelled shoreward to break in shallower water. A distinct berm formed
on the foreshore that is not uniform alongshore due to refraction of
the incident waves at the mound.

Impoundment at Jetty

This test series examined model predictions for impoundment at a jetty
or groin. Two tests are described which exercised the "groin boundary
condition," one without bypassing and the other including bypassing.
Mildly erosional monochromatic waves were applied (H, =2 m, T = 8 sec,
8, = 20 deg). Similar calculations performed with random waves did not
change the essential features of the bathymetric response, randomness
only acting to produce a smoother topography. Fig. 7 shows the initial
bathymetry for the groin test series, consisting of a groin situated
on a plane-sloping profile joining an equilibrium (x?/%) profile at the
still-water shoreline. The tide was semidiurnal with an amplitude of
0.5 m, and the area was exposed to 3 days of wave action.
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Fig. 6. Bathymetric change for accretionary waves

Fig. 7. Initial bathymetry for jetty test series

Fig. 8 shows impoundment by a long jetty (long
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relations. These two coefficients must be determined by model calibra-
tion at the project site.

Bypassing at jetty. For this test the jetty was terminated at the
initial 2-m depth contour. The incident waves broke at approximately

this depth, but the changing tide moved the break point seaward and
shoreward of this contour. The longshore sand transport rate tailed off
seaward of the break point in accordance with the tail in the longshore
current. Sand that was transported alongshore seaward of the tip of the
jetty was allowed to pass the jetty as an implementation of a simple
boundary condition representing bypassing. As shown in Fig. 9, for
these conditions, the bar was almost straight alongshore because the
jetty did not extend to where the bar developed. The jetty still
impounded sand and a gently sloping plateau developed near it, but the
plateau extended only to the end of the structure.
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Additional simulations were carried out for a long jetty, encompassing
10 days of wave action (H; = 1 m, T = 8 sec, 6‘0 = 20 deg), which
illustrates the equilibrium properties of 3DBEACH. Fig. 10 shows the
time evolution of the profile line located closest to the groin and
how the sand build-up occurs along the groin. The accumulation of sand
on the updrift side of the groin will continue as long as the waves
have a predominant direction. However, as the beach contours adjust
towards a position where they are parallel to the incident wave crests,
the sand transport decreases and the rate of accumulation becomes
smaller. Thus, the model correctly describes the equilibrium charac-
teristics of a beach with groins observed in the laboratory and field.
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. 9. Impoundment at a jetty with bypassing
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approximation reduces calculation time significantly over beach change
models using full two-dimensional wave and current calculation schemes,
yet still describes morphologic nearshore profile features of engineer-
ing interest. The model is expected to be valid if longshore bathymetry
gradients are small and significantly less than cross-shore gradients.

The model presently describes sediment transport and beach change in
and around the surf zone as produced by breaking waves. Because the
model calculates process-driven sediment transport rates and uses the
mass conservation equation to determine beach change, inclusion of non-
breaking wave sediment transport generating mechanisms is possible and
will be incorporated in the next phase of the study.

The tests series demonstrated that the model can describe changes in
large-scale morphologic features such as breakpoint bars, berms, and
plateaus formed near structures. Important features of the model are
a stable approach to an equilibrium bottom configuration under steady
waves and ease of implementing boundary conditions. Without possessing
a regular approach to equilibrium, both the time scale and reliability
of model predictions would be ambiguous. Such properties were well
studied in the beach change modeling technology underlying 3DBEACH
(Kraus and Larson 1988, Hanson and Kraus 1989, Larson and Kraus 1989).
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