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Abstract. A three-dimensional, primitive equa-
tion, time-dependent, o coordinate, free surface,
estuarine and coastal ocean circulation model is
described in detail. An apparently unique feature
is its imbedded turbulent closure submodel which
on the basis of previous studies should yield
realistic, Ekman surface aand bottom layers. The
model has been designed to represent ocean physics
as realistically as possible given the present-day
state of the art and to address phenomena of 1-100
km length and tidal-monthly time scales depending
on basin size and grid resolution. The prognostic
variables are the three components of the velocity
field, temperature, salinity, and two quantities
which characterize the turbulence, the turbulence
kinetic energy and the turbulence macroscale. The
governing equations together with their boundary
conditions are solved by finite difference tech-
niques. A horizontally and vertically staggered
lattice of grid points is used for the computa-
tions. An implicit numerical scheme in the verti-
cal direction and a mode splitting technique in
time have been adopted for computational efficien-
cy. The numerics have been designed to readily
accommodate the highly time-dependent and often
nonlinear processes of coastal upwelling and eddy
dynamics., The numerical model incorporates rea-
listic coastline and bottom topographye. The act—
ual computer code is configured to take advaatage
of the array processing design of modern computers
so that long-term integrations are possible at
tolerable cost. Applications of the model to a
variety of coastal settings all produce circula-
tion predictions which seem quite realistic when
compared to the available data/theory. These
applications include a simulation of the tides in
the Chesapeake Bay, a simulation of the coastal
circulation off Long Island, New York, and a comp-—
utation of the general circulation in the Middle
and South Atlaantic Bights and in the Gulf of Mexi-
co. The grid spacings have ranged from 1 to 50 km
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in these applications. In a new application to
coastal upwelling, the model's behavior is in
accord with recently developed ideas of coastal
trapped waves.

l. Introduction

The coastal ocean is a region receiving a great
deal of attention due to an increasing utilization
of its resources. The demands for increasing
development have directed both governments and
individuals to investigate the basic mechanisms
which govern the circulation over the continental
shelf. A knowledge of the circulation is useful
to the management of fisheries and of oil and gas
resource development. Spills of oil and other
material from offshore drilling and oil traamsport
activities may occur and significantly affect the
environment. Therefore, the movement of these
pollutants becomes an important item to predict.

The purpose of this paper is to provide a rela-
tively detailed description of a numerical circu-
lation model developed over the last few years at
Princeton University and Dynalysis of Princeton.
The model belongs to that class of models where
model realism is an important goal and addresses
mesoscale phenomena, that is activity character-
ized by 1-100 km length and tidal-30 day time
scales commonly observed in estuaries and the
coastal ocean [Beardsley and Boicourt, 1981]. It
is envisioned that the model ultimately will be
used as part of a coastal ocean forecasting pro-
gram. The model is a three-dimensional coastal
ocean model, incorporating a turbulence closure
model to provide a realistic parameterization of
the vertical mixing processes. The prognostic
variables are the three components of velocity,
temperature, salinity, turbulence kinetic energy,
and turbulence macroscale. The momentum equations
are nonlinear and incorporate a variable Coriolis
parameter. Prognostic equations governing the
thermodynamic quantities, temperature, and salin-
ity account for water mass variatioas brought
about by highly time-dependent coastal upwelling



processes as well as horizontal advective proc-
esses. Free surface elevation is also calculated
prognostically, with only some sacrifice in compu-—
tational time so that tides and storm surge events
can also be simulated. This is accomplished by
use of a mode splitting technique whereby the
volume transport and vertical velocity shear are
solved separately. Other computer variables in-
clude the density, vertical eddy viscosity, and
vertical eddy diffusivity., The model also accom—
modates realistic coastline geometry and bottom
topography.

The model performance has been tested in a
variety of applications which will not be des—
cribeds To gain some appreciation for the model's
ability to simulate coastal circulation the reader
is referred to Blumberg [1977], and Blumberg and
Mellor [1979a, b, 1980, 198la, b, 1983]. These
applications include a simulation of the tides in
the Chesapeake Bay, a simulation of the coastal
circulation off Long Island, New York, and a comp-
utation of the general circulation in the Middle
Atlantic and South Atlantic Bights and in the Gulf
of Mexico. The grid spacings have ranged from 1
to 50 km in these applications. Additional numer—
ical experiments involving upwelling and coastal
trapped waves will be described in this paper to
provide an illustration of the utility of the
model.

2. The Governing Equations

Dynamic and Thermodynamic Equations

The equations which form the basis of the circ—
ulation model describe the velocity and surface
elevation fields, and the salinity and temperature
fieldss Two simplifying approximations are used
[Bryan, 1969]; first, it is assumed that the
weight of the fluid identically balances the pres-—
sure (hydrostatic assumption), and second, density
differences are neglected unless the differences
are multiplied by gravity (Boussinesq approxima-
tion).

Consider a system of orthogonal Cartesian co-
ordinates with x increasing eastward, y increasing
northward, and z increasing vertically upwards.
The free surface is located at z = n(x,y,t) and
the bottom is at z = -H(x,y). If V is the hori-
zontal velocity vector with components (U,V) and
V the horizontal gradient operator, the continuity
equation is
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The Reynolds momentum equations are
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with p the reference density, p the in situ dens-

ity, g the gravitational acceleration, P the pres-—
sure, KM the vertical eddy diffusivity of turbu-
lent momentum mixing. A latitudinal variation of
the Coriolis parameter, f, is introduced by use of
the B plane approximation,

The pressure at depth z can be obtained by
integrating the vertical component of the equation
of motion, (4), from z to the free surface n, and
is
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P(x,y,z,t) = Patm

Henceforth, the atmospheric pressure, P
assumed constant,.

The conservation equations for temperature and
salinity may be written as
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where © is the potential temperature (or in situ
temperature for shallow water applications) and §
is the salinity. The vertical eddy diffusivity
for turbulent mixing of heat and salt is denoted
as KH' Using the temperature and salinity, the
density is computed according to an equation of
state of the form

p =p(0,s) (8)

given by Fofonoff [1962]. The potential deasity
is p, that is, the density evaluated as a function
of potential temperature and salinity but at at-
mospheric pressure; it provides accurate density
information to calculate horizontal baroclinic
gradients which enter in the pressure gradient
terms and the vertical stability of the water
column which enters into the turbulence closure
model even in deep water when pressure effects
become important,.

All of the motions induced by small-scale proc-
esses not directly resolved by the model grid
(subgrid scale) is parameterized in terms of hori-

zontal mixing processes., The terms FX, Fy, FO and



Fg found in (2), (3), (6), and (7) represent these
unresolved processes and in analogy to molecular
diffusion can be written as
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One should note that F_ and F_ are invariant to
coordinate rotation., While, zhese horizontal
diffusive terms are meant to parameterize subgrid
scale processes, in practice the horizontal dif-
fusivities, A, and Ay, are usually required to
damp small-scale computational noise., The form of
Fx, F_ and Fe allows for variable A, and but
thus %ar they’gave been held constant. The diffu-
sivities are chosen so that they do not produce
excessive spoothing of real features. Values as
low as 10 m“/s have been used successfully in
various applications. The relatively fine verti-
cal resolution used in the applicatioans resulted
in a reduced need for horizontal diffusion because
horizontal advection followed by vertical mixing
effectively acts like horizontal diffusion in a
real physical sense. An enhancement, now in prog-
ress, is to relate Ay and to the scales of
motion being resolved in the model and to the
local deformation field as suggested by Smagorin-
sky [1963].

Turbulence Closure

The governing equations coantain parameterized
Reynolds stress and flux terms which account for
the turbulent diffusion of momentum, heat, and
salt. The parameterization of turbulence in the
model described here is based on the work of Mel-
lor and Yamada [1974].

The vertical mixing coefficients,

and KH’ in
(2), (3), e

(6), and (7) are obtained by appealing
to a second order turbulence closure scheme [Mel-
lor and Yamada, 1982] which characterizes the
turbulenc% by equations for the turbulence kinetic
energy, q°/2, and a turbulence macroscale,

%2, according to,
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where a wall proximity function is defined as
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and where

1
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Near surfaces it may be shown that both 2/x and L
are equal to the distance from the surface

{x = 0.4 is the von Karman constant) so that
W=1+ EZ' Far from the surfaces where

2 << L, W= 1. The length scale provided by (12)
is a characteristic length of the turbulent motion
at any point in space or time. An alternative to
(12) is to use a transport equation for the dissi-
pation rate [Hanjalic and Launder, 1972]. The
former approach according to Mellor and Herring
[1973] and Mellor and Yamada [1982] is more con-
sistent since it uses an equation which describes
large—-scale turbulence to determine the turbulent
macroscale, The terms F_ and F_ in (ll) and (12)
are the horizontal mixing and are parameterized
analogously to temperature and salinity by using
(lo)‘

While details of the closure model are rather
involved, it is possible to reduce the prescrip—
tion of the mixing coefficients K, KH’ and Kq to
the following expressions,

Ky = 2aSy, (15a)
K, = 2aSy (15b)

K = 2qS (15¢)
q q

The stability functioas, S,,, SH’ and S_ are anal-
ytically derived, algebraic relations %unctionally
depeadent upoa 3U/3z, 3V/3z, gp 3p/3z, q and 2.
These relations derive from closure hypotheses
described by Mellor [1973] aand recently summarized
by Mellor and Yamada [1982].

It is convenient to define
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