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A set of numerical models is developed for simulating the four stages of barrier breaching characterized by one
horizontal spatial dimension. The SBEACH model (LARSON and Kraus, 1989) is employed for the first stage of dune/
beach erosion. The Lax-Wendroff two-step explicit scheme for Stage II of overland flow is developed to simulate
initiation of ocean flood propagation on initially dry barrier islands. The development of the Preissmann implicit
scheme for water motion and a forward-time, centered-space explicit scheme for sediment motion in Stage III and IV
of storm tidal flow provide a tool to study the volume change and centroid movements of the barrier cross-section
above MLLW during various levels of storm activity.

The sensitivity studies show that most sediments are transported landward by large peak storm surge differences
between ocean and bay with shorter time lag and longer duration and transported seaward by small peak storm surge
differences with longer time lag and shorter storm duration. Grain size significantly affects the movements of the
barrier. Median grain size, D,,= 0.4mm results in maximum volume loss and barrier retreat speed in this study.

Finally, the integrated numerical model is found to produce reasonable results from the various sensitivity tests,
which reveal that the numerical model has properly responded to changes of each model parameter. Insight gained
from the one-dimensional model will be valuable in the development of a two-dimensional (depth-averaged) model.

ADDITIONAL INDEX WORDS: Dune/beach erosion, overwash, sediment transport model, tidal inlets, barrier breach.

No generally applicable, semi-theoretical models exist for
the prediction of a new tidal inlet along a barrier island coast.
This paper summarizes a recent initial step by first consid-

lie behind them. The reduced wave energy environment per-
mits the retention of cohesive sediments and grasses to sur-
vive in the tidal marsh areas. About 35 percent of the U.S.
coastline is composed of barrier island—bay systems. At
many locations, landward migration (transgression) of bar-
rier islands toward the mainland is occurring and is attrib-
uted to sea level rise (e.g. DOLAN and Lins, 1987).

Two mechanisms for landward migration are (1) rollover
due to washover events during storms; and (2) the creation
of new tidal inlets and sand trapping in the tidal deltas.
LEATHERMAN (1988) has concluded:

“Overwash is not the dominant process by which most
barriers move landward since the amount of sediments
transported by this means is too small. (New) inlet for-
mation, when tidal currents cut a channel below sea level
moves far greater quantities of sediment into a lagoon
over the long term and is the major process for barrier
migration” (p.63).

Thus new tidal inlets interrupt the longshore sediment trans-
port processes and play a major role in sediment budgets and
shoreline erosion.
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ering a one-dimensional approximation of the hydrodynamic
and sediment transport processes involved (SHIN, 1996).
Dune/beach erosion, overland flow and hydraulic (flood/ebb)
flows coupled with sediment transports that create a low pro-
file section across a barrier island are herein defined as a
breach event. A new tidal inlet is therefore defined as a breach
event such that the entire low profile section lies below the
mean lower low water (MLLW) elevation at the conclusion of
the storm. Each successive, normal flood-ebb tidal cycle will
cause water to flow through the new inlet. Whether the new
inlet remains open is a complex question in its own right and
beyond the scope of this investigation.

The objective of this study was the development of a set of
coupled, one-dimensional, numerical models of the four mod-
eling stages involved, namely: (1) storm surge, wave attack
and the dune/beach physics; (2) overwash and overland island
flow; (3) storm tidal flooding from ocean to bay; and (4) storm
tidal ebbing from bay to ocean. The models employed conser-
vation equations for wave motion, water flow, sediment
transport and resulting profile change taking place during
the four process stages involved in dune/beach erosion, dune
breach and the cutting of a new tidal inlet. These computer
models have then provided insight regarding storm energy
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levels and durations; barrier island geometry (section vol-
ume); phase lags between ocean and bay water levels, and
sediment dynamics necessary to produce a break-through
event. Knowledge has been gained to help understand why
new inlets are created at certain locations along barrier-bay
systems during major storm events.

Section 2 summarizes previous attempts at inlet prediction
and recent advances in dune/beach response modeling, over-
land flow, and sediment transport theory that have all aided
the development of the coupled models described in Section
3. The numerical modeling details are presented in Section
4. Sandbridge, Virginia is employed as a field test case and
the range of independent test variables and example results
from the numerical models are summarized in Section 5. The
barrier island cross-section volume (area per unit width)
above MLLW, its centroid location and speed of movement
are the primary dependent variables analyzed in Section 6.
Conclusions and recommendations are found in Section 7
where the obvious limitations of the one-dimensional model
are also addressed.

The next step is the development of a two-dimensional
(horizontal) model. The insight gained from the 1-D modeling
effort is proving invaluable in this regard.

STATE OF KNOWLEDGE
Prediction of New Tidal Inlets

In 1986, a conference on tidal inlets was held at the Woods
Hole Oceanographical Institute with a compendium of sci-
entific papers edited by AUBREY and WEISHAR (1988). The
editors stated in the Preface that this volume provided a
broad overview of present day tidal inlet research but failed
to address some major questions such as:

)

“why are new inlets formed . . . ?
and,

“how is climate change going to alter the hydrodynamic
balances within tidal inlets and their distribution?”

To these questions we may add a third, namely;

will global climate and sea level change increase the
number and frequency of barrier island breaches and the
cutting of new tidal inlets during major storm events?

No generally applicable empirical or semi-theoretical mod-
els exist for the prediction of a new tidal inlet along a barrier
island coast (SHIN, 1996). PIERCE (1970) qualitatively dis-
cussed the conditions under which washover fans or tidal in-
lets form. Site specific predictions of a new tidal inlet have
been made based upon historical records (e.g. GIESE, 1978) or
using a crude, minimum width-of-island approach (DoLAN,
1985). However, none incorporated the physics of coastal
storms, barrier island geometry, and sediment transports
within the general laws of mass, momentum and energy con-
servation to study the potential for island breaching and/or
new inlet formation as a break-through event.

Recent, major advances in the physical problem formula-
tion and numerical modeling of (1) dune/beach response to
coastal storm events and (2) riverine, mobile-bed and sedi-

ment dynamics have now made it possible to solve the barrier
island, break-through problem, as summarized below.

Dune/Beach Response Models

For thirty years, a number of dune/beach erosion models
have been developed using empirical, analytical and numer-
ical methods (EDELMANN, 1968, 1972; SWART, 1976; DEAN
1976, 1977; VELLINGA, 1982, 1983; MOORE, 1982; KRIEBEL
and DEAN, 1984, 1985; LARSON and KrAUS, 1989; STEETZEL,
1993). A recent study (SCHOONEES and THERON, 1995) eval-
uated ten of the most well-known cross-shore transport mod-
els on both a theoretical basis (mainly sediment transport
physics) and verification data (morphodynamic response). In
their evaluation, the model by LARSON and Kraus (1989)
called SBEACH was classified into the satisfactory group for
theory because it relies heavily on empirical data. It was also
placed in the best group category when calculated profiles
were compared with observed profile data.

As will be shown below (Section 6) the initial dune/beach
profile change prior to storm surge overtopping the dune and
overland flow across the island, is a relatively minor part of
the total breach process.

Mobile Bed Numerical Models and Sediment
Transport Formulas

It has long been recognized that the water motion celerities
are much larger in absolute magnitude than the celerity for
a disturbance at the bed (e.g., DE VRIES, 1965). This has led
to decoupling of the hydraulic and sediment equations
(CHEN, 1973; DE VRIES, 1973; PARK and JAIN, 1986, 1987).
Most applications employ the finite-difference method to first
solve for the water surface profile and then to adjust the bed
elevation using the sediment continuity equation. This is the
uncoupled mode and applicable when changes in bed eleva-
tion are very small within each time step in the numerical
integration.

Recent advances employ a fully coupled model that dis-
tinctly separates the bedload transport at relatively slow
propagation speed from the suspended load transport at es-
sentially the water velocity. (see, e.g. LyN, 1987; RAHUEL et
al., 1989; HoLLy and RAHUEL, 1990; Hsu and HoLLy, 1992;
CORREIA et al., 1992).

There is no one sediment transport formula that is valid
for all ranges of natural conditions (WHITE et al., 1973; BATH-
URST et al., 1987; VooaGT et al., 1991). CORREIA et al. (1992)
provide seven options in their model which can be selected
by the user for a given set of boundary conditions. For high
shear stresses, WiLsON (1987) and WiLsON and NNADI
(1990) have proposed modifications of the classical coeffi-
cients for transport rate and friction slope. Similar investi-
gations in the Netherlands for velocities up to 2.7 m/s and
fine sand (0.1-0.4 mm) found that the formulas of ENGELUND
and HANSEN (1967) and AcKERs and WHITE (1973) over-pre-
dicted transport rates by a considerable amount. The engi-
neering formulas of VAN RI1JN (1984 a, b, and ¢) gave the best
agreement for the high velocity cases. They have been em-
ployed in models for hyper-concentrated, sand-water
mixtures (10-50 percent sand concentration by volume) to
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simulate mixed, subcritical and supercritical flows over an
erodible bed during the closure of the Eastern Scheldt in the
Netherlands (VOOGT et al., 1991).

ONE-DIMENSIONAL MODEL FORMULATION
General Overview

Dune/beach erosion, wave overwash and hydraulic (flood/
ebb) flows can produce a relatively low profile section across
a barrier island. Figure 1(a) schematically depicts a barrier-
bay system with one existing tidal inlet. A potential new inlet
location is also indicated. Many factors determine its location.
The coastal orientation, offshore bathymetry and exposure to
storm energy are factors; the mainland topography, planform

geometry and bathymetry of the bay are factors; the barrier
width, elevation, hence cross-sectional volume are factors;
and the location of the existing inlet is a factor in that the
distance will cause lags in the storm tide amplitude and
phase between the ocean and the bay. For example, in Figure
1(a) the distance and narrow restriction in the north end of
the bay will create phase lags for both storm flooding and
storm ebbing tidal cycles. Storm ebb flows in the northern
bay may take a “path of least resistance” to turn a breach
into a new inlet at the potential location shown in Figure 1(a).
Although only a schematic, the geometry of Figure 1(a) is
similar to that present in 1933 for the new inlet formation at
Ocean City, Maryland (hurricane) and in 1987 at Nauset
Beach, Chatham, Massachusetts (northeaster).

Journal of Coastal Research, Vol. 15, No. 1, 1999
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Two simplified modes for break-through events are consid-
ered.

Localized Breach

The barrier island generally remains above the maximum
storm surge flood elevation except at localized spot(s) where
breaching occurs. The situation is depicted in Figure 1(b) for
the same barrier-bay schematic. Storm flood flows create a
mainland flooded region and the storm ebb flows return only
through the existing inlet and the local breaching location(s).
One or more new inlets may form at the end of a storm event.
Clearly, flow is concentrated through the localized breach for
the entire storm event.

Inundated Barrier

A second possibility exists if the entire barrier island gen-
erally becomes submerged below the maximum storm surge
flood elevation as depicted in Figure 1(c). The mainland flood-
ed area may be similar but now the early storm ebb flows
return across the entire barrier. Eventually the storm ebbs
only through the existing inlet and the lowest breaching lo-
cations. The return ebb flow covers the barrier until the to-
pography constricts it to the breach location(s). Again, one or
more new inlets may form.

One-Dimensional Flows

Free-surface, fluid flows dominated by one spatial dimen-
sion can be modeled as one-dimensional flows. The most com-
mon example is riverine flows where the mean cross-sectional
velocity (or volumetric flow rate) and cross-sectional area (or
water depth) are the dependent variables of interest as de-
picted in Figure 2(a). The hydraulic radius characterizes the
cross-section and approaches the water depth for “very wide”,
open channels. In this case, the one-dimensional flow can be
considered on a per unit width basis. (see, e.g. CHOw, 1957).

For the localized breach case depicted in Figure 1(b), flow
across the island is concentrated at one location and gener-
ally in one direction as schematized in Figure 2(b). Flow
depths are small relative to flow widths so that a unit width
“slice” can be considered that extends past the barrier island
into the ocean and bay. However, the flows are clearly two-
dimensional (horizontal) approaching the breach and the sed-
iment also spreads laterally in these open water regions. A
one-dimensional model could be devised assuming radial flow
sections and lateral sediment spreading in the open water
regions but was not attempted.

The inundated barrier case schematized in Figure 1(c) as-
sumes a wide cross-island flow in one dominant direction as
depicted in Figure 2(c). Flows approaching the submerged bar-
rier from the ocean (flood) and the bay (ebb) are clearly also
one-dimensional so that the unit width “slice” in open water is
still valid for the conservation of mass and momentum for the
water and conservation of mass for the sediment. The one-di-
mensional model described in this paper is valid in this case.

One Dimensional Model Formulation

The breaching process has been divided into four stages.

Stage [—Dune/Beach Erosion

Morphologic changes exhibited by beaches are on a spatial
scale of meters and on a time scale of hours for storm events.
LarsoN and Kraus (1989) employed a macroscale approach
based upon sound, empirical data to develop the beach profile
change, numerical simulation model SBEACH. The model
was first developed from a large data set of net cross-shore
sand transport rates and geomorphic change observed in
large wave tanks. It was then verified using high quality field
data. A new criterion was developed for predicting when ero-
sional or accretional conditions are present. The model uses
this criterion to calculate net sand transport rates (and di-
rection) in four subregions of the nearshore extending from
deep water to the limit of wave runup. Wave height distri-
bution is calculated across the shoreface by applying linear
wave theory up to the breaking point and then the breaker
decay model of DALLY, DEAN and DALRYMPLE (1985a and b)
in the surf zone region. Irregular, random wave breaking con-
ditions are included in an upgraded version. Changes in
beach profile are calculated from the distribution of cross-
shore sand transport rate and the equation of mass conser-
vation of sand. All sediment transport and beach profile
changes are shore normal, hence in one horizontal space di-
mension.

Stage II—Overwash/Overland Flow

Continued rising water level accompanied by irregular
wave runup will eventually create landward directed flows
across the barrier when the water levels exceed the eroded
dune crest elevation. Morphologic change is over spatial
scales of meters but now on a time scale of minutes that de-
pends on barrier width and the rate of hydrograph rise dur-
ing the storm event.

The shallow-water equations of free-surface, unsteady,
open-channel flow (DE SAINT VENANT, 1871) form the basis
of most mathematical models of riverine hydraulics. They as-
sume a hydrostatic pressure distribution and that the depen-
dent variables, velocity and water depth are continuous, dif-
ferentiable functions. However, in Stage II at certain loca-
tions due to shallow water depths and steep slopes, the ve-
locity and water depth may become discontinuous (i.e.
hydraulic jump or bore). In this case, the differential equa-
tions describing the water flow must be expressed in conser-
vation form (e.g. ABBOTT and BAsco, 1989). In vector nota-
tion they become

oV aFV) .
— +—— =GV (1)
at X
with
_ h
V = (2)
q
q
FV)=| | (3)
Q@ 1 rh?
h 2B
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0
G(V) = (4)
/A
gh — — ghS;
0x
alal
Sp = CZh® (5)
C. = 18 log 113}1 (6)

where h(x,t) is the local water depth; q(x,t) is the volumetric

flowrate per unit width; z(x,t) is the elevation of the bed ref-
erenced to an arbitrary datum; S; is the friction slope; C . is
the Chezy boundary resistance coefficient; k_ is the hydraulic
roughness of the movable bed; and g is the acceleration of
gravity.

During the extremely short time period for Stage II (gen-
erally less then 10 minutes) wave overtopping, overwash
and overland flows will generally smooth-out the pre-
storm, barrier profile landward of the dune crest. Conse-
quently, profile change is modeled as a simple diffusion
process with no advection. Stage II is to basically develop
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the initial conditions of water motion and bathymetry for
the subsequent Stage III.

Stages III and IV—Storm Tides

Continued rising water level in the ocean relative to water
level in the bay will produce water flow from ocean to bay
(flooding, Stage III). Eventually, the water elevation (level)
difference between the bay and ocean reverses so that the
water motion changes direction to become ebbing flows
(Stage IV) from bay to ocean. Water wave oscillatory motions
are considered secondary to advection dominated processes
in these stages and are neglected.

Because of the deeper water depths and flatter (smoothed)
barrier slopes, the mean flow velocity, u(x,t), found simply
from

q(x, t)
h(x, t)

ux, t) = (7)
and water depth, h(x,t) are now the dependent variables cal-
culated. The non-conservation (Eulerian) form of equations
(1)~(5) are employed and a control function introduced in the
nonlinear, advection term to handle some cases when mixed-
type flows (sub- and super-critical) occur. The technique em-
ployed is described by HAvNO and BRORSEN (1986) whereby
the nonlinear advection term in the momentum equation is
reduced (or suppressed) by a control function, CF defined as

1 — F?, F, <1
CF = (8)
0, F.>1
where;
u
F, = ——, the local Froude number

T @y

By this means it is possible to maintain a sub-critical flow
characteristic structure and data structure over the whole
domain of the solution, including sub-domains of supercritical
flow. The dominance of the resistance term for small depths
also means that suppression of the nonlinear advection term
(Fr>0) will have little effect on the results.

The water depth and velocity found from the conservation
of water mass and momentum equations are then used to
find the local sediment transport rate, q,. Transport of sedi-
ment particles by the flow of water is found as the sum of
the bed-load transport rate, q, and the suspended-load trans-
port rate, q.. The fraction of each depends on the grain size
of the bed materials and the flow conditions. The methods
developed by VAN RiuN (1984a & b) compute the bed-load
transport as the product of the saltation height, particle ve-
locity and the bed-load concentration and computes the sus-
pended-load as the depth-integration of the product of the
local concentration and flow velocity.

Predictive capabilities of the sediment transport formulas
of ENGELUND and HANSEN (1967), ACKERS and WHITE
(1973) and Van R1JN (1984b) at high velocities were inves-
tigated by VooaT et al. (1991). The method of VAN RiJN
yielded the best results when compared with field measure-
ments for high velocities in the range of 1-3 m/s and bed
materials ranging from 0.1-0.4mm. In addition, predicted

transport rates from VAN RN (1984b) were less sensitive to
the Nikuradse bed roughness, which is difficult to estimate
under tidal flows. The VAN Rign (1984b) formulas were em-
ployed for computation of the sediment transport rate in this
study.

In natural channels, sediment motion is three-dimensional.
If we assume that net deposition or erosion between two
neighboring sections is uniformly distributed longitudinally
(i.e., across the barrier) and per unit width, than the three-
dimensional nature can be simulated in a one-dimensional
model (MAHMOOD and YEVJEVICH, 1975). The 1-D, sediment
continuity equation per unit width (all lateral inflow of sed-
iment assumed zero) is:

(1 = p)ég + i(Csh) + Wy 0 (9)

at ot ax
where C, is the sediment concentration by volume; q, is the
total transport rate for combined bed- and suspended-load,
transport; and p is the porosity of bed materials. In riverine
flows, the time variation of C, is very small (MAHMOOD and
PoNCE, 1976; PONCE et al., 1979; LynN, 1987) and we shall

also neglect it here. Equation (9) becomes
1-p2i%_, (10)

at ax
and is employed to determine the corresponding variation in
bottom profile, Z(t) for storm tidal flooding (Stage III) and
ebbing (Stage IV) conditions. The separation of the model into
these two stages helps to provide insight into the physical
processes involved.

In summary, the wave, water flow and sediment processes
involved in a barrier breach are divided into four modeling
stages, namely: (1) wave attack and dune/beach physics; (2)
overwash and overland island flow; (3) storm tidal flooding
from ocean to bay; and (4) storm tidal ebbing from bay to
ocean. Conditions and equations for a one-dimensional model
are presented that require linking of the four modeling stages
and solution by numerical methods as described in the next
section.

NUMERICAL MODELS

Because of the extensive number of dune/beach numerical
models available, we simply apply the one developed by LAR-
sSON and Kraus (1989) called SBEACH for Stage 1. For the
other three stages, we have employed the finite-difference
method and developed our own numerical models of the ap-
plicable conservation equations and sediment transport for-
mulas as described below. Initial and boundary conditions
are discussed later.

Stage I—Dune /Beach Erosion

The SBEACH model consists of three modules to consecu-
tively calculate wave height distribution, net cross-shore sed-
iment transport rate and resulting profile change for each
time step.

The wave height distribution computation across the initial
profile begins at the seaward end and proceeds onshore
through a simple explicit scheme of the wave energy flux bal-

Journal of Coastal Research, Vol. 15, No. 1, 1999



248 Basco and Shin

14
g Ocean Bay
12—
10 — MLLW
g —
g Bi \
o N
pe] 4
« N
& 6-
=]
4 |
N Legend
i — Initial Profile
2l - Final Profile
0—&-—‘ [T T T T T T T T T[T T T T T1
1500 2000

L O O O I
560 1000

Distance Onshore, m

Figure 5. SBEACH Results for h,,,=5m, H

ance equation. At each time step, a check is made to deter-
mine if wave breaking has occurred, and hence if additional
energy dissipation is required in the model. Profile change is
then calculated from the explicit, finite-difference analog of
Equation (10) using the net transport rate averaged over the
lower and upper time levels.

The concept of avalanching as discussed by ALLEN (1970)
is included in a subroutine to account for transport induced
by slope failure. Dune overwash in the landward direction is

also simulated in the SBEACH model. For complete details
see LARSON and Kraus (1989) and LARSON et al. (1990).
Stage I “ends” when the water level in the rising, ocean
storm surge hydrograph exceeds the eroded dune crest ele-
vation for the next time step in the simulation. Water wave
amplitude oscillations, wave overwash and wave set-up are
neglected in this initial, simplified simulation of the physical
processes. Oscillatory wave motions are neglected in all sub-
sequent stages because water advection processes dominate.
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Stage II—Overwash/Overland Flow

The conservation forms of the water mass and momentum
equations are numerically integrated using the LAX-WEN-
DROFF (1960) two-step, explicit, finite-difference scheme. The
first step over one-half time interval, At uses the Lax (1954)
operator to solve equations (1)-(6) and find values of h and q
at staggered grid locations at the intermediate time level.
The second step employs a “leap frog” operator with the ini-
tial conditions and intermediate time step results to compute
h, q values at staggered grid locations for the next time step.
It is called “leap frog” operator because some intermediate
grid values are not employed in the computation (LAX and
WENDROFF, 1960). It is second-order accurate in truncation
errors but is also amplitude dissipative for higher wave num-
bers and therefore often used to model flows with moving
shocks and discontinuities. (RIcHTMYER and MORTON, 1967,
ABBOTT and BAsco, 1989).

The RicHTMYER (1963) version of the LAX-WENDROFF two-
step scheme employs a numerical filtering device at alter-
nating time steps to add a small amount of additional dissi-
pation. It is also used in our model to suppress nonlinear
instabilities in a controlled manner which come from the ini-
tially small water depth (h = 0.03m), base flowrate and
abrupt changes in bed profile that produce complex flow sit-
uations (i.e., hydraulic jumps and bores) at certain locations
over the computational domain.

Subcritical flows require the specification of one-point
boundary data (q or h) at each boundary for a unique solution
(ABBOTT, 1966). In this study, water depths, h are specified
as boundary conditions at both ends of the one-dimensional
model. However, the LAX-WENDROFF (1960) two-step scheme
requires specification of both q and h at the inflow boundary.
To determine the additional boundary value of ¢, the method-

of-characteristics was employed that included taking into ac-
count the local bottom slope and shear. For further details
see SHIN (1996) and ABBOTT and Basco (1989, p.229).

The LAX-WENDROFF two-step explicit scheme is numeri-
cally stable for Courant numbers less than or equal to one.
(RicHTMYER and MoRrTON 1967). This imposes a limit on the
size of the time step, At. Maximum values of q and h were
found from preliminary tests to insure that all subsequent
computations were made with At safely below the time step
limit.

Prior to the water flow calculations described above, the
bed profile was numerically “smoothed” as a simple, local dif-
fusion process with no advection. Volume was conserved
across the barrier profile. For the relatively small time re-
quired for Stage II, these calculations basically developed the
initial conditions (water motions and bottom profile) for the
subsequent Stages IIT and IV of the barrier breach model.

Complete numerical details for Stage II are in SHIN (1996).

Stages III and IV—Storm Tidal Flood and Ebb Flows

The Eulerian forms of the water conservation equations (1)
to (6) have been numerically integrated using the implicit,
compact, finite-difference algorithm called the PREISSMANN
(1961) scheme. This scheme has been extensively studied
(ABBOTT and Basco, 1989) and is routinely employed for
flood forecasts by the National Weather Service (FREAD,
1974).

Now, the water depth, h(x,t) and the mean velocity, u(x,t)
are the dependent flow variables and both calculated for all
grid points across the solution domain. The implicit, Preiss-
mann operator generates a penta-diagonal matrix that can
be reduced to tri-diagonal form for efficient solution by the
“double-sweep” solution (Thomas algorithm) technique. It
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Figure 8. Bed Elevation Changes with Centroids of the Dune above MLLW. (h,,=4.0m, h,,=3.0m, t,,,=3hr, Dy;=0.3mm).

employs a weighting coefficient for splitting all space deriv-
atives between the given and next time step level, At. If the
weighting coefficient is 0.5, the scheme is unconditionally sta-
ble with no amplitude errors for any Courant number or
Froude number. When the Courant number is one, the
scheme also has no phase errors and therefore is numerically
exact and equivalent to the method of characteristics. This
has been confirmed by a formal truncation error analysis
(HiLL, 1981) and linear stability analysis of the Preissmann
algorithm (Basco, 1977). For practical applications with bot-
tom slopes and bed shears, the weighting coefficient is usu-
ally taken as greater than 0.5 to add a slight amount of nu-
merical dissipation for the higher wave numbers. See also
LicGETT and CUNGE (1975), ABBOTT (1979), CUNGE et al.
(1980), and ABBOTT and Basco (1989) for more information
on the Preissmann scheme for numerical modeling for river
and estuary hydrodynamics.

Once the water depths and velocities at the new time level
are known, the sediment transport rates for bed- and sus-
pended-loads are computed from the formulas of VAN RN
(1984a & b). These loads are combined as the total sediment
load and then used in equation (10) to find the local bed el-
evation change, AZ for the time step, At. A simple, forward-
in-time, centered-space (FTCS) explicit, finite-difference
scheme on the same computational grid (as the water motion
calculation) is employed. Under rapidly varying flow condi-
tions, e.g. across the dune crest, wiggle instabilities of Z(x)
grow in time and eventually become unstable. To suppress
these wiggles, a numerical filter is again employed at alter-
native time steps to add a small amount of local “dissipation”,
i.e. to remove the high wave number wiggles. As discussed
below, extensive volume conservation calculations proved
that no mass was lost in the process. Time steps for the sed-
iment mass conservation equation were again limited by the

Courant condition for this FTCS, explicit scheme. However,
the celerity (unknown) of the sediment “wave” is very small
so that the time step employed for the water motion compu-
tation governs.

These numerical methods are employed for both Stages I11
(flooding) and Stage IV (ebbing) conditions. Separation is
only for insite into the directions of sediment transports and
barrier volume changes that result.

Initial and Boundary Conditions

Initial water depths over the computational domain are
calculated from the initial beach and bay bathymetric data
and topographic map of the barrier elevations relative to an
arbitrary datum. To make all water depths positive, the ar-
bitrary datum is taken below the seaward depth where no
further sediment transport is anticipate. This is typically the
“closure depth” employed in most sediment budgets of the
coast (HALLERMEIER, 1981).

The key ocean and bay boundary conditions are the storm
surge hydrographs. For this study we employ synthetic hur-
ricane storm hydrographs that are analytically described as
inverse, squared, hyperbolic functions; namely:

For Ocean

1 T
h,(t) = d, + h,,, + > Az, (1)
osh? 2m(t — T/2) t=0
T
For Bay
1 iy
h,(t) = d, + hy, + Az, (12)
2wt — v — T/2) t=0
osh? B
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Figure 9. Bed Elevation Changes in Stage III/IV. (h,,=4.5m, h,,=4.0m, t,,=1hr, D,;=0.3mm).

where d, and d, are the initial ocean and bay boundary water
depths defined below the design stillwater level (DSWL); h,(t)
and hy(t) are the water depths at the ocean and bay bound-
aries, respectively; h . and h,, are the peak ocean and bay
storm surge heights respectively; T is the duration of the
storm and 7 is the lag time between peak storm surges in the
ocean and bay. In addition,Az, and Az are the bed level dif-
ferences calculated each time step, At that may occur at the
ocean and bay boundaries, respectively. Hence, water depths
are adjusted from the cumulative bed level differences for
both boundaries.

The key variables are h,,, h,, and 7. Figure 3 is an example
showing a 24 hour storm surge hydrograph for both ocean
(solid) and bay (dotted) with a 3 hour time lag. During Stage
I1I, flooding occurs due to the positive hydraulic head differ-
ence, Ah from ocean to bay. At about 15 hours, Stage IV,
ebbing begins due to the negative head differential. Stages I
and II (not shown) begin at zero time and when the ocean
storm surge elevation exceeds the eroded, dune crest eleva-
tion, respectively. Note that the maximum head differential
between ocean and bay producing the largest velocities and
sediment transports depends upon all three independent
variables, h,, h,, and 7.

For the sediment continuity equation, we employ New-
mann type (gradient) boundary conditions at both bound-
aries. The boundary condition can naturally adjust to any
small quantities of sediment reaching the boundary. Tests
with Dirichet type (constant value) boundary conditions were
made and these produced numerical oscillations at the
boundaries.

bm

NUMERICAL MODEL TEST RESULTS
Test Case—Sandbridge, Virginia

At distorted scales, Figure 4(a) taken from actual field
measurements at Sandbridge, Virginia, depicts a typical bar-
rier island profile. The barrier section width, w is about 300m

Table 1. Summary of representative storm surge levels, wave heights and
periods.

Return

Period

in Year 100 350 500 800 1,000
h,., m 3.0 3.5 4.0 4.5 5.0
H..;; o 5.08 5.20 5.32 5.45 5.54

T, see 14.31 14.54 14.78 15.01 15.25

and elevation of the dune crest, D, is 2.07m above mean sea
level (MSL). The barrier section volume, V above mean lower
low water (MLLW) tidal datum must be spread laterally in
both directions for a breaching event. At undistorted scales,
Figure 4(b) presents a true perspective of the relatively thin
barrier volume involved.

Figure 4(a) also serves as a definition sketch. An arbitrary
datum is chosen as zero elevation so that the ocean boundary
water depth is greater than the “closure depth” for wave sed-
iment transport at this location (HALLERMEIER, 1981). The
MLLW designation is from the NOS tide tables. Storm surge
levels are related to NGVD (1972 adj.) and the City of Vir-
ginia Beach (Sandbridge subdivision) vertical datum is
NGVD (1929) which is labeled MSL.

Range of Test Variables Employed

Numerical simulations have been conducted for various
cases depending on the (1) ocean and bay peak storm-surge
levels (3.0-5.0m); (2) various time lags (0-6hr) between max-
imum ocean and bay storm-surge elevations; (3) sediment
median diameters (0.1-1.0mm), and (4) storm durations (12~
48hr). Five different storm-surge levels were selected from
available probability of exceedance curves (U.S. ArRmy 1989)
with related wave heights taken from annual, cumulative
wave height distribution curves for this region (LEFFLER et
al., 1993). Wave periods were computed using the assumption
that the local wave steepness (H, /L) is constant for all
waves, where L is the local wave period. The number of vari-
ables derived for each energy level is shown in Table 1.

Example of Test Results

Consider as an example, the case for h,,, = 5m, H 6 =
5.54m, T, = 15.25s, 0.3mm sediment, zero time lag and a 24
hr duration storm. A simulation result is shown in Figures 5
for the initial (solid) and final (dotted) profiles. Figure 6 pre-
sents the same results for the barrier island cross-section at
an expanded (zoomed) scale.

For Stage I, no wave action is represented in the bay so
that no sediment transport takes place there. The simulation
time for Stage II is about ten minutes and can be extended
depending on the stability condition of the numerical scheme
under given storm surge levels. A space step of ten meters
and time step of four seconds were chosen for Stages III and
IV. The simulation stops when the flow depth becomes small-
er than an initial, base flow depth of approximately 0.03m at
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Figure 10. Bed Elevation Changes in Stage III/IV (h,,=4.5m, h,, =4.0m, t,,=2hr, D;;=0.3mm).

the eroded dune crest. This prevents numerical instability for
a zero depth flow condition.

Figure 7 displays intermediate time step results (t = 0,
1000, 3000, etc. time step) with the barrier island movement
shown by the centroid positions (black dots) above MLLW.
These example results are for a different set of variables (h,,,
= 4m, h,,, = 3m, t,,,= 1 hour) and Figure 8 shows the effects
of a longer, 3 hr time lag on the results. Again, Figures 7 and
8 are plotted at a highly distorted scale (1:125). These same
results (initial and final profiles) are also presented as Fig-
ures 9 and 10, respectively for a 1:25 distortion. In one case
(Figure 9, 1 hr lag) the flattened dune is found on the Bay
side of the barrier whereas in the second case (Figure 10, 3
hr lag) the final profile shows a large sand volume seaward
of the original dune position. Model sensitivity tests for var-
ious time lags, sand diameters and storm durations were con-
ducted, as described below.

Figure 11 is an example of how the water depth (dotted)
and water velocity (solid) vary with time for one fixed location
at the top (crest) of the initial dune profile. Positive velocity
is flooding conditions from ocean to bay. Maximum water ve-
locities are near the location for largest gradients in water

depth. The ratio of suspended sediment to total sediment
transport rates, q/q, is shown in Figure 12 for a represen-
tative test case. Around 5000 time step, the flow reverses
(flood to ebb) so that the zero water flow rate also produces
zero sediment transport. The bed-load accounts for roughly
two-thirds of the total sediment transport.

Finally, as an example, Figure 13 displays the total sedi-
ment transport rate, q, calculated at the dune crest (initial
position) as a function of time for several time lags. Clearly,
the longer time lags between maximum ocean and bay storm-
surge elevations produce greater magnitudes in both the pos-
itive (flooding) and negative (ebbing) flow conditions.

Volume Conservation Tests

It is a desirable property that the solution of the finite-
difference equation for sediment transport satisfy the overall
mass-balance equation. Let V; be the total volume of an ini-
tial barrier island and ocean/bay profile, and V(t) be the cal-
culated profile volume from the numerical model at time lev-
el, t. Then the cumulative volume change, AV, in percent is
defined as:

6.0
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Figure 11. Water Depth and Velocity Variation at the Initial Top of the Dune. (h,,=4.0m, h,,=3.0m, t,,,=3hr, D;;=0.3mm and At=4sec).
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S - V)

AV
¢ \

X 100 (13)

where S(t) is the total volume of bottom profile above the
datum over the computational domain at time level t and
calculated from

dsit) 1

T —q,(t, jj) — q.(t, D]

(14)
(1 —p)

with porosity, p, and sediment transport rates at the left-
hand side, q, (t, 1) and right-hand side, q (t, jj) boundaries.

The range of cumulative volume change from numerical
errors was on the order of + 0.01-0.02 percent for all the
tested combination of variables discussed below. The total
volume loss over the computational domain was mainly the
losses at both boundaries and the volume loss from numerical
errors was considered negligible for these tests.
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Figure 14. Volume Changes above MLLW for Five Different Storm Surge Levels. (t,,,=3hr, D;,;=0.3mm and T=24hr).

ANALYSIS AND DISCUSSION OF TEST RESULTS

The following independent variables were found to be the
key parameters for barrier island change during storm
events.

® storm surge level at ocean and bay;

® time lag between maximum storm surge levels;
® sediment grain size; and

® storm duration.

The numerical model calculates the profile elevation, Z (x,t)
for all grid points and time steps in the numerical simulation.
To aid and simplify the analysis, the barrier island volume
above MLLW is calculated along with the centroid position
of this volume for each time step. And then, the barrier island
(or dune) retreat speed can be found from the time rate of
movement of the centroid position. Barrier island volume
change above MLLW and retreat speed then become the key
dependent variables that give a relatively simple, yet mean-
ingful way to interpret the modeled results.

Storm Surge Level

Storm surge level is one of the most significant factors in
determining profile change and barrier retreat rate. The peak
surge level difference between ocean and bay determines the
flow magnitude and direction over the whole computational
domain.

The relative volume changes above MLLW for five different
storm surge levels (h,,=h,,,) are shown in Figure 14 with the
remaining variables held constant ( t,,,=3.0hr, D;;=0.3mm
and T=24hr). It is clear that higher storm surge levels more
rapidly increase the barrier volume erosion rate. At time step
3000, the relative volume change at lower storm level
(h,,,=h,,=3.0m) is about 0.62 but only 0.24 when h,, = h,

bm

o

= 5.0m. This is further clarified in Figure 15 which shows
the fastest dune retreat speeds (=0.05m/sec) comes from the
highest storm surge levels. Note that the dune retreat speeds
level-off in time.

For different storm-surge levels (stage) between ocean and
bay (constant time lag) it is generally found that the largest
stage difference produces the largest volume change and fast-
est dune retreat rate.

Time Lag

The time lag in maximum storm surge levels between
ocean and bay produces the hydraulic gradients that deter-
mine the flow direction. Time lags from zero to six hour were
tested in the model. The maximum, six hour time lag is ap-
proximately equivalent to the time difference between high
and low gravitational tide levels in the study area.

Figure 16 shows relative volume change (solid line, left
axis) and dune retreat speed (dotted line, right axis) for seven
different time lags at 1 hr increments. The barrier volume
moves landward toward the bay about 400 to 500m for the
shorter time lags (0.0-2.0hr) with significant erosion, but the
barrier volumes remains above MLLW at the end of the sim-
ulations. However, for the longer time lags (3.0-6.0hr) the
barrier volume is completely eroded below MLLW and a
breach event occurs for the case shown (h,, = 4m, h,, = 3m,
D,, = 0.3mm, T = 24 hr). Eroded materials are transported
by the water flows and deposited in the bay for shorter time
lags (0-2.0 hr) and in the ocean for longer time lag (3—-6 hr)
simulations.

Sediment Grain Size

The six different grain sizes are investigated ranging from
D,, = 0.1mm up to 1.0mm. Grain size is one model parameter
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that was found to significantly affect the movement of the
centroid of the barrier volume. Figure 17 shows the relative
volume change (solid line, left axis) and retreat speed (dotted
line, right axis) for the range of median sand diameters test-
ed. The smallest grain size, D, = 0.1mm resulted in the least
volume change and minimum retreat speed, which is perhaps
intuitively opposite to what is expected. A middle range val-
ue, D;;=0.4mm give the fastest volume loss and maximum

retreat speed. Larger particle size up to Dy, = 1.0mm then
showed a slower volume loss and retreat rate, as expected.
A possible explanation for these trends can be found by
closer examination of the sediment transport formulas em-
ployed (VAN R1JN, 1984a , b). He assumed that the sediment
transport rate can be described sufficiently accurately by two
dimensionless parameters, a dimensionless particle parame-
ter, D¥ and a transport stage parameter, T. The T-parameter
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Figure 16. Volume Changes and Dune Retreat Speeds above MLLW for Various Time Lags at t=3000. (h,,=4.0m, h,,=3.0m, D,,=0.3mm and T =24hr).
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expresses the mobility of the particles in terms of the “stage”
of movement relative to the critical stage for initiation of mo-
tion as described by the Shields curve. On the Shields curve
(Van R1JN, 1984a), the minimum critical bed-shear velocity,
which generally gives maximum sediment transport, occurs
at D;y=0.4~0.5mm. The curve for volume change generally
follows the Shields curve in a similar manner, so that these
sensitivity tests of the numerical model for sand diameters
can be considered to produce reasonable results.

Storm Duration

The water flow characteristics are strongly affected by the
shape of the storm surge hydrograph. Peak surge level and
storm duration control the hydrograph shapes modeled by
equations (11) and (12). For a constant peak surge level,
shorter storm durations produce more rapid changes in flow
depth and velocity than longer duration storms. This is dem-
onstrated in Figures 18 for relative volume change, V(t)/V..

V(t)/Vins
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Figure 18. Volume Changes above MLLW for Various Storm Durations. (h,,,=4.0m, h,,,=3.0m, t,,,=3.0hr and D;,=0.3mm).
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At the 3000 time step level, the longest duration storm tested
(48 hr) produced about 0.6 relative change whereas only 0.2
of the initial volume remained for the shortest duration event
(12 hr) tested. Figure 19 for retreat speed also shows that the
shortest duration storm events produced the highest dune
retreat speed of about 0.06 m/sec.

Barrier volumes above MLLW were completely eroded dur-
ing these simulations in all cases (note t,,, = 3 hr). A shorter
duration storm moves sediment to the ocean side and the
longer duration storm distributes eroded sediment into the
bay area. In the longer duration events, there are no distinct
sediment flows from bay to ocean due to the relatively milder
water flow characteristics. Because the hydraulic gradients
between the ocean and bay in the shorter duration storms is
much greater than over the longer duration, faster retreat
speed and strong ebbing flows are created during the shorter
duration storm events.

Volume Changes During Four Modeling Stages

Finally, the relative volume change, V(t)/V, for all four
modeling stages covering almost 16 hours of simulation are
shown in Figure 20 for a 24 hour storm event. (h,, = 4.0m,
h,,, = 3.0m, t,,, = 3 hr, D;, = 0.3mm). In the SBEACH model
(Stage 1) for wave attack of the dunes, no significant volume
loss above MLLW is shown because eroded volume from the
dune crest is redistributed close to the foreshore and over-
washed behind the dune crest. The maximum volume loss in
percentage among all simulations during Stage 1 was 0.69
percent of initial barrier volume above MLLW. (Note that a
considerable volume loss to the subaerial beach volume may
occur during Stage I but that relative to the entire barrier
island volume, this “loss” to the subaqueous beach profile is
extremely small).

Stage II produces zero volume change. Almost all of the
eroded barrier volume above MLLW comes from Stages III
and IV due to the storm tidal flows across the island and
subsequent sediment transports to the profile below MLLW
on both the bay and ocean sides of the island. Wave action is
not responsible for the breaching of barrier islands.

CONCLUSIONS AND RECOMMENDATIONS
Conclusions

We have been able to successfully link together four differ-
ent numerical codes to simulate the combined effects of water
wave attack followed by overland and tidal flows and sedi-
ment movements across a one-dimensional, barrier beach.
Three of the models were newly developed for this study us-
ing finite-difference approximations of the conservation laws
for open channel flow and sediment transport. One, existing
model (SBEACH) was employed for initial stages of dune and
beach erosion due to wave attack at elevated water level
events. This initial stage proved to be of relative minor im-
portance for a breach event so that very similar results would
probably have been found using any one of many available
models for stage one. The accuracy of the linked numerical
models was examined through volume conservation tests and
it was concluded that the combined models produced very
little numerical error.

The relative volume change, centroid position and barrier
retreat speed provide simple, yet meaningful indicators for
the modeled results. For the range of physical parameters
considered, we can draw the following conclusions from the
numerical model tests.

(1) Peak surge level difference between ocean and bay bound-
aries regulates flow conditions and directions. Large hy-
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Figure 20. Volume Changes above MLLW in Each Stage for 24 Hours Storm Duration. (h,,=4.0m, h,,,=3.0m, t,,,=3.0hr and D;,=0.3mm).

(3

(4

(6)

draulic stage differences produce greater volume loss
(above MLLW) and faster barrier retreat speed.

Smaller time lags (< 2 hours) transport eroded sediments
to the bay while larger time lags (>3 hours) carry eroded
sediments into the ocean. Since most open barrier-bay
systems (i.e. segmented barrier islands with many exist-
ing tidal inlets) have short time lags, eroded sediments
are mainly transported to the bay side of the system. The
actual time lag depends on the barrier breaching mode
(inundated or localized, Figure 2), the distance from the
existing to potential breach location and other factors.
The one-dimensional model only gives some insight in
this regard.

Median grain size of 0.4mm produced maximum volume
loss and retreat speed. Grain size was one model param-
eter that significantly influenced movement of the barrier
centroid.

Shorter duration storms produce strong ebbing flows and
faster barrier retreat speeds because of stronger stage
(head) gradients in time than longer duration storm
events.

In general, most sediments are transported landward
into the bay by large peak storm surge differences with
short time lags and longer duration storm events. And
conversely, seaward sediment transport of barrier mate-
rials occurs for smaller peak storm surge differences with
longer time lags and shorter storm durations.

The numerical model for barrier island change has re-
sponded properly to each model variable and therefore we
conclude that the model can produce reasonable, quali-
tative results, within the obvious limitations of the one-
dimensional assumption.

RECOMMENDATIONS

Based on our experience with the one dimensional model,

we offer the following recommendations.

(1

(2

(5

) The bed form (ripples, bed dunes, etc.) influence on the
boundary resistance term in the momentum equation for
water flow in Stages III/IV should be investigated to de-
termine the relative magnitude of change produced when
compared to these plane bed results.

) Other geometric sections characterized by barrier width
at MLLW, dune crest elevation(s), dune base width(s),
etc., i.e. other barrier island initial volumes should be
studied.

) Field data (bathymetry, topography, oceanographic, etc.)
should be found for a breaching site and a calibration
attempted. The case considered should be close to one-
dimensional, if possible.

(4) A depth-averaged, two-dimensional (horizontal) model for

combined water motion and sediment transport should be
developed. Both the local breaching and inundated
breaching models (Figure 2) should be investigated.
) Laboratory and field experimental data for the short term
breach growth (width) should be incorporated in the de-
velopment of the 2D model for the local breaching mode.
The 2D model should be calibrated and verified with field
data of breaching events for barrier islands.
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