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ABSTRACT

A radiation open boundary condition based on vertical normal modes is
introduced. This boundary condition has been applied to both a nested and a coupled
Equatorial Kelvin wave propagation test using the Naval Research Laboratory Coastal
Ocean Model (NCOM), which is a sigma-z-level hybrid coordinate model. This
boundary condition has also been applied to the more computationally difficult problem
of coupling the Naval Research Laboratory Layered Ocean Model NLOM), which is an
isopycnal coordinate model, to the NCOM for the test case.

The NCOM is a primitive equation ocean model which employees the hydrostatic,
Boussinesq, and incompressible approximations and uses a free surface. The NLOM is a
primitive equation ocean model, which is hydrodynamic (isopycnal) and utilizes a free
surface. Because both of these models use the full primitive equations, vertical normal
mode theory shows that the form of the modal equations is identical for the two models in
the linear limit. This allows a physical linkage between the two models that can be used
in a boundary condition application that is advanced in many ways over standard
radiation boundary condition approaches.

This approach is shown to be superior to standard radiation open boundary
conditions in NCOM coupling tests in which the number of vertical levels in the forcing
domain are fewer than the number of vertical levels in the area of interest. The

superiority comes both in the reduction of reflected outgoing waves, and in the ability to
viii



recognize and adjust the differences in the physics, of the two models, that affect wave
speed. An advantage to the latter superiority is that the noise created by the numerics of
the boundary condition and the error created by the differences in the physics of the two
models are distinct from each other. Another advantage is that the forcing data does not
need to be vertically interpolated at any time to be used in this calculation, thus reducing
one source of numerical noise or error.

The lack of vertical interpolation and the use of a physically motivated linkage are
advantages over numerical techniques when the forcing model uses different physical

equations than the model used to investigate an area of interest.



1. INTRODUCTION

Ocean models allow oceanographers to explore ocean physics without the
expense and time of scientific voyages but with the added benefit of denser data
coverage. Yet, modeling is not without monetary and time expense. As the base of
ocean knowledge expands, models with finer and finer resolution are desired to
investigate smaller and smaller ocean features. Because even small-scale dynamics are
influenced by the basin scale dynamics of the ocean, it quickly becomes expensive to run
a model of an ocean area of interest and all of its forcing area at the desired grid
resolution and time step.

Two techniques for handling the computational expense of modeling small-scale
ocean dynamics are coupling and nesting. Coupling uses data saved from a previous
integration of a basin scale model at a course grid resolution and time scale to force a fine
grid resolution model of the area of interest. Nesting links the basin scale and fine scale
models as the models run simultaneously. There are two types of nesting one-way
(passive), where only the fine grid is influenced in the interaction and two-way
(interactive), where both models influence each other. The key to either coupling or
nesting successfully lies in the handling of the communication between the grids. The
communication between the grids must not only handle the passing of forcing
information, but also control potential noise created at the artificial interface by

1



reflections of improperly specified waves trying to cross the boundary. The purpose of
this paper is to describe a new technique, which can be used for either nesting or coupling
ocean models. This paper will focus on passing information without interpolation of
vertical grid information yet allow the coarse and fine grids to have different vertical
structure.

Atmospheric models were the first to use nesting as an approach to solve
primitive-equations in domains of differing horizontal resolutions. Interactive nests use
separation of the dynamic and mesh interface (Kurihara et al, 1979) among other
techniques to reduce noise at the nest interface. A summary of atmospheric techniques
appears in Zhang et al. (1986). One of the first uses of interactive nested models in
oceanography was reported by Spall and Holland (1991). Fox and Maskell (1995)
expanded Spall and Holland’s work from increased resolution in the horizontal only to
increased resolution in the vertical and horizontal. Most interactive nesting methods are
founded on the idea of designing an interpolation scheme to transfer information from a
global or large-scale domain to a regional domain, and designing an averaging scheme to
transfer the data from the regional domain to the large-scale domain (Alapaty et al., 1998;
Laugier et al., 1996; and the references there in). Interpolation and averaging techniques
are inherently noisy, which creates numerical errors on the boundary. Often this
computational noise is best described as a form of aliasing (Perkins and Smedstad, 1998).
This type of aliasing is analogous to the aliasing found in data analysis caused by under
sampling a continuous time series. In nesting the aliasing is caused by the difference in

wave frequency between the two grids.



The Naval Coastal Model (NCOM) used to model the area of interest in this study
can be configured as a passive nested or a coupled model. Currently, an increase in
resolution is allowed in the horizontal but not the vertical. An interactive version of the
NCOM is in development. Passive nested models use open boundary conditions to pass
information from the large-scale grid to the fine mesh just as coupling does. The goal of
open boundary conditions is to allow all outwardly propagating waves to leave the
domain freely without causing reflections or spurious resuits at the boundary. Many open
boundary types have been suggested, and studies (Jensen (1998), Palma and Matano
(1998), and Palma and Matano(2000)) have shown that each can do a good job for certain
modeling configurations. In ocean modeling the most commonly used boundary
conditions are of the radiation type. These boundary conditions are based on the

Sommerfeld condition,, +c¢, =0, where ¢ is a model variable, c is the wave speed

required to transmit the wave with no reflections, and the subscripts are time and space
derivatives where x is the direction normal to the boundary. The major problem with this
boundary condition is that the modeled and real oceans contain many waves, which travel
at differing ¢’s. Orlanski proposed to calculate c for the dominant wave at a point just
inside the boundary using a leapfrog method to approximate the Sommerfeld boundary

condition. An easier to understand upstream difference form is given as (Reed and

Cooper, 1986)

y T ==Yy +réy,
where n is the time level, b is the boundary point, and r =cAr/Ax. ris calculated

numerically from

r =@’:-1 ‘¢::ll)/@::zl‘ ::ll .
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r’s values are confined to the limit 0<r<1 for stability reasons. Unfortunately, Orlanski
actually proves worse in many cases than just setting a constant ¢ because small
numerical errors corrupt the calculation (Durran, et al., 1993).

A simplification to the Orlanski boundary condition, called the Camerlengo and
O’Brien radiation boundary condition is used in this study (Camerlengo and O’Brien,
1980). Camerlengo and O’Brien uses only the direction of the Orlanski boundary
condition. This modifies the Orlanski relation such that if >0, then r=1, and if <0, then
r=0. Camerlengo and O’Brien showed that this method was better than Orlanski’s
method for problems with Kelvin waves exiting the domain. One reason it works better
is because it is a step toward a constant ¢ solution, which deliberately overestimates the
actual value of c, thus allowing more energy out of the domain.

Computational noise created by finite difference boundary conditions can be
mistaken for physical results (Skamarock and Klemp, 1993 and Kurschner, 1994). This
led Perkins and Smedstad (1998) to perform a frequency-decomposition to restrict
conservation and continuity to the frequencies shared by the coarse and fine grids. A
similar idea is employed here to reduce aliasing. In this paper, a technique based on
vertical normal mode solutions at the boundary is constructed to force the fine grid with
only the coarse grid information that is modally allowed on the fine mesh grid. Because
radiation boundary conditions are applied to the modes and not the data values, it is easier
to spot numerical noise versus physical signals in the results. The modal calculation also

allows the solutions to be checked to see if the grids are physically compatible with each

other.



The technique developed here is applied to a passive nesting NCOM test case of
an Equatorial Kelvin wave. This technique is then applied to the same test case in two
coupling situations in which the number of levels (layers) is not the same as the fine
mesh; first with a NCOM coarse grid solution and secondly with a Navy Layered Ocean
Model (NLOM) coarse grid solution.



2. NORMAL MODE BOUNDARY CONDITION BASICS

2.1 Model Formulation

The model used to test the normal mode open boundary conditions NMOBC) is
the Naval Coastal Ocean Model NCOM) developed by Paul J. Martin at the Naval
Research Laboratory — Stennis Space Center (Martin, 2000). This model is a hybrid
sigma-z coordinate model that is designed such that the free surface is a sigma level, and
the levels below the free surface are a specified number of sigma and z-levels. The
model can be run with all sigma or all z-levels (except for the free surface), or any
combination as long as the sigma levels overlie the z-levels. The configuration here is all
sigma levels.

The model equations with the hydrostatic, Boussinesq, and incompressible
approximations are given by Martin (2000) equations (1) to (8), with equation (5), the

sigma equation, excluded here as
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p= p(T’ S, 2))
where ¢ is the time, x, y, and z are the three coordinate directions, u, v, and w are the three

components of the velocity vector, Q is a volume flux source term, v is the vector

velocity, T is the potential temperature, S is the salinity, V, is the horizontal gradient
operator, f is the Coriolis parameter, p is the pressure, p is the water density, p, is a
reference water density, g is the acceleration of gravity, F, and F, are horizontal mixing
terms for momentum, 4,, is the horizontal mixing coefficient for scalar fields (potential
temperature and salinity), K,, and K,, are vertical eddy coefficients for momentum and

scalar fields, respectively, O, is the solar radiation, and y is a function describing the
solar extinction.

The NCOM has the capability to do one-way nesting. It currently comes coded
with several different boundary conditions including Orlanski radiation boundary

condition or an advective scheme for the baroclinic variables, and specified or Flather






