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Figure 8 Convergence results for 1D SuPG transport formulation. Left panel:
Ar = 1.0, 0.5 and 0.1 seconds . Right panel: Ax = 1.0,0.5and 0.1 m.

further resolution was not possible due to time constraints. However, the peak
amplitude is 0.999 for the finest resolution and results indicate that the error is
approaching zero.

Finally, we implemented the SuPG transport within the baroclinic ADCIRC x-
z model. Figure 9 shows the front characteristics for these SuPG modifications. Again
the bulk fluid motions are captured fairly well and there is a slight phase lead in the
model results, when compared to the data. However, the front widths during the
sloshing phase are much higher; although, the large spike in front widths is more
closely captured (in magnitude) by the SuPG transport than it is in the existing
ADCIRC formulation. Looking just at the linear portion of the results, we note that the
front width behavior is correct although the magnitude is a bit high again. Additionally,
the front speeds of the laboratory data and model results are comparable (lab speed =
0.077 m/s and model speed = 0.074 m/s). Furthermore, we note that global salinity mass
balance was achieved throughout the simulation (to the 8th decimal place). Note that
these results were obtained with a much coarser mesh than that used for the existing
formulation results that were shown above in Figure 3. Due to time constraints, we were
only able to use 38 horizontal elements and 11 vertical levels with the SuPG model
(roughly one-third the resolution used in our previous work). Therefore, poor resolution
is likely the cause of these discrepancies. Recall that the width and amplitude of the
plume were artificially diffused in Figure 8 (due to the numerical diffusion added by the
SuPG discretization) until adequate resolution had been achieved.

Table 2. Spatial convergence results for velocity 2:1 test (At=0.01).

Ax=Az Location Amplitude Error
(m) (m) (m)
2.0 9/6 0.867 0.133
1.0 9/6 0.947 0.053
0.5 9/6 0.989 0.011
0.25 9/6 0.999 0.001
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Figure 9  Comparison of front location and width versus time for the SuPG transport alternative
baroclinic ADCIRC model against the laboratory lock-exchange data.

CONCLUSIONS

The simple upstream bias for advection terms did not improve stability,
although it may provide a calibration parameter for capturing the front speed of the
laboratory lock-exchange data. Furthermore, the SuPG transport alternative did not
increase stability either. While the stand-alone SuPG transport model is promising
(capable of matching the analytical solution and stable for pure-advection), when
coupled with the varying ADCIRC hydrodynamics it does not perform as well. Future
work includes further examination of the elemental velocity used in the SuPG weight
functions (Equations (16) and (20)), as well as trying standard Galerkin weight
functions for the intermediate diffusion variables, o and y (Equations (22) and (23)).
Additionally, we are examining the consistency of the SuPG transport model in light of
the work of White (2007). Finally, the flux corrected transport does indeed allow for
larger stable time steps, which may offset the use of two meshes (linear and quadratic).
However, at this time, we are continuing to explore the SuPG alternative, as it best fits
in the existing ADCIRC model framework.

ACKNOWLEDGEMENTS

Funding for this project was provided, in part, by the Office of Naval Research,
which the authors gratefully acknowledge. Additional resources were provided by the
Naval Research Laboratory - Stennis Space Center and the University of Oklahoma.
Any opinions, conclusions, or findings are those of the authors and not necessarily
endorsed by the funding agencies.

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/159524199/Estuarine-and-Coastal-Modeling-2009?src=spdf

ESTUARINE AND COASTAL MODELING 257

BIBLIOGRAPHY

Blumberg, A.F. and Mellor, G.L. (1987). "A description of a three-dimensional coastal
ocean circulation model." In: Three-Dimensional Coastal Ocean Models, N. Heaps,
editor, Coastal Estuarine Science, 4, American Geophysical Union, 1-16.

Brooks, A.N. and Hughes T.J.R. (1982). "Streamline upwind/Petrov-Galerkin
formulations for convection dominated flows with particular emphasis on the
incompressible Navier-Stokes equations.” Computer Methods in Applied Mechanics
and Engineering, 32, 199-259.

Budgell, W.P., Oliveira, A. and Skogen, M.D. (2007). "Scalar advection schemes for
ocean modeling on unstructured triangular grids." Ocean Dynamics, 57, 339-361.
Cushman-Roisin, B. (1994). Introduction to Geophysical Fluid Dynamics. Prentice-
Hall, New Jersey.

Dietrich, J.C., Kolar, R.L. and Dresback, K.M. (2008). "Mass residuals as a criterion
for mesh refinement in continuous Galerkin shallow water models." Journal of
Hydraulic Engineering, 134(5), 520-532.

Haidvogel, D. and Beckmann, A. (1999). Numerical Ocean Circulation Modeling.
Imperial College Press, London.

Huppert, H.E. and Simpson, J.E. (1980). "The slumping of gravity currents." Journal
of Fluid Mechanics, 100, 785-799.

Kinnmark, L.P. (1986). The Shallow Water Wave Equations: Formulation, Analysis and
Application. Springer-Verlag, New York, NY.

Kliem, N. (2004). "A transport corrected finite element advection scheme." Ocean
Modeling, 7(1-2), 1-19,

Kolar, R.L., Westerink, J.J., Cantekin, M.E., Blain, C.A. (1994). "Aspects of nonlinear
simulations using shallow-water models based on the wave continuity equation."
Computers and Fluids, 23(3), 523-538.

Kolar, R.L., Kibbey, T.C.G., Szpilka, C.M., Dresback, K.M., Tromble, E.M., Toohey,
1.P., Hoggan, J.L., Atkinson, J.H. (2009). "Process-oriented tests for validation of
baroclinic shallow water models: the lock-exchange problem." Ocean Modeling, 28,
137-152.

Lowe, R.J., Rottman, J.W. and Linden, P.F. (2005). "The non-Bussinesq lock-exchange
problem, part 1: theory and experiments." Journal of Fluid Mechanics, 537, 101-124.
Luettich, R.A., Westerink, J.J., and Scheffner, N.W. (1992). "ADCIRC: an advanced
three-dimensional circulation model for shelves, coasts and estuaries; report 1: theory
and methodology of ADCIRC-2DDI and ADCIRC-3DL." Technical Report DRP-92-
6, Dept. of the Army, USACE.

Luettich, R.A. and Westerink, J.J. (2004). "Formulation and numerical implementation
of the 2D/3D ADCIRC finite element model version 44.XX." Technical Report. <
www.adcirc.org/adcirc_theory 2004 12 08.pdf > (Nov. 15, 2009).

Lynch, D.R. and Gray, W.G. (1979). "A wave equation model for finite element tidal
computations." Computers and Fluids, 7(3), 207-228.

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/159524199/Estuarine-and-Coastal-Modeling-2009?src=spdf
www.adcirc.org/adcirc_theory_2004_12_08.pdf

258 ESTUARINE AND COASTAL MODELING

Lynch, D.R. and Werner, F.E. (1991). "Three-dimensional hydrodynamics on finite
elements. Part 2: non-linear time-stepping model." International Journal for Numerical
Methods in Fluids, 12, 507-533.

Marino, B.M., Thomas, L.P. and Linden, P.F. (2005). "The front condition for gravity
cwrrents." Journal of Fluid Mechanics, 536, 49-78.

Rottman, J.W. and Simpson, J.E. (1983). "Gravity currents produced by instantaneous
releases of a heavy fluid in a rectangular channel." Journal of Fluid Mechanics, 135,
95-110.

Shin, J.O., Dalziel, S.B. and Linden, P.F. (2004). "Gravity currents produced by lock
exchange." Journal of Fluid Mechanics, 521, 1-34.

Skoog, D.A. and Leary, J.J. (1992). Principles of Instrumental Analysis. 4th ed.
Saunders College / Harcourt Brace Jovanovich Publisher, Fort Worth, TX.

White, L. (2007). Accuracy and consistency in finite element ocean modeling. Ph.D.
thesis, Université Catholique de Louvain, 164 pp. [Available online at http://
edoc.bib.ucl.ac.be:81/ETDdb/collection/available/BelnUcetd-03192007-143839.]

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/159524199/Estuarine-and-Coastal-Modeling-2009?src=spdf
http://edoc.bib.ucl.ac.be:81/ETDdb/collection/available/BelnUcetd-03192007-143839
http://edoc.bib.ucl.ac.be:81/ETDdb/collection/available/BelnUcetd-03192007-143839

DEVELOPMENT AND APPLICATION OF THE COUPLED HYCOM AND
ADCIRC SYSTEM

Kendra M. Dresbackl, Randall L. Kolarl, Cheryl Ann Blainz, Christine M. Szpilkal,
Anthony M. Szpilka3, Richard A. Luettich* and Thomas Shay4

ABSTRACT

To accurately capture the fluid dynamics present in shallow straits and near-
coastal zones, development efforts have centered around enhancing the 3D baroclinic
capabilities of the coastal model, ADCIRC. The scale of resolution necessary to resolve
shallow straits and coastal zones is not practical with structured global/regional models,
such as HYCOM. However, ADCIRC utilizes an unstructured grid, which can capture
complicated topography and coastal fluid dynamics. Typically, the barotropic ADCIRC
domain encompasses large portions of the ocean; however, in baroclinic simulations,
we restrict the domain to the region of interest due to computational demands. Conse-
quentially, the open boundary is placed in an area dominated by complex, nonlinear
processes, so proper specification of the open boundary conditions is difficult. Hence,
one solution is coupling the offshore conditions provided from HYCOM to the near-
coastal model, ADCIRC. This paper examines the coupling protocol needed to inter-
face ADCIRC and HYCOM and provides preliminary results.

INTRODUCTION

Complex, near-coastal hydrodynamics interact nonlinearly with ocean basin
scale flows, which dictates that accurate, three-dimensional, baroclinic models must
resolve flows of widely-differing spatial and temporal scales. These flows occur in the
intricate coastlines, shallow straits and underwater canyons that must be resolved to
accurately predict the hydrodynamics within the coastal regions. However, the
combined demands of three-dimensional flow, high resolution in coastal regions, and
extensive spatial coverage precludes the use of a single, comprehensive model. The
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scale of resolution necessary to resolve these shallow straits and coastal zones is not
practical with structured global/regional models, such as the HYbrid Coordinate Ocean
Model (HYCOM) (Chassignet et al 2003 and 2006). However, the ADvanced 3D
CIRCulation Model (ADCIRC) (Luettich et al 1992 and 2004; Kolar et al 1994a)
utilizes an unstructured grid, thus giving it the ability to map intricate coastlines and the
corresponding topography that is needed to resolve the complex fluid dynamics. In two-
dimensional barotropic applications, such as hurricane storm surge, the ADCIRC
model domain can encompass large portions of ocean basins; however, in the high-reso-
lution, three-dimensional, baroclinic simulations there is a significant increase in the
computational demands due to the refinement in the vertical direction, so the model
domain for these applications is restricted to smaller regions. Thus, this places the open
boundary in a zone dominated by complex, nonlinear processes, such that proper spec-
ification of the open boundary conditions is difficult. One solution 1s to couple, or nest,
models that specialize in simulating a specific flow regime or spatial scale.

The work presented herein couples the structured grid HY COM, which is more
suited for the deeper ocean regions, with the unstructured grid ADCIRC model, which
is best suited to capturing the geometrically intricate coastal regions. Herein, we
examine coupling these models in a one-way fashion where information from the outer
model (HYCOM) is fed to the inner model (ADCIRC) through both the initial and
boundary conditions via the temperature, salinity, velocity and surface elevations.
Model coupling, which also goes by several other names, including nested modeling
and downscaling/upscaling, has seen frequent application in many near-coastal simula-
tions, where a larger scale ocean-basin model is used to determine boundary conditions
for a higher resolution near-coastal model (Barth et al 2005; Codron et al 2000; Great-
batch et al 2004; Pinardi et al 2003; Sheng et al 2005).

MODEL BACKGROUNDS - ADCIRC AND HYCOM

ADCIRC

ADCIRC is based on the full nonlinear shallow water equations, using the tradi-
tional hydrostatic pressure and Boussinesq approximations. A full development of the
equations and model can be found in Luettich et al (1992 and 2004) and Westerink et
al (1994). As with nearly all prominent 3D near-coastal circulation models (Blumberg
and Mellor 1987; Haidvogel and Beckmann 1999), ADCIRC uses a mode-splitting
technique to solve the resulting balance laws: the external mode solves the depth-aver-
aged continuity equation for the free surface elevation; the surface elevation forces the
internal mode solution, which resolves the horizontal velocity field using a stretched
sigma-coordinate system; and the 3D continuity equation is solved for the vertical
velocity, subject to kinematic boundary conditions (Luettich et al 2002; Muccino et al
1997). Further discussion of the generalized sigma or stretched coordinate system can
be found in Luettich and Westerink (2004) or Dresback (2005).

For the baroclinic simulations, ADCIRC solves the time-dependent scalar trans-
port equation for salinity and temperature, which, through an appropriate equation of
state, obtains a density field. Herein, ADCIRC employs an equation of state described
in McDougall et al. (2003) and uses the temperature, salinity and pressure in deter-
mining the density field. From this information, we calculate the baroclinic pressure
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gradients and the density field within ADCIRC using o, values, which can be obtained
from o, = p— 1000 keg/m” (Pickard and Emery 1964). In order to avoid spurious currents
for stably-stratified flow, the baroclinic pressure gradients are evaluated in a level coor-
dinate system, and they are fed back into the momentum equation through the buoyancy
term (Dresback et al 2004; Dresback 2005). Validation of the code against process-
oriented tests demonstrated that baroclinic ADCIRC could accurately model front
propagation and shape for the difficult “lock-exchange” test (Kolar et al 2009). The
equations are discretized in space using linear triangular finite elements and in time
using Crank-Nicholson (Lynch and Gray 1979; Kinnmark 1986; Luettich et al 1992 and
2004; Kolar et al 1994a and 1994b, and Westerink et al 1994). Baroclinic ADCIRC can
be executed on parallel architectures. ADCIRC does have the capability to evaluate
river discharges in barotropic mode; however, work towards the addition of the river
evaluation in baroclinic mode is ongoing.

HYCOM

HYCOM is a general ocean circulation model that uses the primitive form of the
shallow water equations and was developed from the Miami Isopycnal Coordinate
Ocean Model (MICOM, Bleck 1978). HYCOM is a regional/global ocean model and
employs a structured grid, the Arakawa “C” grid with curvilinear coordinates. The
unique feature of the HYCOM model is its hybrid vertical coordinate approach that
consists of three coordinate systems: isopycnal coordinates in the deep, stratified
waters; sigma coordinates in the shallower, un-stratified waters; or z-level coordinates
in the surface mixed layer or other un-stratified layers (Bleck 1978 and 2006; Chas-
signet et al 2003 and 2006). Layer type and thickness vary in time and space throughout
a HYCOM model simulation. For the temporal discretization, HYCOM uses a leap-
frog scheme with a time filter for the baroclinic portion of the solution. For the baro-
tropic portion, it employs a split explicit free surface scheme that is shifted in time
(Griffes et al 2000; Haidvogel and Beckmann 1999). Currently, HYCOM does not
include tidal effects but does utilize winds and surface heat flux. HYCOM implements
rivers into the model as precipitation, which is a separate monthly climatological field
from the standard precipitation field; it is treated as a mass source into the system. Like
ADCIRC, HYCOM can be executed on parallel architectures.

DATA EXTRACTION FROM HYCOM To ADCIRC

To accurately utilize the HY COM information within the ADCIRC domain, we
must obtain both the initial conditions, which serves to set up the baroclinic fields in
ADCIRC, along with the boundary conditions, which allows the model to bring in the
outside state of the ocean. Due to the global nature of the HY COM model, along with
its structured grid and the typically coarser resolution, the coastlines cannot be as finely
defined, as is common with unstructured triangular meshes. Consequently, often the
smaller interior water bodies, such as back bays, inlets and marshes are not encapsu-
lated by the HYCOM grid. In fact, often they are designated as dry or unsubmerged
areas (considered “inactive”) in the HY COM model and do not have valid data. Figure
1 shows this contrasting horizontal resolution of the HYCOM and ADCIRC models in
the northeast Gulf of Mexico, with the gray dots showing the resolution of the ADCIRC
model and the black squares showing the extent of the wetted or “active” nodes of
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Figure 1  Example of the contrasting resolutions between HYCOM and ADCIRC in the northeast
Gulf of Mexico. The gray dots shown are node points from the ADCIRC model, while
the black squares indicate where HYCOM’s 1/25 degree model has values that are not
designated as dry or unsubmerged areas.
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Figure 2  Horizontal interpolation or extrapolation methods for data extraction from HYCOM:
(A) Sample grid cell for bilinear interpolation; (B) Four basic HYCOM grid
configurations with at least one dry grid point (represented by black squares): (1) one
vertex on land, (2) two adjacent vertices on land, (3) two opposite vertices on land, (4)
three vertices on land; The thick black line indicates where the water line is located in
the square and the open circles indicate wet grid points; (C) Spiral search pattern to find
nearest wet node.
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HYCOM. Thus, to obtain both the initial and boundary conditions in ADCIRC, we
must either interpolate or extrapolate the HYCOM information to the ADCIRC
domain. The methods used to interpolate or extrapolate HY COM results is summarized
herein; a full discussion of the methods can be found in Dresback et al (2010).

In the initial step of the horizontal interpolation/extrapolation methods, we
determine within which grid cell of HY COM an ADCIRC node lies. We do this using
Mercator projection, which allows us to determine the x and y coordinates of a point,
given its latitude and longitude, and the following equations: x = A-2, and
» = In(tan(n/4 +¢/2)); where (o) are the longitude and latitude of the point and %, is
the starting longitude value of the origin of the HYCOM grid. Thus using Mercator
projection and the fact that HYCOM grids use a constant longitudinal grid spacing in
degrees and the latitudinal spacing varies by its cosine to give the square grid cells, we
then can determine the x and y coordinates of an ADCIRC node (shown as P in Figure
2). This allows us to efficiently determine in which HY COM grid cell the ADCIRC grid
point lies without searching through all the nodes in the HYCOM grid.

After identifying this HYCOM grid cell, we then determine whether the
HYCOM grid vertices are “active” or “inactive”. If all four HYCOM vertices are
active, then we use bilinear interpolation to assign a data value to the ADCIRC node
(point P). Bilinear interpolation in effect weights a grid point with the area of the oppo-
site quadrilateral divided by the area of the entire cell. Figure 2(A) shows a sample of
the bilinear interpolation with the hashed area representing one section of the calcula-
tion. The equation for bilinear interpolation shown in Figure 2(A) is as follows:

i (x=x)r-y), (i =)=y,
f6y) = T et e
(x=x) -3, X =00 -y,
Am’y Sivn, T Amy’ 1, @

When the vertices of the HYCOM grid cell includes both active and inactive
nodes, we employ either averaging or substitution of the values from the active nodes
to the inactive nodes. There are four basic cases, shown in Figure 2(B), of the HYCOM
grid cell having active and inactive nodes where averaging or substitution of the values
are utilized to obtain the value for the ADCIRC node. In Figure 2(B), the active nodes
are shown as open circles, while the inactive nodes are shown as black squares, and the
black line indicates where the water line is in the grid cell. The arrows in the figure indi-
cate that information is passed (or substituted) from wet grid points to the dry grid
points. For the case of one inactive node, which is shown in Figure 2(B1), the inactive
grid cell value is replaced with the average of the two adjacent wet grid cell values. For
the case of two inactive nodes that are adjacent to each other, which is shown in Figure
2(B2), the two inactive grid cell values are replaced with the value of the two adjacent
wet grid cells. For the case of two inactive nodes that are diagonal to each other, which
is shown in Figure 2(B3), the inactive grid cell values are replaced with the average of
the two wet grid cells that are diagonal to one another. Lastly, for the case of three inac-
tive nodes, shown in Figure 2(B4), the inactive grid cell values are replaced with the
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value of the one wet grid cell. Once, we have substituted the values for the inactive grid
cells, the value of the ADCIRC node (point P) is calculated using bilinear interpolation,
as shown in Figure 2(A).

The final case for the horizontal interpolation/extrapolation methods is when
the vertices of the HYCOM grid cell are all inactive nodes. In this case, we extrapolate
the value to the ADCIRC node by searching the nearby HYCOM grid cells for active
(wet) values. This is done by employing a spiral search outward from the initial
HYCOM grid cell, which is shown in Figure 2(C) following the numerical sequence
indicated. The spiral search is done in “rings” around the ADCIRC node and continues
searching outward until an active value is found in a ring. If only one active HY COM
grid cell is found in a given ring, then its value is assigned to the ADCIRC node. If more
than one active HYCOM grid cell is found in a given ring, then the value of the closest
grid point is assigned to the ADCIRC node.

The last step in the data extraction from HYCOM is to obtain the vertical vari-
ation of the salinity, temperature or velocity fields. This is done through a three step
process, which is illustrated in Figure 3: we map the HY COM vertical information from
an element-based grid to a intermediate nodal-based grid and then to the vertical z-
Jayers of the ADCIRC grid. Initially, we extract the HY COM information for the layer
thicknesses, salinity, temperature and the velocity fields onto an element-based grid,
which is shown on the far right hand side of Figure 3. The HY COM information is
mapped from the element-based grid to a nodal-based intermediate grid, shown in the
middle of Figure 3 (e.g., arrows from HYCOM information to intermediate grid). For
the different HY COM fields, we have to assign or average the fields onto the interme-
diate grid. We use the first and last elemental values as the surface and bottom nodal
values, respectively. For all other nodal values, we average the two elemental values
from the HYCOM information (e.g., arrows from HY COM information to intermediate
grid). Next, we linearly interpolate the information from the intermediate grid onto the
vertical layers of the ADCIRC grid. To interpolate the values, we have to determine the
actual depth values based on the bathymetry of the ADCIRC grid, and then we can
compare these ADCIRC depths to the depths given in the intermediate grid based on
the HYCOM information (e.g., point @ on the ADCIRC grid falls between the top two
points of the intermediate grid). After the depths are determined, we can linearly inter-
polate the values for salinity, temperature or velocities to the ADCIRC vertical grid
(e.g., values for salinity, temperature and velocities for point @ on the ADCIRC grid are
determined from the top two points of the intermediate grid). When an ADCIRC
vertical node falls below the HYCOM vertical grid due to the different bathymetric
databases used by the models, we assign values from the closest vertical node above it
on the ADCIRC vertical grid. Thus, we are not linearly extrapolating any values in the
vertical grid. By utilizing this procedure, the vertical interpolation scheme can accom-
modate a variety of vertical layer distributions, such as uniformly distributed, log
distributed or distributed based on a sine function.

Figure 4 shows the initial conditions for the surface temperature values for April
13, 2004 in the Northern Gulf of Mexico, one of our study areas. The surface tempera-
ture values taken from HYCOM are shown in Figure 4a with the boundaries of the
ADCIRC grid shown as a black line. As can be seen in the figure, the HY COM infor-
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