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2

PREFACE

This is the Proceedings of the first Two-Dimensional Flow Modeling
Seminar sponsored by the Corps of Engineers. The seminar was held at the
Hydrologic Engineering Center in Davis, California on 7, 8, 9 July 1981. The
seminar also served as an experiment to evaluate the merits for possible
future national meetings on multidimensional flow modeling.

The objectives of the seminar were: (1) to bring together developers,
users, and potential users of two-dimensional mathematical models to develop
a continuing dialogue zoncerning applications experience, problem
identification, research goals, model evaluation, operational problems and
model limitations; (2) to make researchers working in the areas of riverine
and flood plain simulation aware of recent advances in coastal and estuarine
modeling; and, (3) to examine mechanisms for transferring technology to field
offices and field needs to research programs.

The seminar emphasized two-dimensional homogeneous flows in the
horizontal plane such as occur in rivers and well-mixed bays and estuaries.
Papers focused on model application, features, performance and utility rather
than recent research advances. Participants included representatives from
several Corps of Engineers District and Division offices, along with
representatives from several other federal agencies such as the Tennessee
VYalley Authority and the U.S. Geological Survey, and a few private
engineering companies.

Selection of participants was a difficult task. We regret that we could not
include more and wish to thank everyone who helped to make the seminar a
success. As a pilot seminar, it successfully provided scientists and
engineers with a forum for reviewing the state of the art in multidimensional
flow modeling and for sharing jdeas and experiences in the application of
different kinds of two-dimensional flow models. Special appreciation is due
to the distinguished engineers who accepted our invitation to deliver
lectures and Tead discussions.

Please note that a few of the papers were submitted too late to be
included in this proceedings. All of the papers included herein have been
reproduced directly from material submitted by the authors, who are solely
responsible for their content. Following each paper is a brief section which
presents questions, answers and discussion of the paper that had been
presented.
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Robert P. Shubinski, a speaker and participant during the Two-Dimensional
Flow Modeling Seminar, died in the Air Florida plane crash in Washington,
D.C., on January 13, 1982. Dr. Shubinski, 46, was a Vice President and
Eastern Regional Manager for the Water Resources Division of Camp Dresser &
McKee. Originally from Dallas, Texas, ODr. Shubinski 1ived 1in Northern
\rl‘irginiihwith his wife, Eleanor, and two daughters, Barbara and Carol, until
is death.

Dr. Shubinski has been a pioneer in water resources engineering and a
respected leader in the engineering community. After receiving B.A., B.S.,
and M.S. degrees in civil engineering while in Texas, he completed his Ph.D.
in civil engineering at the University of California at Berkeley in 1965.
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EXECUTIVE SUMMARY
by

The Hydrologic Engineering Center

Increasing demands for flood control, hydroelectric power, navigation,
water supply, and aquatic recreation facilities have made the management of
our nation's waterways a complex and difficult task. Management decisions
are often predicated on the combined hydrodynamic and envirommental
characteristics of rivers, reservoirs, and estuaries. The goal to maintain
the most desirable features of water resources projects has focused on the
need for a clearer understanding within the engineering community of existing
methods for predicting hydrodynamic and water quality characteristics of
rivers, lakes, and estuaries.

The Office of the Chief, U.S. Army Corps of Engineers, Washington, D.C.,
and the Hydrologic Engineering Center (HEC), Davis, California, coordinated
and conducted a three-day seminar on two-dimensional mathematical flow
modeling. It was held in Davis, California, on 7, 8, 9 July 1981 at the
Hydrologic Engineering Center. The seminar provided a forum for evaluating
a?d predicting the characteristics of two-dimensional flows in the horizontal
plane.

Papers and discussions emphasized model applications, features,
performance and utility rather than recent research advances. Participants
inctuded representatives from several Corps of Engineers District and
Division Offices, along with other federal agencies and a few private
engineering companies and universities.

Presentations and open discussions of a wide variety of two-dimensional
modeling methods were made. Often, comparisons were made between the merits
and features of one- versus two-dimensional models. It was generally agreed
that one-dimensional modeling had definite advantages as far as being less
costly and requiring less initial information or data to perform an
application. However, it was concluded by all that there are many situations
where one-dimensional methods are inadequate and that the more detailed
two-dimensional methods should be employed. Depending on the detail required
and on the individual complexity of certain flow problems, it was thought
that perhaps even three-dimensional methods may be required. Few fully
three-dimensional models exist, and it was agreed that these methods will
need much more development and verification before they can be considered as
practical tools.

Two-dimensional flow modeling has advanced considerably within the last
decade in part due to tremendous improvements that continue to occur in the
computer industry. Computers are faster, capable of handling larger amounts
of information, and are becoming more economical to operate. Therefore,
two-dimensional methods of analyzing hydraulic problems are now feasible for
problems that require greater detail and sophistication than a
one-dimensional approach can provide.




Every complex flow problem will have some unique characteristics;
however, current two-dimensional models have become sufficiently perfected
and documented that even difficult flow situations can be adequately
evaluated. Seminar discussions indicated that the central need now is for
more "applications testing” of the various models. The more the models are
used the better they will become. This was true several years ago with the
first one-dimensional codes. Today, such codes as HEC-2 have become a
standard procedure for conducting certain hydraulic evaluations. As
two-dimensional codes improve, and as people begin to use them more
frequently, people will become increasingly confident of the capabilities and
benefits that multidimensional methods can provide.

Tuo-dimensional flow models have been applied to a wide variety of
hydrodynamic and water quality problems. The papers presented during this
seminar exemplify that wide variety of applications experience. River
forecasting and flood routing problems were addressed by Bodine, Fread,
Gurule and Narum. Applications to storm surge and coastal circulation
problems were discussed by Butler, Chen and Hubertz. Cheng, Edinger, King,
Leendertse, Shubinski, Teeter, and Walters discussed a multiplicity of
problems, applications and methods for evaluating estuarial circulation and
water quality problems. Waldrop and Gee presented several examples of river
and reservoir situations where two-dimensional modeling methods proved to be
beneficial. Larock discussed the 1latest methods for representing fully
turbulent two-dimensional flows which necessitate additional model
specialization. A variety of problems and applications experienced by the
Corps of Engineers was discussed by Butler, Drummond, Gee, Gurule, Harrison
and MacArthur.

During the seminar, finite difference, finite element, 1link-node, and
characteristic methods of solution were discussed with respect to their
overall practicality and economy. Many case studies and practical
applications to engineering field projects were presented. Speakers and
guests were encouraged to discuss the content of each paper with respect to
its potential benefit to the engineering community. These discussions have
been summarized and are included after each paper in the proceedings.
Collectively, the papers represent a comprehensive report on the current
state-of-the-technology of two-dimensional flow modeling.

One of the most important points emphasized during the seminar was that
current multidimensional models require users with specialized training and
experience in hydrodynamics and mathematical modeling. Users should always
be cautious with their results and not accept computed solutions just because
"the program ran." This "magic box trap" can cause difficulties even for
experienced users if they are not careful to check their results with theory
and observed data. As more users aobtain the experience necessary to use
these tools, the better the tools will become. Improved model documentation,
enhanced diagnostics within the codes, and computer-aided graphical display
capabilities are all essential areas where more work needs to be done in
order to make two-dimensional modeling methods more practical for generalized
engineering applications.




With all of these important issues in mind, the Hydrologic Engineering
Center and the Corps of Engineers will continue to encourage improvement of
two-dimensional modeling methods. Technology transfer through seminars such
as this will help to improve our current capabilities to serve the
engineering community in the areas of complex flow hydraulics and water
quality management.

The Steering Committee
The Hydrologic Engineering Center
Davis, California
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TWO-DIMENSIONAL FLOW MODELING FOR THE CORPS OF ENGINEERS

by
Ming T. Tseng!

Hydrologic and hydraulic analyses are of paramount importance in the
planning, design and operation of water resources projects. These analyses
are needed to assure functional adequacy of the project, determine economic
effects, prescribe operational requirements and provide bases for assessing
potential project impacts. The quality and accuracy of hydrologic and
hydraulic analyses can govern the project feasibility and engineering design
to a great extent.

The most common hydraulic parameters of interest to engineers are the
temporal and spatial distribution of depth and velocity of various
discharges. Methods for determining these parameters vary considerably
depending on the complexity of the flow pattern, time and budget limitations,
data availability, application of results, available equipment, etc. General
practice within the Corps has been to use one-dimensional steady state
algorithms for fluvial streams and two-dimensional unsteady state models for
lakes, reservoirs and coastal projects.

The diversity of Corps projects provides engineers with a wide range of
challenging hydrodynamic problems. Problems such as flood routing in rivers,
flood plain hydraulics, urban storm drainage, circulation in lakes and
reservoirs, tidal hydraulics in estuaries and near seas, coastal storm surges
and river and delta potomology must be dealt with. While all of these are
basically three-dimensional flow problems, some of them may be approximated
adequately either by one-dimensional or two-dimensional mathematical models.
Heretofore, most Corps offices have used one-dimensional models to analyze
their flow problems because of the Tack of dependable and affordable multi-
dimensional tools.

Among the one-dimensional models, HEC-2 has been used predominantly by
Corps offices. Although HEC-2 is a one-dimensional steady state model, it
has yielded satisfactory results for project analysis and assessment of flood
risks for the Federal Insurance Administration in most fluvial streams. Like
any numerical model, HEC-2 has certain applicational Timitations that must be
observed by model users. For example, flood flows over wide flood plains
without readily identifiable flow paths, which are prevalent along coastal
plains are neither one-dimensional nor steady state. The application of
one-dimensional models to simulate such flow conditions 1is obviously
difficult and generally inadequate. Other cases where one-dimensional models
do not apply are flow patterns around locks and dams, confluence of streams,
flow around islands, and flows over alluvial fans.

'Systems Modeling, Water Control/Quality Section, Office of the Chief
of Engineers, Washington, D.C.
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Lately a number of Corps offices have applied one-dimensional flow models
to analyze flood control projects having complex flow characteristics. Some
of these analyses showed unrealistic results in delineating flood plain
boundaries of various flow frequencies. The use of this information for
economic analysis could have serious impact on project justification.
Discussions with engineers in field offices indicated that they are either
unaware of the existence of two-dimensional models or hesitate to use such
models due to difficulty of model verification and costs. With the recent
advance in two-dimensional modeling techniques, such concern should obviously
be diminished.

More definite OCE guidance on 2-D modeling is needed. Hopefully, this
seminar will help us develop useful guidance for Corps field offices. As
most of us realize, the state-of-the-art in 2-D modeling has progressed
rapidly in coastal and estuarine applications. Within the Corps, both WES
and CERC have developed 2-D flow modeling capabilities to study storm surges
in the open seas and embayments. WES and HEC are also engaged in reservoir
water quality modeling. HEC has been active in Finite Element 2-D modeling.
He shall see some of the impressive capabilities of these models during this
seminar.

Despite the proven capabilities of 2-D models in coastal applications,
there has been only 1limited application of 2-D techniques to riverine
studies. It would be beneficial for our coastal modelers to establish a
dialogue with our riverine modelers. Contributions from outside the Corps
are extremely important, of course. The sharing of ideas and techniques is
the first purpose of this seminar. The second purpose is to provide the
Corps field offices with an opportunity to express their problems and needs
and to become informed on the state-of-the-art in 2-D modeling.

It should be noted that OCE has no intention of replacing the existing
one-dimensional flow models by 2-D flow models. Corps offices are
continuously encouraged to use the approved, category A, one-dimensional flow
models for planning, design, and operation of Corps projects, and for other
purposes, as long as the limitations of these models are observed. However,
when hydrologic and hydraulic analyses of Corps projects are limited by
one-dimensional modeling capabilities, hydraulic analyses by 2-D flow models
should be considered. Pending the publication of guidance in 2-D modeling,
Corps offices are encouraged to consult with experts at OCE, HEC, WES or CERC
for proper selection and use of 2-D models.

We in OCE would 1ike to thank HEC for putting this seminar together. We
would particularly like to welcome the non-Corps model experts attending this
seminar. We look forward to your contributions.
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TWO-DIMENSIONAL FLOW MODELING FOR
RIVERINE FORECASTING BY THE NATIONAL WEATHER SERVICE

by

D. L. Fread!
INTRODUCTION

Real-time riverine forecasting by the National Weather Service (NWS) is
disseminated to the public via Weather Service Offices (WSO's) located in
all states within the Nation. The WSO offices are assisted in the prepara-
tion of the riverine forecasts by regional offices called River Forecast
Centers (RFC) and by the National Hurricane Center (NHC) in Miami. River-
ine forecasts are primarily concerned with the prediction of water surface
elevations at principal locations (river forecast points) along most of the
ma jor and many of the lesser rivers in times of flood, and at many loca-
tions on a dally frequency. The floods and lesser rises of the rivers may
result from rainfall and/or snowmelt runoff, reservoir release flows, hur-
ricane storm surges, and dam failures. In addition to water surface
elevations, forecasts are often provided for flow discharges and veloci-
ties. Such forecasts are used for a multitude of purposes, e.g., water
supply, navigation, irrigation, power, reservoir operation, recreation, and
water quality interests.

Most forecasts are associated with the runoff emanating from precipi-
tation or snowmelt, Conceptual hydrologic mathematical models are used to
predict the quantity and temporal distribution of the runoff as it accumu-
lates in well-defined channels (streams or rivers). The resulting flood
wave propagates through the channel; and its magnitude, shape, and movement
are predicted by other mathematical models known as flood routing models.
These are based on the one-dimensional equations of unsteady flow. Most of
these models are substantial simplifications of the complete equations.
Propagation of waves due to storm surges or dam failures are predicted
using the complete one-dimensional equations, Currently, NWS is slowly
extending this type of flood routing prediction to those floods which propa-
gate through large navigable rivers and estuaries of very mild hydraulic
gradient (less than 2 ft/mi) which are subject to backwater effects due to
large tributary inflows or tides.

The use of mathematical models based on two~dimensional flow equations
is currently 1limited to the forecasting of coastal flooding due to
hurricane-produced storm surges. The NHC utilizes a two-dimensional model,
SPLASH, (Jelesnianski, 1972) for this purpose, In a few locations, the
RFC's are prepared to use the forecasted storm surge to predict subsequent
upstream flooding along coastal rivers.

Isentor Research Hydrologist, Hydrologic Research Laboratory, National
Weather Service, NOAA, 8060 13th Street, Silver Spring, Maryland 20910
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This paper briefly describes the current procedure for river forecast-~
ing of hurricane storm surge flooding. Also, considerations for possible
future use of other two-dimensional flow models are discussed with respect
to: a) two-dimensional porous media flow in aquifers which significantly
interact with adjacent rivers, b) two-dimensional surface flow assoclated
with dam-break floods propagating in wide, flat flood plains, and c¢) two-
dimensional surface flow in complex channel networks associated with
estuaries.

RIVERINE FORECASTING OF HURRICANE STORM SURGES

Real-time forecasting of river flooding due to hurricane-produced storm
surges is presently in operation for the lower portions of the Mississippi,
Sabine, and Neches Rivers as shown in Figures 1 and 2. Work 1is on~going to
gradually extend this service to other Gulf Coast rivers in Texas. As
indicated in the figures, two numerical! hydrodynamic models are used to
forecast this type of flooding. The hurricane-generated storm surge is
predicted using the SPLASH model (Jelesnianski, 1967, 1972, 1976) and the
subsequent upstream propagation of the surge within the confines of a
coastal river is predicted using the DWOPER model (Fread, 1978, 1981).

SPLASH is a two-dimensional, vertically integrated hydrodynamic model.
Externally specified meteorological parameters are utilized to generate the
hurricane wind field. These parameters are (a) the radial distance and
pressure drop from the storm center to its periphery, and (b) the forward
speed of the storm. The wind field submodel empirically computes the
maximum wind speed in a stationary storm and generates the wind field by
dynamically balancing the computed wind speed, pressure gradient, aund
inflow angle fields. The computed wind field is then incorporated into the
two-dimensional hydrodynamic equation through the wind stress term which
drives the model, i.e., causes the development of the storm surge.

The governing partial differential hydrodynamic equations of SPLASH
are numerically solved using an explicit finite difference technique.
Terms relating to the water depth are linearized such that the computed
surge height is not added to the undisturbed depth during the computa-
tions. Bottom friction 1is treated using the Ekman principle. The compu-~
tational grid size is approximately 4 miles and computed results are pre-
sented 8 miles apart along the coast. The computational grid network is
centered at a specified coastal location. The network width (along the
coast) is 600 miles, and it extends seaward either 72 miles or the width of
the continental shelf (whichever 1is larger). The boundary conditions con-
sist of a vertical wall condition along the coast, a barometric pressure
effect along the seaward boundary, and zero transport normal to the lateral
open boundaries., The most recently published version of SPLASH
(Jelesnianski, 1976) uses a sheared and stretched coordinate system along a
mildly curved coastline with grid distances that vary from shore to deep
water. At this time work is nearly completed in the development of the
SLOSH model, which is an expanded version of SPLASH having the capability
to treat overtopping of finite barrier heights to allow coastal flooding.
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DWOPER is a one-dimensional hydrodynamic model., 1It is a general pur-
pose river routing model. One of its capablilities is to propagate a storm
surge (introduced at the downstream boundary as a time history of water
surface elevations) upstream along the river. The governing partial dif-
ferential hydrodynamic equations are numerically solved using a weighted
nonlinear implicit finite difference technique. Newton-Raphson iteration,
combined with an optimally efficient quad-diagonal matrix solution algo-
rithm, allow DWOPER to be very computationally efficient. The model can be
used on branched river channels, either dendritic (tree-type) or bifurcated
networks. It treats levee overtopping and failure, lateral inflows,
irregular channel geometry, space and depth-dependent boundary friction
(Manning type), and variable grid spacing. Nonlinear numerical stabflity
is entanced with an internal time step reduction algorithm.

The SPLASH model predicts the time history of the water surface
elevation due to the storm surge at the mouth of the river. DWOPER uses
this as its downstream boundary condition and a specified discharge hydro-
graph as its upstream boundary. The upstream boundary is located consider-
ably beyond the last point of interest where it is assumed the surge has
insignificant effect on the specified discharge. The coupling between
SPLASH and DWOPER is external in the sense that the surge propagation into
the river is not treated during the SPLASH computations. Athough {t is
recognized that such external coupling of the two models is not ideal, it
is nevertheless considered the practical choice due to such factors as
(a) dampening of the coupling effect as the surge propagates further
upstream; (b) the models were developed and are maintained and operation-
ally used by three separate divisions of NWS; and (c) the real-time use of
the models.,

COUPLED STREAMFLOW-POROUS MEDIA FLOW MODEL

Work is proceeding at the NWS Hydrologic Research Laboratory (HRL) to
develop a two-dimensional porous media flow model which will be internally
coupled to the DWOPER model. The combined model will be used to improve
streamflow forecasts where flow exchanges occur between the river and the
ad jacent groundwater aquifer., Where the river is bounded by highly perme-
able alluvium, the flow interactions can be of sufficient magnitude to
significantly affect the river fiow by attenuating the peak flow, reducing
the wave peak celerity, and extending the recession limb of the river dis-
charge hydrograph. The river flow exchanges with the surrounding aquifer
via saturated flow through the bed and banks of the river (Pinder and
Sauer, 1971) and via unsaturated-saturated infiltration through the inun-
dated river flood plain (Freeze, 1971).

The flow within the aquifer is modeled by combining the one-
dimensional saturated porous media flow equations (flow 1s assumed to occur
only in the direction perpendicular to the river axis) with the one-
dimensional unsaturated porous media flow equations for flow occurring in
the vertical direction. The resulting two-dimensional nonhomogenous,
anisotropic porous media flow equations will be numerically solved using a
weighted, nonlinear implicit finite difference technique with variable grid
spacing. The model will utilize Newton-Raphson iteration and a speclal-
ized, highly efficient matrix solution algorithm.,
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The coupling of the two-dimensional porous media flow model with the
one-dimensional DWOPER streamflow model will be internal according to the
following scheme (Freeze, 1971): (1) At each time step solve the porous
media model using the stream water surface elevation from the previous time
step as the specified head condition at the boundary of the subsurface flow
system. (2) Use subsurface flow computed at the boundary by the porous
media model as lateral inflow/outflow for the stream at that time step and
solve the DWOPER model for new water surface elevations. (3) Use the new
water surface elevations as the specified head condition for computing the
subsurface flow using the porous media model. (4) Continue this alternat-
ing cycle until successive water surface elevations differ by less than an
acceptable tolerance, then proceed to the next time step. Computational
efficiency will be enhanced by extrapolating the stream water surface
elevations computed at previous time steps for use in step (1), and by
using different size time steps for the two models based upon the indi-
vidual flow response of each flow system; coupling of the two models will
occur only when the smaller time step advances that model's computations to
the same point in time that the larger time step has caused the other model
to reach.

Data requirements for the DWOPER model consist of cross-sectional top
widths and Manning's n roughness coefficients; the porous media model
requires the hydraulic conductivity and the moisture content parameters.
Since the porous media model parameters are generally not directly avail-
able, it is anticipated that practical implementation of the coupled model
will be based on the determination of these parameters via model
calibration using observed streamflow hydrographs.

DAM-BREAK FLOOD FORECASTING IN WIDE FLOOD PLAINS

Real-time forecasting and pre-computation of possible or imminent dam-
break flocds is accomplished by the NWS DAMBRK model (Fread, 1980, 1981).
This model predicts the time-dependent outflow from a reservoir due to
spillway flows, overtopping flows, and discharge through a time-dependent,
variable~geometry dam breach whose characteristics are supplied by the
model user. The outflow is then routed through the downstream channel-
valley using the complete one~dimensional equations of unsteady flow, which
are solved by the same weighted nonlinear implicit finite difference tech-
nique used in the DWOPER model. The model is capable of including down~
stream dams or bridge-road embankments and lateral inflows. The flows may
be either completely subcritical or supercritical for all times and loca-
tions during the simulation. The treatment of channel-valley cross-
sections may be either as composite sections with dead storage areas or as
separate channel, left flood plain, and right flood plain sections. The
latter technique, although still a one-dimensional approach, allows for
better treatment of the variance between flood plain flow and the meander-
ing river channel flow. Computational efficlency, wide applicability, and
user convenience are design features of the DAMBRK model which make it
suitable for real-time flood forecasting.

Work 1s proceeding within HRL to combine all of the capabilites of the
DAMBRK and DWOPER models into a new one~dimensional model (FLDWAV). Of the
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several flood-modeling improvements which will result from combining the
features of DWOPER and DAMBRK, one such improvement will be in the treat-
ment of dam-break floods spreading onto a wide flood plain as shown in
Fig. 3. The FLDWAV model will be able to simulate the spreading of the
flow onto the flood plain via a network of flow paths selected by the user
according to the flood plain topography. Also, the use of the left flood
plain, right flood plain, and channel routing option will provide addi-
tional descriptive capabilities for modeling the spreading flow. When used
in this manner, the FLDWAV model, although one-dimensfonal, will provide a
pseudo two-dimensional modeling capability while retaining the computa-
tional efficiency possible with an implicit one-dimensional model.

Consideration is being given to the need for using two-dimensional
hydrodynamic equations for modeling dam-break floods spreading onto wide,
flat flood plains where the topography does not aid the user in selecting
particular flow paths., Some two-dimensional models for dam-break flows
have been reported in the literature; e.g., Xanthopoulous and Koutitas,
1976; Richert, 1977; and Katapodes and Strelkoff, 1979. Some considera-
tions in the use of the two-~dimensional unsteady flow equations involve the
following considerations: (1) A significant increase in computational
requirements, (2) An inability for real-time forecasting due to data input
complexities and computational requirements. (3) The additional expected
accuracy may not be consistent with the present dam-break modeling capa-
bilities in which considerable error in the predicted dam-break outflow
hydrograph exists due to the state of the art in predicting the formation
of the breach in a concrete, earthen, or rock-fill dam. (4) The inherent
lack of precision in two-dimensional modeling of flows spreading onto dry
areas. (5) The development effort to make the two~dimensional model as
versatile as the existing DAMBRK model. (6) The relatively few instances
where a two-dimensional approach is clearly needed.

FORECASTING IN ESTUARINE NETWORKS

At the present, NWS provides very limited real-time flow forecasting in
complex estuarine networks such as shown in Fig. 4. This is accomplished
using the one-dimensional DWOPER model and is generally satisfactory for
predicting water surface elevations and the average velocities along the
major flow axes. However, for possible future real-time forecasting of
chemical or oil spill emergencles occurring in such complex waterways,
improvement of such forecasts could be possible by using the two-
dimensional hydrodynamic equations, A review of many two-dimensional
hydrodynamic models was reported by Hinwood and Wallis, 1975. For real-
time applications where computational efficiency is desirable, the implicit
type finite difference solutions of the two-dimensional equations, e.g.,
Grubert, 1976, and Niemeyer, 1979, would be preferable.

SUMMARY

The use of two-dimensional flow models for riverine forecasting by NWS
is very limited at the present time. The two-dimensional hurricane surge
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model (SPLASH) is used to generate the surge at the mouth of some Gulf

Coast rivers where the riverine forecasting of the surge propagation
upstream is then accomplished with a one-dimensional routing model (DWOPER).
Development is under way to use a two-dimensional porous media flow model
internally coupled to DWOPER for real-~time forecasting of rivers signifi-~
cantly affected by flow exchanges with the adjacent groundwater aquifer.
Possible future use of the two-dimensional hydrodynamic equations includes
(a) spreading of dam-~break floods onto wide, flat flood plains, and

(b) chemical-oil spill forecasting in complex estuarine networks.
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PAPER DISCUSSION

TWO-DIMENSIONAL FLOW MODELING FOR
RIVERINE FORECASTING BY THE HATIONAL WEATHER SERVICE

by
Danny L. Fread

Question: When will the new one-dimensional combined model (FLDWAV) be
available?
L 4
Dr. Fread: The FLDWAV model is not yet operational; however, all the

components have been developed and tested in other models
(DWOPER and DAMBRK). They have: been re-written in a
completely new code which has taken the last several months
to develop; currently, we are in the process of debugging
the new code and hope to have it available by next spring.

Question: Could you explain more about the numbering system you use
for modeling flow networks with the FLDWAV model? You
talked about maintaining computational efficiency with the
implicit formulation, and I would like to know more about it.

Dr. Fread: The network solution scheme used in FLDWAY 1is not a
completely general network solution; however, I think it
will treat almost all practi-al riverine networks. It will
treat any order of dendritic (tree-type) network and/or
bifurcations around islands with either zero, one, or two
bypasses; the dendritic system can join any portion of the
bifurcated branches; and a dendritic network associated with
river delta formations can also be treated. Each type of
flow junction is given a special code number by the user.
This code allows the three conservation equations at each
junction to be assembled in the general coefficient matrix
of simultaneous equations for the entire river system in
such a way as to minimize the creation of off-diagonal
elements and to minimize the creation of new off-diagonal
elements during the elimination phase of the matrix solution
algorithm. Also, the way in which the cross-sections are
assigned sequential numbers within the river system is most
important in effecting the desired minimization. The
numbering scheme is as follows: numbers run consecutively
in the downstream direction until a dendritic-type junction
is reached; then the most upstream section of the dendritic
branch is given the next consecutive number and the numbers
increase in the downstream direction along this branch until
another junction is reached; then the most upstream section
of that dendritic branch is numbered next and the numbers
increase in the downstream direction along that branch until
a new junction is vreached; this is repeated until all
sections have been numbered down to the very first
dendritic-type Jjunction; then the numbers continue to
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Dr. Fread:

Question:

Dr. Fread:

Question:
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Question:

Dr. Fread:

increase along the downstream branch of this junction;
bifurcetions are numbered in a similar manner. The
conputational efficiency is achieved by use of a specially
developed matrix solution technique of the Gauss elimination
type which only operates on non-zero elements in the matrix
through use of the user-specified code number which was
assigned to each junction in the river system.

How do you treat deltas as dendritic branches?

The numbering scheme is the same, but the model treats the
flows which are directed in the downstream direction as
negative flows.

We have had situations using the DAMBRK model where the flow
was supercritical in the channel and subcritical in the
overbank. How can you use the model in this situation?

Within the present limitations of the DAMBRK model, perhaps
you could increase the roughness associated with the in-bank
flows to force this flow into the subcritical regime. This
could be done if the in-bank flows vwere only a small portion
of the total flow which is generally the case in modeling
dam-break floods.

What about supercritical flow in the FLDUAV model?

The FLDWAV model can simulate either subcritical or
supercritical flow but not a mixture of the two types of
flow in space or in time. One of our research efforts is to
develop an algorithm to enable an implicit model to siuulate
mixed subcritical-supercritical flows.

in your research concerning subcritical-supercritical flous,
do you think the following scheme would work? At any given
time determine where subcritical and supercritical flows
are, then for the next time step use as a downstream
boundary condition for any subcritical reach a critical flow
rating curve and solve that part of the system separately.
Then the four-point implicit scheme becomes a two-point
scheme, and starting at the upstream end of the
supercritical reach, solve section-by-section in the
downstream  direction; the final solution in the
supercritical reach provides an upstream bounvary condition
for the next subcritical reach, and so on.

I think that scheme is a feasible approach although it is
not the only one I am investigating. I am also trying to
treat the entire system simultaneously by using internal
boundaries where flous change from one regime to the other.
At the internal boundaries, the appropriate transition
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equations such as critical flow or sequent depth are
substituted for the momentum equation.

How do you handle obstructions such as bridges in the FLDUAV
network system?

Bridges are treated in the FLDWAV model the same way they
are in the DAMBRK model, i.e., as internal boundaries which
may be located anywhere in the flow system. The flow
through the bridge is modeled as orifice-type flow and flow
which overtops the bridge embankment 1is treated as
broad-crested weir flow. Other internal boundaries could be
used for sections having (1) a specified rating curve, (2)
critical flow as at a waterfall, or (3) a dam where the flow
could be any combination of spillway, overtopping, and/or
breach flows. At internal boundaries the continuity and
mormentum equations are replaced with the appropriate flow
equation and a simple continuity equation (Q7 = Qj+1).
The internal boundary equations are  then solved
simultaneously along with the upstream and downstream
boundaries and the one-dimensional continuity and momentumn
equations of unsteady flow.

How does the DWOPER model handle levee overtopping such as
in the lower Mississippi River application?

Levee overtopping is an inherent capability of the DWOPER
model; however, this has not been implemented by our field
office for storm surge forecasting of the lower Mississippi
River. They have chosen not to use this capability since
they are primarily concerned with predicting stages below
the levee crests and simply determining if the Tevees will
be overtopped. The levee overtopping feature has been used
in other applications, e.g., the lower St. Johns River in
New Brunswick, Canada, and the Su. .‘hanna River. The Corps
district office in Baltimore to. only a few days to
calibrate by trial-error the DMOPER mudel for the Hurricane
Agnes flood of 1972. Calibration consisted of adjusting the
Manning n and the weir discharge coefficients.

What about submergence effects in levee overtopping?

In both the DWOPER and FLDWAV models, the standard
relationships for broad-crested weir submergence are used.
This is possible since flows and depths are simulated on
both sides of the levee.

Do you iterate during the levee overtopping computations?

Yes, iteration is used since the flow in each river (main
river and a river representing the flood plain flow) are
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solved through an iteration process. The main river is
first solved; then the flood-plain river is solved. If the
flow conditions at the Jjunction of the two rivers are
compatible within specified tolerance, the solutions are
accepted and the computations are advanced in time. Thus,
the feedback between the water levels on each side of the
levee is accomplished via the iteration process. Also,
reverse flows across the levee can be treated, e.g., if the
river level falls much faster than the level in the flood
plain, reverse flow could occur if the flood-plain level
remained above the levee crest. If flow reverses its
original direction due to a reversal of the relative water
surface elevations in the river and in the flood plain, the
computed broad-crested weir flow corrected for submergence
is assigned a negative sign. Flows in this range are
limited in their accuracy since the submergence relationship
is least reliable when the differential head is small.
Also, relatively large flow changes can occur for small
changes in water levels for flows in this range. This can
necessitate the use of smaller computational tine steps to
maintain numerical stability. This is accomplished
automatically within the models.

Can you model erosion (overtopping) failures of the levee?

Yes, the DWOPER and FLDWAY models have this capability;
however, the user must specify the length of the levee
failure (crevasse) and the elapsed time for its complete
formation.

What is the nature of the automatic time step adjustments in
the DAMBRK, DWOPER, and FLDWAV models?

These models have an automatic procedure contained within
the finite difference solution algorithm to increase the
robust nature of the four-point implicit method. Rapidly
rising hydrographs and non-linear properties of the
cross-sections due to variations in the vertical and/or
along the x-axis may cause computational problems which are
manifested by non-convergence in the MNewton-Raphson
jteration or by erroneously low computed depths at the
leading edge -of steep-fronted waves. When either of these
manifestations are sensed, an automatic procedure consisting
of two parts is implemented. The first reduces the current
tine step ( t) by a factor of 1/2 and repeats the
computations. If the same problem persists, t is again
halved and the computations repeated. This continues until
a successful solution is obtained or the time step has been
reduced to 1/16 of the original size. If a successful
solution is obtained, the computational process proceeds to
the next time level using the original t. If the solution
using t1/16 is unsuccessful, the @ weighting factor is

increased by 0.1 and 2 time step of t/2 is used. Upon
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achieving a successful solution, 9 and the time step are
restored to their original values. Unsuccessful solutions
are treated by increasing # and repeating the computation
until @ - 1.0, whereupon the automatic procedure
terminates, and the solution with § = 1 and t/2 is used
to advance the solution forvard in time now using the
original @ and t values. O0Often, computational problems
can be overcome via one or two reductions in the time step.

In a developed, urbanized area where there is a lot of
housing, how do you handle the friction in the flood plains?

The models allow the Manning n to be a specified function of
water surface elevation. Thus the n value assigned to the
water elevations within the flood plain, where the houses
affect the flow resistance, vould account for the fractional
effects occurring at that time. Trial-error adjustments of
the n values during successive model runs could be used to
determine the appropriate n values if observed stages and
discharges are available. When observed flood-plain flowus
are not available, which is generally the case when modeling
most dam-break floods and storm-surge floods, the Darcy
formula can be used as an objective method to determine the
proper Manning n to be used in the model. As in the
Colebrook-ihite fraction formula, the Darcy f is thought to
be composed of two types of friction: (1) submerged
friction expressed via a Nikuradse type roughness relation,
and (2) partially submerged friction using density and
spacing of the partially submerged obstructions along with
their appropriate drag coefficients. Then the Manning n can
be hand-computed from the Darcy f.

What about the status of the streamflow-aquifier model?

Primary development of the aquifer component is just getting
started. 1 would estimate that it will be two years before
it will be available.

Will you have enough data to calibrate the
streamflow-aquifer model?

Wihen testing the streamflow-aquifer model our intent is to
use data sets that have cross-sections, observed streamfiow
stage and discharge hydrographs, and, if possible, sone
gro.iwio =t levels. For general field implementation of the
model, it is anticipated that the groundwater levels will
not be available. Since our intent in developing the
stream-aquifer model is to improve the streamflov
prediction, we think we can simply calibrate the parameters
in the aquifer model to best reproduce observed streamflow
stages and discharges.
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Finite Difference Numevical Model
for Long-Period Wave Behavior: With

Emphasis on Storm Surge Modeling
By
H. L. Butler

ABSTRACT:
-~

A two-dimensional numerical hydrodynamic model is presented including its

L8E000d

applications to a variety of problems for which long~wave theory is valid. To
achieve a solution of the governing equations, finite difference techniques are
employed on a stretched rectilinear grid system. The most recent version of the
model permits a selection of solution schemes. Choices include both implicit and
explicit formulations written in terms of velocity or transport dependent vari-
ables. The model predicts vertically integrated flow patterns as well as the
distribution of water surface elevations. Code features include the treatment
of regions which are inundated during a part of the computational cycle, subgrid
barrier effects, variable grid, and a variety of permissible boundary conditions
and external forcing functions.

Applicability of the model is demonstrated through a presentation of
various ocean-estuarine system problems for which the model was applied. Emphasis
is placed on storm surge modeling.by including discussion of model sensitivity to
user decisions on limiting the modgi region, choice of timestep, and idealizing

bottom topography.

* Wave Dynamics Division, Hydraulics Laboratory, Waterways Experiment Station,
Vicksburg, Mississippi 39180
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FINITE DIFFERENCE NUMERICAL MODEL FOR LONG-PERIOD
WAVE BEHAVIOR: WITH EMPHASIS ON STORM SURGE MODELING

By

H. Lee Butlerl

INTRODUCTION

Numerical modeling of water-wave behavior has progressed rapidly
in the last decade and is now generally recognized as a useful tool
capable of providing solutions to many coastal problems. The Corps of
Engineers has had to address the problem of providing reliable estimates
of estuarine circulation and coastal flooding from tides and hurricane
surges in order to make sound engineering decisions regarding the design,
operation, and maintenance of various coastal projects. This paper reports
on a two—-dimensional finite difference model developed and improved over
recent years and applied in a variety of Corps of Engineers studies.

The model described herein, known as the Waterways Experiment Station
(WES) Implicit Flooding Model (WIFM), was first devised for application
in simulating tidal hydrodynamics of Great Egg Harbor and Corson Inlets,
New Jersey (Butler, 1978). Popular approaches for solving the governing
equations of fluid flow have included explicit and implicit finite
difference techniques as well as finite element schemes. A series of
papers by Hinwood and Wallis (1975, 1976) and follow-up discussions by
Abbott (1976) and Abraham and Karelse (1976) have classified or reviewed
many of these models.

Program WIFM originally employed an implicit solution scheme similar
to that developed by Leendertse (1970) and has been applied in numerous
studies where tidal, storm surge, and tsunami inundation phemonena were
simulated. Basic features of the model include inundation simulation
of low-lying terrain, treatment of subgrid barrier effects, and a variable
grid option. Included in the model are actual bathymetry and topography,
time and spatially variable bottom roughness, inertial forces due to
advective and coriolis accelerations, rainfall, and spatial and time-
dependent wind fields. Horizontal diffusion terms in the momentum
equations are optionally present and can be used, if desired, for aiding
stability of the numerical solution. Current model ver-~'.ns permit a
selection of solution schemes. Choices include both impl:.cit and explicit
formulations written in terms of velocity or transport dependent variables.

1Wave Dynamics Division, Hydraulics Laboratory, Waterways Experiment
Station, Vicksburg, MS 39180. .
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Future model developments will include subgrid-scale channels which
may laterally interact with the two-dimensional model, addition of the
salt conservation equation for determining horizontal salinity gradients,
and eventually a baroclinic mode of operation to treat three-dimensional
fluid flow problems.

HYDRODYNAMIC EQUATIONS

The equations of fluid flow used in WIFM are derived from the
classical Navier-Stokes equations in a Cartesian coordinate system. By
assuming vertical accelerations are small and the fluid is homogeneous
and integrating the flow from sea bottom to water surface, the usual
two—dimensional form of the equations of momentum and continuity are
obtained. A major advantage of WIFM is the capability of applying a
smoothly varying grid to a given study region permitting simulation of a
complex landscape by locally increasing grid resolution and/or aligning
coordinates along physical boundaries. For each direction, a piecewise
reversible transformation which takes the form

x=a+ba§ (1)

where a , b, and c¢ are arbitrary constants, is independently used to
map prototype or real space into computational space. Many stability
problems commonly associated with variable grid schemes are eliminated

via the continuity of the transformation procedure. The resulting equation
of motion in a-space can be written as

Momentum:

u_ + L uu + l—-vu - fv
W o u o

+ B (g - na)a +&;_’— (uz+v2)l/2

"1 1 c“d
1.2 1,1 1.2
2l Crp A S vl v JUR S S Sy S SN
1 1%1 1 M1 % 2 2%2
+ L (l—)a u ) =F (2)
My Hp 9 & 1
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Continuity:
1 1
n., + — (du) + —(dv) = R (4)
toH A My %
where
o 9% - 3y
My = e, and uy =0

1 2

and n 1is the water-surface elevation; n is the hydrostatic elevation
corresponding to the atmospheric pressure anomaly; u and v are the

vertically integrated velocities at time t in the e and ay directions,

respectively; d = n - h is the total water depth; h 1is the still-water
elevation; f is the Coriolis parameter; C 1is the Chezy frictional
coefficient; g 1is the acceleration of gravity; e 1s a generalized eddy
viscosity coefficient; R represents the rate at which additional water

is introduced into or taken from the system (for example, through rainfall
and evaporation); and Fa and Fa are terms representing external forcing

1 2
functions such as wind stress in the oy and ay directions. Quantities

K1 and Mo define the stretching of the regular-spaced computational grid

in a-space to approximate a study region in real space. Directions
oy and o, correspond to x and y, respectively.

FINITE DIFFERENCE FORMULATION

The differential equations (Eqs. 2-4) are to be approximated by
difference equations. Various solution schemes, including iaplicit and
explicit formulations, could be employed. WIFM permits a selection of
difference formulations, but this paper will concentrate on alternating
direction techniques. To illustrate how various implicit schemes can
be derived consider the simplified linearized matrix equation

Ut + AUx + BUy = 0 (5)
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where

n odo ood
U= u s A= g oo , B = 000
v ooo g oo
A standard method for developing an implicit scheme is to apply the
Crank-Nickolson technique to Equation 5 to obtain

1 LA, B 5) ™ u® =0 (6)
At 2 Mx "x Ay y
where ¢_ and Gy are centered difference operators. Equation 6 can

(Un+1 _ Un) +

be simplified further to read

n+l _ . - n
(1 + Ax + Ay) U (1L Xx Ay)U (7))
where
= 14t = 1At
Ax 2w A6x and Ay 2 by Béy

By adding the quantity Ax Ay (Um_1 - Un) of order (sz, Atz) to permit

factorization, the following relation is obtained

n+l _ n
1+ Ax) 1+ Ay) U = (1~ Ax)(l - Ay) U (8)

By introducing an intermediate value, U*, Equation 8 can be split into
a two-step operation in a variety of ways:

Standard Alternating Direction Implicit (ADI) Scheme:

= - n
1+ Ax) U* = (1 xy) U 9
n+l _
(1+ Ay) U = (1 - xx) U* (10)

Approximate Factorization Scheme:
% _ _ n
(1 + Ax) U* = (1 Ax)(l Ay) U (11)

@+ o™t - (12)
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Stabilizing Correction (SC) Scheme:

n
1+ Ax) u* = (1 - Ax - 2Ay) U (13)

1

@+ ) "t oo o Ay i (14)

The first step in each procedure is carried out by sweeping the grid

in the x direction, and the second step 1s computed by sweeping in the y
direction. Completing both sweeps constitutes a full time step, advancing
the solution from the nth time level to the (n+l) time level. A more
complete description of these methods can be found in a paper by Weare
(1980).

The SC scheme can be developed for a fully implicit approach or for
any multi-time level approach. The approach currently used in WIFM is a
three time level, leapfrog scheme applied on a variable rectinlinear
mesh. The appropriate variables are defined on each grid cell in a space-
staggered fashion as depicted in Figure L.

O~ FLOW/UNIT WIDTH IN

} X-DIRECTION (U)

| y A= FLOW/UNIT WIDTH IN
I ) I ’ Y-DIRECTION (V)

| O=SURFACE ELEVATION(n },

i x WATER DEPTH (d),

,L FRICTIONAL COEFFICIENT (C OR n)

Figure 1. Computational Cell Definition

To illustrate the actual formulation, difference equations for the
x-sweep are given by

1 k-1 1 <k k-1=k
— X - —_— *
1
1 k-1-k
+ § (v 7d) =R at (n,m)
u2Au2 a, (15)

1 k-1 1 k k 1 =k k
= (uk ~u ) 53— u § () +5—— v (u)
24t ZulAal 2al ZuzAa2 2&2
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In these expressions, a single bar represents a two-point average and

a double bar a four-point average. The subscripts m and n correspond
to spatial locations and superscript k to time levels. Equations for
the y-sweep are written in an analogous manner.

Implicit methods afe characterized by a property of unconditional
stability in the linear sense. The stabilizing correction scheme used
in WIFM is limited by a weak condition, namely,

min(Ax, Ay)
at < == 12 an

(u” +

It has been shown that the stability of implicit difference schemes
can be improved by time-centering of the nonlinear terms (Weare, 1976).
For this reason the difference scheme outlined above employs three full
time levels permitting such time centering of the appropriate terms.
Optional use of the horizontal diffusion terms is permitted to aid in
stabilizing the solution method. Secondary flow effects have been
studied by Vreugdenhil (1973) and Kuipers and Vreugdenhil (1973).
Although inclusion of these diffusion terms does not constitute proper
closure of the model (Flokstra, 1977), it does aid in stabilizing the
procedure.

BOUNDARY CONDITIONS
A variety of boundary conditions are employed throughout the compu-
tational grid. These include prescribing water levels, velocities, or

flow rates, fixed or movable land-water boundaries, and subgrid barrier
conditions.
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a. Open Boundaries: Water levels, velocities, or flow rates are
prescribed as functions of location and time and are given as tabular
input to the code or in tidal constituent form.

b. Water—land Boundaries: These conditions relate the normal
component of flow at the boundary to the state of the water level at the
boundary. Hence, water-land boundaries are prescribed along cell faces.
Fixed land boundaries are treated by specifying u =0 or v =0 at
the appropriate cell face. Low-lying terrain may alternately dry and
flood within a tidal cycle or surge history. Inundation is simulated by
making the location of the land-water boundary a function of local water
depth. By checking water levels in adjacent cells, a determination is
made as to the possibility of inundation. 1Initial movement of water onto
dry cells is controlled by using a broad crested weir formula (Reid and
Bodine, 1968). Once the water level on the dry cell exceeds some small
prescribed value, the boundary face is treated as open and computations
for n, u, and v are made for that cell. The drying of cells is the
inverse process. Mass conservation is maintained within these procedures.

c. Sub-Grid Barriers: Such barriers are defined along cell faces
and are of three types: exposed, submerged, and overtopping. Exposed
barriers are handled by simply specifying no-flow conditions across the
appropriately flagged cell faces. Submerged barriers are simulated by
controlling flow across cell faces with the use of a time-dependent
friction coefficient. The term "overtopping barrier'" is used to distin-
guish barriers which can be submerged during one phase of the simulation
and totally exposed during another, Actual overtopping is treated by
using a broad-crested weir formula to specify the proper flow rate across
the barrier. Water is transferred from the high to low side according to
this rate. Once the barrier is submerged (or conversely exposed), procecdures
as described for submerged barriers (or exposed) are followed.

APPLICATIONS

Program WIFM has been used successfully in many applications conducted
at WES. These include tidal circulation studies for Masonboro Inlet,
North Carolina (Butler and Raney, 1976), Corson and Great Egg Harbor
Inlets, New Jersey (Butler, 1978), Coos Bay Inlet - South Slough, Oregon
(Butler, 1978); storm surge applications for Hurricane Eloise, Panama City,
Florida (Butler and Wanstrath, 1976), Hurricane Carla, Galveston, Texas
(Butler, 1978), and Hurricanes Betsy and Camille, Lake Pontchartrain,
Louisiana (WES Technical Report to be published); tsunami inundation
simulations for Crescent City, California (Houston and Butler, 1979) and
the Hawaiian Islands (Houston, et al., 1977). A recent paper (Butler,
1979) summarizes these applications and details will not be repeated herein.

General requirements for a model simulation study are outlined as
follows:

a. Large computer (WIFM is currently installed on the CRAY 1).
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b. Field data - sources include:
(1) Maps, nautical charts, 7-1/2' quad maps, boat charts.

(2) Tides, currents, wind - National Weather Service, Corps
of Engineer Districts.

(3) LANDSAT/NIMBUS satellite data - NASA.

(4) Undertake a prototype data acquisition effort for additional
data.

c. Field data analysis - editing, filtering, harmonic and residual
analysis.

d. Model definition - included are:

(1) Model limits, grid resolution, and bathymetry.

(2) Boundary conditions and surface stress.

(3) Friction and barrier characteristics.

(4) Grid sensitivity tests (optional).
e. Verification includes:

(1) Calibration to reproduce an observed event.

(2) Simulation of additional observed events to verify model.
f. Impact of changes to existing conditions includes:

(1) Simulating addition of jetties, breakwater, dredging, etc.

(2) Comparison with/without modification for tidal prism, water
elevations, current magnitude and circulation, etc.

g. Statical analysis (for stage/frequency curves) of hindcasted
historical events or hypothetical events for use in a joint probability
method approach.

To exemplify use of the model a brief description of computational
sensitivity to modeling assumptions for a Louisiana coastal storm surge
investigation is presented. As part of a study of a hurricane barrier
protection plan for Lake Pontchartrain, a northern boundary for the city
of New Orleans, Louisiana, an open-coast storm surge model of the pertinent
coastal region was developed. Figure 2 displays the computational grid
used in the investigation. Still water depths reach 3,000 m in the
south-~eastern corner of the grid.
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To insure the efficacy of all model assumptions tests were made
with varying grid limits, time steps, and still-water depth limitations
(usually made when running explicit formulated models to relax stability
criterion restrictions on the computational time step). Six grids were
formed by considering two seaward boundaries and three eastern lateral
boundaries noted in Figure 2. Five separate cutoff depths were selected:
90, 240, 400, 550, and 3,000 m. The full set of runs was thus thirty
in number. Various time steps were selected for a limited set of runs
and the only effect noted was the typical erosion of numerical accuracy
with increasing timestep. Table 1 displays peak surge elevation results
for eighteen runs and two selected gages (location shown on Figure 2).
Hydrograph comparison (observed vs largest grid/actual topography and
smallest grid/90 m cutoff depth) for a gage at Biloxi, MS, is shown in
Figure 3. Coastline peak surge behavior for largest grid/actual topography,
largest grid/90 m cutoff depth and smallest grid/90 m cutoff depth is
compared in Figure 4.

These results are essentially self-explanatory. What is demonstrated
is that model users must insure themselves that assumptions made in model
formulation are not effecting the numerical results. The deep shelf
southeast of the Mississippi River Delta must be properly simulated as
well as selection of the model region. Inclusion of deep water in the
topography suggests the appropriateness of an implicit model, particularly
if fine resolution is required.

SUMMARY

This paper presents the development of a two-dimensional finite-
difference long-period wave model. The variable grid characteristic of
WIFM permits the capability to obtain finer resolution in important local
areas without sacrificing economical application of the model. Other
features (treatment of flooding, subgrid-scale representations, selection
of soluticn scheme, and so forth) make the model quite general. WIFM has
been extensively tested and shown to be of practical value as a tool for
addressing problems associated with various types of coastal projects.
References are given for specific investigations along with an outline
of general model study requirements. An example of model sensitivety to
parameterization is described.
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TABLE 1. PEAK SURGE

IN METERS FOR MODEL GAGES AT

WATER LEVEL, M MSL

BILOXI, MS AND GRAND ISLE, LA
DEPTH GRID DIMENSIONS
LIMITATION (m)
89,51 89,46 77,51 77,48 65,51 65,46
(M (2) (3) ) (5) (6) n
(a) BILOXI, MS
90 27 2.7 23 23 1.8 1.8
240 25 25 23 23 1.8 1.8
3000 24 24 23 23 1.8 1.8
{b) GRAND ISLE, MS
20 24 19 23 19 21 1.8
240 22 18 2.1 1.8 2.0 18
3000 1.9 18 1.9 20 19 18
3.0
LEGEND
OBSERVED WATER LEVEL /"
25 ———~ LARGEST GRID (89 X 51)/ACTUAL /
2 -

TOPOGRAPHY

——— SMALLEST GRID (65X 46)/90 M
DEPTH LIMITATION

1 1 1 1 ] 1 1
0 3 ] 9 12 15 18 2 27
MODEL TIME, HR
Figure 3. Comparison of computed water levels

at Biloxi, MS vs observed levels
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Figure 4, Comparison of computed peak water levels at the coast

for various grid dimensions and depth Jimitations
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PAPER DISCUSSION

FINITE DIFFERENCE NUMERICAL MODEL FOR LONG-PERIOD WAVE BLnAVICR:

Questions:

Dr. Butler:

WITH EMPHASIS ON STORM SURGE MODELING

by
H. Lee Butler

1) How do you create the wind field in your nodcl?
2) Please elaborate on how your models are woupled togetner,

3} How can riverine modelers adapt your technicues to solve
their problems?

We are using a number of wind field wnoaels. ‘ne  one
discussed this morning was the standard project hurricane
rnodel that has a fetch~limited capability of introducing
land effects on the wind field. It dees not dynawically
include the physics of the problen in the «ur, utation but
gives a steady state picture of the wind field. Other
models are available to the code such as onc developed by
Dr. Chester Jelesnisnski. We are also testing and verifying
a planetary boundary 1layer (PBL) model. Wc¢ have obtained
fairly good agreement with observed wind data in our testing
program but model currently develops Jower suryes than
observed. The drag law is built into the PBL model and this
is where we are looking to correct this problei. Therefore,
this PBL model is still considered as a research modcl.

As for coupling, we saw in the Atchafalaya Bay nudel that
simulztions are performed on a single global grid with
enough accuracy to pick up the <channel and their
interactions with large bays. Some flood plain cells are
modeled for storage capacity only and the surge is routed to
these areas through channels resolved with sufticient
accuracy. We will not worry about how the wvater is
ultimately distributed on these areas. OQur main interest is
the computation of surge currents in the bays. This nethod
of computation permits sufficient open cuast area for storm
development, along with sufficient inland resolution to
describe channel-bay-flood plain interaction.

For our Lake Pontchartrain problem we had to look at the
open coast over a large expanse and thus could not introduce
enough resolution to consider surges in the lake and changes
that would be introduced as a result of the propcced barrier
plan. Therefore, we had to construct a subgrid, «r embedded
model. By taking boundaries far enough away from the actual
barrier plan itself, with the barrier plan still represented
in the bigger grid, the interior grid can be foiced with
boundary conditions recorded in the global solution aroun

the embedded model grid. This essentially deccribes tt
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Question:

Dr. Butler:

Question:

Dr. Butler:

Question:

Dr. Butler:

Question:

Dr. Butler:

Question:

Dr. Butier:

onte-uay coupling used in this particular problern. We do not
attenpt to dynamically couple the embeaded grid with the open
coast grid.

iy using models such as these, we can then produce boundary
conditions which in turn can be fed into riverine models such
as Danny Fread's DWOPER model to sinulate surge effects
upstream from the estuary.

Lould you please discuss how your mode]l equations are
iinearized and how this linearization may effect nonlinear
stability, etc.?

In any of these models, at some point, you have to linearize
certain terms. If you include nonlinear terms in an implicit
model, 1like wudu/dx terms, you wusually have to evaluate
components of these terms at different time levels. Some
models consider the nonlinear terms in a passive sense by
centering these terms at the mid level of a three-tine level
scherne.  Such a procedure is used in UIFM,

For a variable grid such as you use, how do you use spatially
ventered du/dx terms?

We do it through the variable grid transformation.

What would happen if you expanded your grid to consider the
entire Gulf of Mexico?

We have done this. Professor Reid at Texas A& has developed
a Gulf-Tide Model that we now use in conjunction with WIFM,

Have you done sensitivity studies for grids this large?

No. That 1is an area where we hope to be doing future
re search. We would 1ike to move a storm from the straights
into the Gulf and through the Gulf to see if we can develop
the so called pre-surge anomoly for the rise in water level
usually experienced prior to arrival of storm related effects.

What kinds of costs are associated with running your storm
surge nodels?

If you wanted to run a full day's simulation with about a
minute time step, you would compute for about 1500 time
steps. The cost for this kind of a run would depend on what
detail you wanted and on the physical size of the system being
modeled, but it would probably cost around $200.00 at a
commercial computer rate for a 7000 point grid.
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Question:

Mr. Fread:

Question:

Mr. Fread:

Discussion:

Question:

Dr. Butler:

Question:

Dr. Butler:

Danny Fread, would you please state your estimated costs to
run your one-dimensional flow model?

Yes. The figure I stated was 0.005 CPU seconds per delta x
per delta t on an IBM 360/195 machine. This amount of time
is good for either the DAMBRK or DWOPER programs, which are
one-dimensional implicit models.

How many interations?

We iterate as much as we need to, but on the average it is
usually one to two iterations per time stop.

Lee Butler: For the Hurricane Carla stomn surge
simulations, we ran the model for 74 hours prototype time.
Including a wind field computation, the run cost about $75.

How many grid points did you have?

About 4000.

!

Perhaps one of the important aspects to consider when
modeling complex systems is, how much does it cost to get
the data necessary to perform the simulation? The modeling
itself may not be that expensive compared to the data
collection phase.

There is a multi-fiscal year project underway in the Corps,
as a joint effort with CERC, WES, NCAA and several private
concerns, to collect hurricane data. These data are needed
for model verification. We are trying to establish gages
all around the Gulf and the south Atlantic coasts of the
U.S. to obtain these data. We are currently in the second
year of this effort and it 1is very expe