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FOREWORD
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PREFACE

1. The Corps of Engineers, through its Civil Works Program, has sponsored,
over the past 23 years, research into the behavior and characteristics of tidal
inlets. The Corps' interest in tidal inlet research stems from its responsibil-
ities for navigation, beach erosion prevention and control, and flood control.
Tasked with the creation and maintenance of navigable U.S. waterways, the Corps
dredges millions of cubic yards of material each year from tidal inlets that
connect the ocean with bays, estuaries, and lagoons. Design and construction
of navigation improvements to existing tidal inlets are an important part of
the work of many Corps' offices. In some cases, design and construction of new
inlets are required. Development of information concerning the hydraulic char-
acteristics of inlets is important not only for navigation and inlet stability,
but also because inlets, by allowing for the ingress of storm surges and egress
of flood waters, play an important role in the flushing of bays and lagoons.

2. A research program, the General Investigation of Tidal Inlets (GITI),
was developed to provide quantitative data for use in design of inlets and
inlet improvements. It is designed to meet the following objectives:

To determine the effects of wave action, tidal flow, and related
phenomena on inlet stability and on the hydraulic, geometric,
and sedimentary characteristics of tidal inlets; to develop the
knowledge necessary to design effective navigation improvements,
new inlets, and sand transfer systems at existing tidal inlets;
to evaluate the water transfer and flushing capability of tidal
inlets; and to define the processes controlling inlet stability.

3. The GITI is divided into three major study areas: (a) inlet classifica-
tion, (b) inlet hydraulics, and (c) inlet dynamics.

a. Inlet Classification. The objectives of the inlet classification
study are to classify inlets according to their geometry, hydraulics, and sta-
bility, and to determine the relationships that exist among the geometric and
dynamic characteristics and the environmental factors that control these char-
acteristics. The classification study keeps the general investigation closely
related to real inlets and produces an important inlet data base useful in
documenting the characteristics of inlets.

b. Inlet Hydraulics. The objectives of the inlet hydraulics study are
to defiCne tide-generated flow regime and water level fluctuations in the vi-
cinity of coastal inlets and to develop techniques for predicting these phe-
nomena. The inlet hydraulics study is divided into these areas: (1) idealized
inlet model study, (2) evaluation of state-of-the-art physical and numerical
models, and (3) prototype inlet hydraulics.

(1) The Idealized Inlet Model. The objectives of this model study
are to determine the effect of inlet configurations and structures on discharge,
head loss, and velocity distribution for a number of realistic inlet shapes and
tide conditions. An initial set of tests in a trapezoidal inlet was conducted
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between 1967 and 1970. However, in order that subsequent inlet models are more
representative of real inlets, a number of "idealized" models representing var-
ious inlet morphological classes are being developed and tested. The effects
of jetties and wave action on the hydraulics are included in the-study.

(2) Evaluation of State-of-the-Art Modeling Techniques. The ob-
jectives of this part of the inlet hydraulics study are to Aetermine the use-
fulness and reliability of existing physical and numerical modeling techniques
in predicting the hydraulic characteristics of inlet-bay systems, and to deter-
mine whether simple tests, performed rapidly and economically, are useful in
the evaluation of proposed inlet improvements. Masonboro Inlet, North Carolina,
was selected as the prototype inlet which would be used along with hydraulic
and numerical models in the evaluation of existing techniques. In September
1969 a complete set of hydraulic and bathymetric data was collected at Mason-
boro Inlet. Construction of the fixed-bed physical model was initiated in 1969,
and extensive tests have been performed since then. In addition, three existing
numerical models were applied to predict the inlet's hydraulics. Extensive
field data were collected at Masonboro Inlet in August 1974 for use in evalu-
ating the capabilities of the physical .vid numerical models.

(3) Prototype Inlet Hydraulics. Field studies at a number of in-
lets are providing information on prototype inlet-bay tidal hydraulic relation-
ships and the effects of friction, waves, tides, and inlet morphology on these
relationships.

c. Inlet Dynamics. The basic objective of the inlet dynamics study is
to investigate the interactions of tidal flow, inlet configuration, and wave
action at tidal inlets as a guide to improvement of inlet channels and nearby
shore protection works. The study is subdivided into four specific areas:
(1) model materials evaluation, (2) movable-bed modeling evaluation, (3) re-
analysis of a previous inlet model study, and (4) prototype inlet studies.

(1) Model Materials Evaluation. This evaluation was initiated in
1969 to provide data on the response of movable-bed model materials to waves
and flow to allow selection of the optimum bed materials for inlet models.

(2) Movable-Bed Model Evaluation. The objectives of this study
is to evaluate the state-of-the-art of modeling techniques, in this case
movable-bed inlet modeling. Since, in many cases, movable-bed modeling is the
only tool available for predicting the response of an inlet to improvements,
the capabilities and limitations of these models must be established.

(3) Reanalysis of an Earlier Inlet Model Study. In 1957, a report
entitled, "Preliminary Report: Laboratory Study of the Effect of an Uncon-
trolled Inlet on the Adjacent Beaches," was published by the Beach Erosion
Board (now CERC). A reanalysis of the original data is being performed to aid
in planning of additional GITI efforts.

(4) Prototype Dynamics. Field and office studies of a number
of inlets are providing information on the effects of physical forces and
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artificial improvements on inlet morphology. Of particular importance are

studies to define the mechanisms of natural sand bypassing at inlets, the re-
sponse of inlet navigation channels to dredging and natural forces, and the
effects of inlets on adjacent beaches.

4. This report discusses the inlet hydraulics of the GITI research pro-
gram, specifically the evaluation of state-of-the-art modeling techniques.
Reports by Harris and Bodine (1977), Masch, Brandes, and Reagan (1977), Sager
and Seabergh (1977), and Seelig, Harris, and Herchenroder (1977) in the GITI
series discussed the calibration of a physical model and several numerical
models of Masonboro Inlet, North Carolina, for the inlet's condition in Sep-
tember 1969. This report presents a comparison of the predictions of the
physical model, the two-dimensional numerical model of Masch, Brandes, and
Reagan (1977), and the spatially integrated numerical model of Seelig, Harris,
and Herchenroder (1977) with a set of prototype data for the condition of

Masonboro Inlet in July 1974.
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (Si) UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to
metric (SI) units as follows:

Multiply by To obtain

inches 25.4 millimeters

2.54 centimeters
square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters

feet 30.48 centimeters

0.3048 meters
square feet 0.0929 square meters
cubic feet 0.0283 cubic meters

yards 0.9144 meters
square yards 0.83b square meters
cubic yards 0.7646 cubic meters

miles 1.6093 kilometers
square miles 259.0 hectares

knots 1.852 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 x 10- 3  kilograms per square centimeter

ounces 28.35 grams

pounds 453.6 grams
0.4536 kilograms

ton, long 1.0160 metric tons

ton, short 0.9072 metric tons

degrees (angle) 0.01745 radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins I

'To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C - (5/9) (F -32).

To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15.
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EVALUATION OF PHYSICAL AND NUMERICAL HYDRAUI.IC
MODELS, MASONBORO INLET, NORTH CAROLINA

1. INTRODUCTION

1. Background and Purpose of Study.

The value of physical models in studying coastal hydraulic problems has
long been recognized and now numerical models offer a desirable alternative in

certain cases. One of the major study areas in the General Investigation of
Tidal Inlets (GITI) research program includes evaluating the effectiveness of
state-of-the-art numerical and physical models in predicting the hydraulic
characteristics of inlet-bay systems. At the time this study was conceived a
fixed-bed physical model of Masonboro Inlet, North Carolina, was being planned
at the U.S. Army Engineer Waterways Experiment Station (WES). A request for
proposals (bids) was initiated upon th- suggestion of the Coastal Engineering
Research Board (CERB) to obtain a numerical model of the same inlet.

Masch, Brandes, and Reagan (1977) and Chen and Hembree (1977) developed two
numerical (two-dimensional) models which solve the vertically integrated equa-
tions of fluid motion and continuity. These models predict vertically averaged
velocities and water elevations. A lumped-parameter model, developed by Huval

anc Wintergerst (1977), predicts the inlet mean velocity and average bay tidal
elevation time histories. Harris and Bodine (1977) compared the predictive
capability of these numerical models with that of the physical model for the
condition of the inlet in September 1969. A spatially integrated numerical
model, developed by Seelig, Harris, and Herchenroder (1977), predicts mean 1ilet
velocities and average bay levels. This report discusses the predictive capa-

bility of the spatially integrated model and one of the two-dimensional numeri-
cal models as compared to prototype and physical model data. It should be notec
that other numerical models have been applied to Masonboro Inlet (e.g., Amein,
1975 and Butler, 1978); however, the present study was limited to an investi-
gation of models applied to Masonboro Inlet as part of the GITI program.

2. Study Area.

Features of the inlet-bay system at Masonboro Inlet, North Carolina (Fig.
1), as it existed during 1969 include a weir jetty on the north shore at
Wrightsville Beach, a large shoal on the south side of the main channel oppo-

site the jetty, interior mudflats that are extensively flooded during a tidal
cycle, and channels leading several miles along the coast on the bay side of
the inlet which connect to other inlets north and south of Masonboro Inlet.
The weir crest extends to mean sea level (MSL) allowing sand transport and
flow over the crest during half of the tidal cycle. Sager and Seabergh (1977a)
discuss the history of Masonboro Inlet and provide photos of the inlet from

1945 to 1966.

3. Prototype Data Collection.

Prototype data sets, collected in September 1969 and July 1974, consisted

of bathymetric surveys, water surface elevations and velocities at selected
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Figure 1. Prototype gage locations at Masonboro
Inlet, North Carolina, 1969.

cross sections, and temperature and salinity measurements. General wind and
ocean wave conditions were =Iso observed.

Figure 1 shows the locations of the five ranges, three stations within each
range, where velocity measurements were made in 1969; stations are labeled S, C,
and N for south, center, and north, and W, C, and E for west, center, and east.
At each of these stations velocities were recorded at the surface, middepth
(when practicable), and bottom. Thus, a maximum of nine velocity readings were
taken at any range at any one time. Readings were not taken simultaneously
since only one boat and one velocity gage were used per range. The locations
of the seven tide gages are also shown in Figure 1.

During the 1974 prototype data collection effort, two additional velocity
ranges, labeled 41 and 51 were included in the survey (Fig. 2). A tidal height
gage was added at range 51 but no gage was installed in the Intracoastal Water-
way as in 1969. The ocean gage was also moved to Crystal Pier, 2 miles (3.2
kilometers) nearer the inlet. The ocean tide level during the 1974 study pe-
riod averaged 0.3 foot (9 centimeters) lower with a range of 0.25 foot (8 centi-
meters) greater than the tide observed for the 1969 study. A comparison of the
ocean tide records used in the 1969 and 1974 model studies is shown in Figure
3. The major bathymetric changes which occurred between the two conditions
were (a) reorientation of the channel and ebb tidal delta just seaward of the
inlet throat, (b) seaward growth of the ebb tidal delta, and (c) deepening of
some interior channels due to dredging. bathymetric changes which occurred
near the inlet are shown in Figure 4.
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Figure 4. Bathymetric changes at Masonboro Inlet, showing the 1969

and 1974 high water (HI) and low water (IW) levels.

4. Model Development.

In evaluating the models it is necessary to distinguish between the two
procedural steps used in developing a model for engineering use--calibration

and verification. Harris and Bodine (1977) give the following definitions of

these terms:

(a) Calibration--The process where a hydraulic model is checked
with prototype data and systematically adjusted to reproduce the

water level and current data from corresponding prototype driving

forces.

(b) Verification--The process where independent prototype data
(data not used in calibration) are used to verify that a calibrated
hydraulic model produces satisfactory results.

Calibration is needed to compensate for approximations made in constructing
the model and to obtain the proper amount of frictional dissipation by
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adjusting model roughness. Verification is needed to independently check that
the adjustments made were physically reasonable and not purely artificial. It
might be possible to adjust the model in a variety of ways in order to force
the model results to fit the prototype calibration data. The greater the
amount of prototype data made available to the modeler, the greater the chance
he has of choosing the calibration adjustments which best simulate the proto-
type. In this study, the 1969 survey data were used to calibrate the models
and the 1974 data were used to verify them.

Since one of the two-dimensional numerical models was not acceptably *cali-
brated (Chen and Hembree, 1977), it was not run for the 1974 verification con-
dition. The other two-dimensional model (Marsh, Brandes, and Reagan, 1977) is
the only two-dimensional model discussed further in this report. The lumped-
parameter model was acceptably calibrated, but because of discrepancies between
the equations actually solved and those obtained by rigorous development (Harris
and Bodine, 1977), it too was not run for the 1974 verification condition. The
spatially integrated model of Seelig, Harris, and Herchenroder (1977) was de-
veloped after Harris and Bodine's (1977) comparison of model calibrations.
Because of its relative ease of use, the model's calibration and verification
are also discussed in this report.

5. Summary of Results.

This study demonstrates that accuracies comparable to that of a distorted-
scale physical model can be obtained by a two-dimensional, vertically inte-
grated numerical model in predicting water levels and vertically averaged
velocities for a typical tidal inlet. The spatially integrated model (Seelig,
Harris, and Herchenroder, 1977) is also seen to be an effective tool for pre-
dicting inlet mean velocities. The spatially integrated model is easy to
apply and considerably cheaper to operate than physical or two-dimensional
numerical models, but generally cannot provide as much detail or accuracy as
those models.

II. PHYSICAL MODEL

1. Construction and Operation.

The fixed-bed physical model was constructed at WES to scales of 1:300
horizontally and 1:60 vertically (Fig. 5). Froude number similarity governed
the scaling of dynamic variables. In order to include the entire tidal prism
in the allotted shelter space, an artificial bending of bay areas north and
south of the inlet and a schematization of distant areas of the bay were nec-
essary. Because the model was distorted (i.e., horizontal and vertical scales
were not identical), several types of materials were used to provide proper
flow resistance to roughness. Raked concrete, stucco, and metal strips were
used to generate turbulent frictional losses and mixing; the metal strips
could be flattened or raised during calibration to vary model roughness. Water
levels were measured using tidal stage transmitters and drum recorders. Ve-
locities were measured using miniature cup meters. A tide generator was used
to impose water levels along the model ocean boundary. Two 20-foot-wide (6
meter) monochromatic wave generators were used to simulate observed wave con-
ditions. Since negligible variation in density of the prototype water was
observed, freshwater was used in the model. Additional details on the model
construction and operation are provided in Sager and Seabergh (1977b).
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2. Calibration.

Since the initial calibration of the model resulted in lower than observed
velocities, several adjustments were made to the model. Tidal flows were sub-
sequently increased by enlarging the bay area. Additional control of velocities
was achieved by adding and adjusting roughness elemenLs. A decrease in high
water elevations was corrected by increasing the ocean high tide 0.2 foot (6
centimeters) prototype scale; a lip was inserted in the bay to restrict flow

(see Fig. 5). The model was then considered to be sufficiently calibrated.
Typical examples of the calibration achieved for water levels and velocities at
tide gage 2 and velocity range 2C are shown in Figures 6 and 7, respectively.

Additional tests were made in the physical model using waves. Since de-
tailed measurements of prototype wave conditions were not made, these tests did

not contribute to the calibration of the model. However, these tests did indi-
cate that waves have an important effect on the tidal flow, and that future

field and model studies should take waves, if present, into account. Waves 3
feet (0.9 meter) high with a 7-second period prototype scale were used. The
wave directions chosen were representative of those most frequently occurring
in summer and winter. The introduction of waves resulted in a general increase
in bay tide elevations. Properly scaled waves in a distorted-scale physical
model can simulate the interaction between the waves and the mean current
through radiation stress (Harris and Bodine, 1977). Refraction patterns can be
reproduced; however, diffraction scale effects will exist and need to be ana-
lyzed to determine if they are significant. Scale distortion effects in re-
flection and bottom friction must also be analyzed and compensated for if
either is shown to be significant. Complete similitude of the surface wave

field cannot be achieved in a distorted-scale physical model nor in a
undistorted-scale physical or numerical model. Scale effects should be ana-

lyzed and the resulting modification of the wave field estimated.
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3. Verification.

The physical model was remodeled to the 1974 condition with the friction
strips kept in the same orientation as determined from calibration. It was
assumed that the frictional characteristics of the two conditions were similar.
The model was operated using the observed ocean tide for the verification con-
dition. Typical results for the prediction of tides and currents are shown in
Figures 8 and 9. The detailed predictions of the model and corresponding pro-
totype data are given in the Appendix.

As in the calibration runs, waves were subsequently introduced into the
model. For the verification condition, prototype waves 1.3 feet (0.4 meter)
high with a period of 7 seconds were observed breaking at an angle of S. 25'E.
at a pier 2.3 miles (3.7 kilometers) north of the inlet. Waves in the model
caused a slight general increase in bay water levels; a similar observation
was made during calibration. For both tidal elevations and velocities during
verification, waves did not significantly change the overall accuracy of model
predictions, except at the throat velocity range where predictions improved
with waves. Seabergh and Mason (1975) attributed this lack of effect to small
wave heights and decreased depths over the ebb tidal delta. However, improve-
ment in the agreement of physical model dye streak patterns occurred when wind
waves were included in comparison to the nonwave conditions. Detailed statis-
tics summarizing model agreement for calibration and verification are presented
in Section V of this report.

Ill. TWO-DIMENSIONAL NUMERICAL MODEL

i. Theory and Operation.

The two-dimensional numerical model used in this study was developed and
calibrated by Masch, Brandes, and Reagan (1977) under contract to the U.S. Army
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Figure 8. Observed and predicted tides at gage 2 on 25 July 1974.
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Figure 9. Observed and predicted velocities for Masonboro
Inlet at range 2, station C on 25 July 1974.

Coastal Engineering Research Center (CERC). The model is an extension of the
storm surge model of Reid and Bodine (1968). It uses a time-centered explicit
finite-difference scheme to solve the equations of fluid motion and continuity
for water elevations and horizontal transports at selected points. Major as-
sumptions used in developing the model equations are that the fluid is well
mixed, the vertical pressure distribution is nearly hydrostatic, and vertical
accelerations of the fluid can be neglected. Model features include simulation
of alternate flooding and recession of water over mudflats during a tidal cycle,
flow over exposed and sumberged barriers, and spatial variation of Manning's
friction coefficient. Other effects modeled include Coriolis acceleration, wind
stress, and advection of momentum. The model can be driven at boundaries by
either specification of nonsinusoidal tides or flow across the boundaries. The
vertically averaged velocities are then easily obtained by dividing the nagni-
tude of the horizontal tranbport ner unit widtb by the total depth at the
desired location.

To reduce computer costs, the flow simulation was performed in two steps.
The first simulation was a coarse grid model which encompassed a 2.6- by 3.5-
mile (4.2 by 5.6 kilometer) area at a spatial resolution of 1,200 feet (366
meters) as shown in Figure 10. The explicit stability criteria for this reso-
lution required a computational time step of 20 seconds. The model was driven
by water level variations specified along ocean and channel boundaries.
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Figure 10. Areal extent of coarse grid, Masonboro
Inlet, North Carolina (Masch, Brandes,
and Reagan, 1977).

The second simulation was a fine grid model which encompassed a 1.6- by
1.8-mile (2.6 by 2.9 kilometers) area within the area modeled by the first
simulation. The spatial resolution of 300 feet (91 meters) used in this
model, illustrated in Figure 11, required a time step of 5 seconds for stable
computations. The fine grid model was driven by flows retained in the coarse
grid model along the coimnon boundary between the two models. Velocity pre-
dictions were taken from the fine grid model. This approach allowed resolu-

tion of flows of interest without modeling the entire study area at the smaller
space and time increments. The increase in speed and the decrease in cost per
operation of computers in recent years make this approach less desirable be-
cause of the lack of interaction of the models and the increased data hanling
involved. In 1971, when this study was initiated, the approach taken was con-I
sidered an attractive means for obtaining sufficiently accurate results at low
cost. Additional details of the model including listings and documentation
are provided in Masch, Brandes, and Reagan (1977).

2. Calibration.

The coarse grid model did not simulate the entire area containing the tidal
prism as was done in the physical model. Instead, water level time histories
were applied to channels where flow continued beyond model boundaries. The
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Figure 11. Fine grid configuration used to describe September
1969 conditions (Masch, Brandes, and Reagan, 1977).

procedure of developing the proper tides at these boundaries is somewhat empiri-
cal since adjustments of the amplitudes and phases of these boundary tides are
part of the calibration process.

The initial values of bottom friction and barrier discharge coefficients
were based on empirical data and formulas and on the modeler's experience with
similar study areas. Final values were determined by trial-and-error adjust-
ments between model runs to obtain the closest agreement practical between model
predictions and prototype data. A constant wind stress in space and time was
also included to model the effect of a 4-knot (7.4 kilometer) wind from the
northeast.

Typical calibration results for water levels and vertically averaged ve-
locities predicted by the two-dimensional numerical model are shown in Figures
6 and 7. Detailed presentation of the calibration results can be found in
Masch, Brandes, and Reagan (1977) and Harris and Bodine (1977).

3. Verification.

Several changes were necessary to prepare the numerical model for the veri-
fication runs. Bathymetry and boundary geometry were modified based on the
1974 prototype survey and dredging records. Bottom friction coefficients were
revised using a depth-dependent relation,

n = 0.0377 + 0.000667 L, 9 : -4 feet MSL

n - 0.0550 + 0.005 9, -4 . 9 1 0 foot MSL

n = 0.0550 + 0.005 9, 9 > 0 foot MSL
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suggested by Masch, Brandes, and Reagan (1977) in their calibration of the
Masonboro Inlet model. The tidal forcing boundary conditions at bay channels
for the coarse grid model were obtained by modifying the ocean tide given for
the new condition in phase and amplitude as determined from calibration. Sub-
merged and overtopped barrier coefficients were left unchanged. Typical veri-
fication results are shown in Figures 8 and 9. The appendix gives the detaile(
predictions for the model as well as the corresponding prototype data for tide:
and currents.

IV. SPATIALLY INTEGRATED NUMERICAL MODEL

1. Theory and Operation.

The spatially integrated numerical model, developed by Seelig, Harris,
and Herchenroder (1977), is a simple numerical model that solves the area-
averaged momentum equation for the inlet and the continuity equation for the
inlet-bay system. Major assumptions of the model include: (a) the bay water
surface remains horizontal as it varies in elevation over a tidal cycle; (b)
storage of water in the inlet is negligible compared to that in the bay; and
(c) wind stress, radiation stress, and Coriolis acceleration can be neglected.
A flow net, such as that shown in Figure 12, is constructed through which the
model assumes the flow is confined between the ocean and bay. The depth data,
friction coefficients, and the flow net determine a first-order differential
equation which is solved for the mean velocity in the inlet minimum cross sec-
tion by a Runge-Kutta-Gill technique. Flow is distributed throughout the flow
net so that friction is minimized in each channel. The model predicts the
time-dependent bay level, inlet discharge, and mean velocity in the minimum
cross section. Additional details about the model and its application are pro-
vided in Seelig, Harris, and Herchenroder (1977), and Seelig and Sorensen
(1977).

Cross Section, -

S "-L BAY
SEA I 4 ~ --- :j-

A\" / p Surfoce Areo:Ab ,  .

LAND

Figure 12. Spatially integrated numerical model typical inlet
flow net (Seelig, 1977).
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2. Calibration.

The flow net constructed for Masonboro Inlet consisted of four channels and
seven cross sections (see Fig. 13). Although the prototype bay area was not
well defined, it was estimated by dividing the measured tidal prism by the mean
bay tidal range ot gages 3, 4, and 5 shown in Figure 13. This gave a surface
area of 1., x 108 square feet (1.7 x 107 square meters) MSL. A linear increase
in bay area of 3.6 - 107 square feet per foot (3.3 x 106 square meters per
meter) increase in bay level, used to '-odel flooding of tidal mudflats, was es-
timated from hydrographic charts. Manning's bottom friction coefficients were
assigned using the depth-dependent relation used by Masch, Brandes, and Reagan
(1977) in their calibration of the two-dimensional numerical model. Results
of the model calibration are shown in Figures 14 and 15.
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Figure 13. Spatially integrated model grid system for Masonboro

Inlet, 1969 (Seelig, Harris, and Herchenroder, lq77).
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Figure 14. Masonboro Inlet hydraulics, predicted 12 September 1969
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Harris, and Ierchenroder, 1977).
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numerical model (Seelig, Harris, and Herchenroder, 1977).
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3. Verification.

The procedures used for modifying the spatially integrated model to the

new condition were similar to those followed for the two-dimensional numerical
model. Bathymetry and geometry changes were incorporated into a revised flow
net. The flow net was redrawn to increase the width of the grid channel which
included the ebb tidal delta. This widenipg was required to keep streamlines
within the grid channel as much as possible since the ebb tidal delta had
grown between the 1969 and 1974 conditions.

New Manning's n bottom friction coefficients were assigned based on
Masch, Brandes, and Reagan's (1977) relation. The bay area was assumed to vary
with bay level in the same manner as for the calibration condition. The model
was then driven by the new ocean tide. The verification predictions for the
average bay level response and mean velocity are shown in Figures 16 and 17,
respectively.

5

J 0 00
3 0 \0 /

2 
0\ 0 / 0*, / 0

0 / Pototyp

o *.. ~ .. -0 SpohOily Inteqroted
Madel

--- Oceon T-de
-I

0100 0300 0500 0700 0900 1100 1300
e.d.t. (hr)

Figure 16. Prototype and spatially integrated model prediction of
the mean bay level in Masonboro Inlet on 25 July 1974.
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V. COMPARISON OF MODEL RESULTS

I. Comparison Statistics.

The following statistics, suggested by Harris and Bodine (1977) and
Seabergh and Mason (1975), were useful in comparing the models:

The root-mean-square error, rmst.,

rms. = 
2- X)

and the average absolute error, .

= g2 ,Y - x

where Y is the model value, X the prototype value, and N the
number of values compared.

The rms error was used to compare model and prototype records of velocity and
water levels in time; the average error was used to compare model and prototype
extreme values of all gages collectively. The extreme values correspond to
high and low water levels and peak flood and ebb velocities.

The rms error is a commonly used statistic, but for small numbers of points

it gives more weight to large errors. The average absolute error was preferred
for comparing extreme value errors because it weighs each error equally in the
average. When large numbers of points are involved, there is generally no
appreciable difference in the two statistics.

The prototype and model extreme values compared did not , -essa- coin-
cide in time if there was a lag in the response of the mo,'. compared to the
prototype. It is assumed here that these statistics are sufficient to evalu-
ate overall model accuracy even though the statistics provide no separation
of errors due to amplitude and phase differences between model and prototype.

2. Comparison of Mean Inlet Velocities and Average Bay Levels.

a. Calibration. Spatial arithmetic average of instantaneous bay water
levels were first calculated for the prototype, the physical model, and the
two-dimensional numerical model in order to make comparisons with the spatially
integrated model. Simple averages of velocities in the minimum cross section
of the prototype and the physical model were also made to obtain mean veloci-
ties. Mean velocities in the two-dimensional numerical model were calculated
from the total horizontal transport through the model cross section.

The physical and two-dimensional models produced almost identical calibra-
tion results for average bay levels (Table 1). The spatially integrated model
overpredicted the bay range by 8 percent, causing the bay range to be nearly

equal to the ocean tidal range. This did not occur in the prototype, the phys-
ical model, or the two-dimensional numerical model.

26



Table 1. Comparison of calibration average bay level data.
Prototype Physical 2-D numerical Spatially inte- Ocean

model model grated model tide
(tt, MLW) (ft, MLW) (ft, MLW) (ft, ML) (ft, _MLV)

High water 4.42 4.31 4.30 4.3 4.43

Low water 0.66 0.59 0.57 0.2 0.28

Tidal range 3.76 3.72 3.73 4.1 4.15

ms 0.18 0.10 0.34

The rms error for the spatially integrated model was also higher. Al-
though predicting slightly different peak i.c-n velocities, as shown in Table
2, the physical and two-dimensional numerical models were equally well cali-
trated overall for mean velocities as indicated by close values of rms .
The spatially integrated model reproduced peak mean velocities better than
the other models but the overall calibration was questionable. However, the
accuracy of the data and the averaging techniques used may make differences
in velocity rms: on the order of 0.1 to 0.2 foot (3 to 6 centimeters) per
second statistically insignificant.

Table 2. Comparison of calibration inlet mean velocity_ data.-
Prototype Physical 2-D numerical Spatially inte-

model model grated model
(ft/s) (ft/s) (ft/s) (ft/s)

Pea flood 3.04 3.72 2.94

PItak ebb 3.58 3.27 3.08 3.3

rms' 0.30 0.34 0.52

b. Verification. The two-dimensional numerical model produced the best
o)verall verificatitn predictions of average bay levels (Table 3). This mode'
predicted the most reliable high water level and the bay tidal range. The
physical model had an rms error slightly smaller than the two-dimensional
numerical modkel but the error was not significant. The spatially integrated
model again overestimated the bay level tidal range and had the largest rms
error for predictinn of average hay levels. The significance of the rms
error ditierence is uncertain because of the variability in the estimate of
prototype aveyape bay levels. Predictions of the low water bay elevation
were about equil for all models.

lable {. ~i'mpar ison of verification average bay level data.
T1 s r. s aJ -Imodel 2-T) numerical Spatially inte- Ocean

AI%,,t w.es With wavesR model grated model tide
It_ __ _t, MI.W) (ft' MI'W. (ft, MLW) (ft. MiW) (ft, MLW)

IERh water .96 3. 72 3.72 3.92 4.07 4.17

LJw water (, 0; 0,24 0,28 0.23 0.09 0.22

Tidal range 1.89 3.48 3.44 3.69 4.16 4.39

rmst 0.27 0.30 0.30 0.42

27



The spatially integrated model produced the best overall verification pre-
dictions for inlet mean velocities (Table 4). The physical model predicted
the most reliable peak ebb velocity but the model's rms error was signifi-
cantly larger than that of the spatially integrated model. The two-dimensional

numerical model predictions for peak velocities were significantly less than
the prototype values. This model's rms error was also significantly larger
than that of the spatially integrated model but smaller than that of the phys-
ical model. It is interesting to note that both the rms errors for water
level and velocity predictions from the spatially integrated model did not
increase significantly from their values for the calibration conditions.

Table 4. Comparison of verification mean velocity data.

Prototype Physical model 2-D numerical Spatially inte-

Without waves With waves model grated model

(ft/s) (ft/s) (ft/s) (ft/s) (ft/s)

Peak flood 4.19 3.84 3.74 3.39 4.11

Peak ebb 4.26 3.90 3.87 3.09 3.79

rmsA 1.16 1.02 0.80 0.54

The statistics in Tables 3 and 4 summarize the effect of modeling waves in
the physical model. The inclusion of waves in the model improved the high
water elevations at three gages by 0.1 foot, produced no change at two gages,
and decreased the reliability of the predicted elevation by 0.1 foot at one

gage. Low water elevations were improved at one gage by 0.1 foo*, less re-
liable at two other gages, and were unchanged at the remaining gages. Ve-
locities were consistently improved only at the inlet throat when waves were
included.

3. Comparison of Two-Dimensional Numerical Model and Physical Model.

a. Calibration. Harris and Bodine (1977) compared the calibration data
for the physical and two-dimensional numerical model and concluded that
neither of the models appeared significantly superior to the other for re-
producing tides at all tidal stations. Also they found that each model re-
produced velocities equally well within the accuracy of the limited data used
in their analysis. They cautioned that the models may not have been optimally
calibrated; therefore, significant differences may have appeared if this had
been done. The calibration statistics summarized in Table 5 are composite
values based on all predictions of water levels and velocities at all gages

and ranges.

Table 5. Comparison summary of calibration data.

Physical 2-D numerical
model model

High water T17-(ft) 0.13 0.15

Low water SAI(ft) 0.11 0.11

Tidal range HI(ft) 0.13 0.15

Water level rmsA (ft) 0.21 0.21

Peak flood AI(ft/s) 0.40 0.38

Peak ebb AI(ft/s) 0.44 0.66

Velocity rmsA(ft/s) 0.49 0.50
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b. Verification. Tables 6 to 9 list verificatic, btat- ;tics of the models
for predicting water levels. Although the two-dimens -al itimerical model gave
significantly better predictions of high water levels 1 idal ranges, the
overall rms errors for the models were nearly equal.

Table 6. Comparison of verification h-
water level data.

Gage Prototype Physical model 2-D n merical
Without waves With waves model

(ft, MLW) (ft, MLW) (ft, MLW) (ft, ML.,

1 4.30 4.1 4.2 4.04

2 4.00 3.7 3.7 3.99

3 4.01 3.8 3.8 3.95

4 3.87 3.6 3.7 4.00

5 3.93 3.7 3.7 3.83

51 4.00 3.8 3.7 3.97

7A 0.24 0.22 0.10

Table 7. Comparison of verification low
water level data.

Gage Prototype Physical model 2-D numerical

Without waves With waves model

(ft, MLW) (ft, MLW) (ft, MLW) (ft, KLW)

1 0.04 -0.1i 0.1 -0.10

2 0.10 0.2 0.3 0.19

3 0.08 0.3 0.3 0.28

4 0.02 0.2 0.3 0.21

5 0.12 0.3 0.3 0.29

51 0.05 0.2 0.2 0.09

IA!, 0.16 0.18 0.14

Table 8. Comparison of verification tidal

range data.

Gage Prototype Physical model 2-D numerical
Without waves With waves model

(ft) (ft) (ft) (ft)

1 4.26 4.2 4.1 4.14

2 3.90 3.5 3.4 3.80

3 3.93 3.5 3.5 3.67

4 3.85 3.4 3.4 3.79

5 3.81 3.4 3.4 3.54

5! 3.95 3.6 3.5 3.88

IAI 0.35 0.40 0.15
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'aKt)lu 9. Comparison of verit icatiun water

level root-mean-square errors.
Gage Physical model 2-D numerical

Without waves With waves model
(ft) (ft) (ft)

1 0.25 0.19 0.25

2 0.33 0.36 0.29

3 0.29 0.27 0.44

4 0.30 0.34 0.27

5 0.26 0.30 0.42

51 0.24 0.26 0.15

Total 0.28 0.29 0.32

Tables 10; 11, and 12 list verification statistics for vertically averaged
velo it (e,. The physical viodel oredictions were slightly better than the nu-
merical model ior peak flood velocities and significantly better for peak ebb
vel oc it les. }lowever, tihe numerical model had a lower overall rms error for
V'loc it ieS.

,d Ic 11). Comparison of verification pead,
flood velocity data.

,aa, p?,ro t Pe Phvsical model 2-D nuterical
Without waves With waveb model

ftls) (ft/si
1}: 2. < .8 1.00 2.13

. 0 .. 1.77
<  

) 2-3 2.32 1.48

.O5 3.70 .23

" 3 .,

4W 1.77 1.60 1.85 1.08

41E 1,44 1.36 1.13 1 .bt

41C 2.53 2.33 2.27 1.,9

4. 1.99 2.47 2.33 1.11

5E 1.83 2.90 2.53 1.78
5C 1.90 2.50 2.50 1.86

5W 1.40 2.10 2.10 1.92

51E 1.93 2.43 2.29 .'6

51C 1.99 2.30 2.34

51W 1.91 1.95 1.95 1.46

0.48 0.48 0.59
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Out of six gages the physical model high water elevations lagged the
prototype by 0.5 hour at one gage and 1.0 hour at another gage. For the same
two gages, the two-dimensional numerical model lagged the prototype by 1.0
hour and at two additional gages it lagged by 0.5 and 0.75 hour. For low water
elevations, both the physical and two-dimensional numerical models lagged the
prototype by 0.5 hour at fuur gages. This indicates either there was corre-
spondingly more friction in the two models or the bay area in the models was
correspondingly greater than that in the prototype or possibly a combination

of the two.

Peak ebb current tended to lag in the physical model an average of about
0.5 hour behind the prototype. However, peak flood current tended to occur
0.5 hour ahead of the prototype. The two-dimensional numerical model tended
to lead the prototype slightly in predicting both peak ebb and flood currents.
There was significant scatter in the phase differences from which the above
trends were extracted. For example, the physical model lagged the prototype
by about 2 hours at 3 out of 27 stations in predicting peak ebb velocities.
The physical model also led the prototype by 2 hours at one station in pre-
dicting the peak flood velocity. The two-dimensional numerical model was no
more than 1 hour out of phase with the prototype in predicting the peak ebb
velocity at any station, but at one gage the model lagged the prototype by
1.5 hours in predicting peak flood velocity.

The difference in rms errors between the models is probably not overly
significant due to inaccuracies in the data and in the approximations made by
using simple vertical averages of surface, middepth, and bottom velocities to
make comparisons (surface and bottom velocities were actually recorded'l foot
away from those boundaries). A decrease in accuracy of velocity measurements
also resulted from considerable fluctuations which were present in the pro-
totype measurements. The survey procedure was only designed to reduce meter
error by averaging six velocity measurements t'ken close together in time.
The resulting accuracy of the mean was about ::" percent primarily due to the
velocity fluctuations. Because of this limited accuracy, differences in rms
error between models on the order of 0.1 to 0.2 foot per second are not statis-
tically significant.

As mentioned earlier, the introduction of waves in the physical model
caused little overall change in model velocities or water levels. Consequently,
the overall accuracy of model predictions was essentially unchanged, as docu-
mented in Tables 6 to 12.

VI. SUMMARY AND CONCLUSIONS

Two numerical models and a physical model were calibrated to the condition
of Masonboro Inlet, North Carolina, for September 1969. In comparing calibra-
tions, it was found that the two-dimensional numerical model and the physical
model reproduced prototype water elevations and vertically averaged velocities
equally well. The introduction of waves in the physical model had little
effect on the conditions modeled. The spatially integrated model was not as
well calibrated overall in reproducing prototype average bay levels and inlet
mean velocities as were the other models. However, this model reproduced the
peak ebb and flood velocities more reliably. The higher rms errors for the
spatially integrated model may be due either to the simplifications made in
the model or to a less than optimum choice of flow net or Manning's friction
coefficients.
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The models were subsequently modified to incorporate changes which occurred
in bathymetry between 1969 calibration and 1974 verification conditions. Over-
all, the physical model and the two-dimensional numerical model predicted water
levels equally well, although the latter model did better in predicting tidal
ranges and extreme water levels. This is somewhat surprising considering the
crude method used to obtain channel boundary conditions in the two-dimensional
numerical model. The spatially integrated thodel again had the highest rms
errors for the prediction of water levels. Verification mean velocities in the
inlet were predicted significantly better by the spatially integrated model than
by the other two models. The rms error of the spatially integrated model for
velocities changed little from calibration to verification; a significant in-
crease was shown by the physical and two-dimensional numerical models. The
modeling of waves in the physical model had little effect in changing the accu-
racy of model predictions either for the calibration or verification predic-
tions. Because of the large fluctuation of prototype velocities sampled at any
time, the limited data collected, and also the approximations employed in com-
paring data from dissimilar sources, differences in velocity rms errors less
than U.2 foot per second were not deemed statistically significant. It is with-
in this limited accuracy that the physical model and the two-dimensional numer-
ical model were judged to be comparable.

The changes in bathymetry and subsequent change in flow patterns between
1969 and 1974 conditions were probably not as dramatic a change as that which
occurs, for instance, between the flow patterns before and after a jetty is
constructed. In that respect, the prediction of the 1974 hydraulic response
was not the most difficult test that could have been devised for the models.
Further studies of this type should address problems like the aforementioned
one which is of considerable engineering interest. The large memory capacity
and computational speed of present-day supercomputers allow a greater resolu-
tion of flows than was deemed practical when the computer runs used in the
study were made. It is the author's opinion that the two-dimensional model
results could be improved by modeling the entire effective bay area at a
smaller resolution than the 300 feet used in this study. The dual model ap-
proach employed by Masch, Brandes, and Reagan (1977) is outdated because of
the improvement in computer technology. Also, the physical model results
may have been improved by constructing the model in a larger facility to re-
produce a larger ocean area, decrease the distortion factor, and eliminate
the need to schematize the estuary area to such a large degree. The state-
of-the-art in physical and numerical modeling has improved substantially
since these studies were initiated.

Cost is an important factor in engineering design, so the costs quoted for
the model studies by Harris and Bodine (1977) are repeated below (Table 13)
with additional costs that are incurred in actual application to field cases.
Since the lumped-parameter model is similar in ease of operation and cost (but
not always as accurate) as the spatially integrated model, and the cost figure
was readily available, it is given instead of that for the spatially integrated
model.

The cost of prototype data acquisition can often be the major cost of a
model application. To achieve a given degree of accuracy the amount and the
cost of data are independent of the model chosen (assuming the model is general
enough to take advantage of detailed prototype survey data). Consequently,
when the total costs of a study are considered, the cost differences between
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- - _Table 13. Costs of model studies.
Numericl or Bathvmetrip isqust iona1
phvsical model sur'.v anal i s . !
onstruT Ltjon and !,rototvpe data

application

Lumped-parameter model 5,UUU S 30,000- IU0,OOL $uc,00- 300 000
(Huval and Wlntergerst, 1977)

Two-dimensional numerical model $4b,0 5 000-1 ,UUOU TL 000-JOL. Oi, ,
(Masch, brandes. and Reagan, 1977)

Fixed-bed physical model 5225.UOu 3( ,0O-iO,OOO SbLOU- 3%,OI
(Sager and Seabergh, 1977)

Some tI the data in the upper 1 imit ot tthi cost e t IMa'tt, are not 'USt 1!ld,
&onsiderIng the simplist i representation 0! inlets ;and estuaTi es made hv the
lump-parameter and spatially integrated models.

models may be of minor importance. In preliminary planning studies where
little or no prototype data are available, the spatially integrated or two-
dimensional numerical models would be appropriate.

Cost should not be the only determining factor, however, since physical
models are more suitable for certain studies than currently available nu-
merical models and visa versa. Rapid improvements are being made in both
physical and numerical modeling technology.
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range 5, station C.

6 1 1 1 1 1 I

5 -Rang. 5 Station W 25 July 1974

4

0 -+

LEEN

Prototype Phytcol Model
w- Stirface
-4 --- 4 Middepth

O--0 Bottom
+ NumitriCoI Model

0100 0300 0500 0700 0900 1100 1300
e.d.t. ( hr)
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