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Glossary

Bathymetry

Biogeochemical
cycle

Boussinesq
approximation

Diapycnal mixing

El Nifio-Southern
Oscillation (ENSO)

The depth of ocean floor. Bathymetric map represents the
terrain of the seafloor.

A pathway that is described by the physical, biological, and
chemical processes that control the evolution of elements
found in the Earth system.

In Boussinesq approximation, a fluid parcel is assumed to
maintain the same volume or density during its transport
because of near incompressibility. This approximation was
named after French physicist and mathematician, Joseph
Valentin Boussinesq. By adopting this approximation, sound
waves that propagate through a density change can be
eliminated in numerical model.

Mixing of a fluid across different density surfaces. To be
contrasted with isopycnal mixing which occurs along the
same density surfaces.

A quasi-periodic change of the ocean and atmospheric
conditions along the equatorial Pacific Ocean. The change
in the sea surface temperature (SST) can be as large as
£2°C during its extreme phases: anomalously warm over
the tropical Pacific (El Nifio) and cold (La Nifia). Surface
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air pressures measured at both ends of the tropical Pacific
basin vary closely with the change of SST.

The angular momentum is balanced by the Coriolis force
and the horizontal pressure gradient force. It is generally
true when the spatial and temporal scales are large, roughly
over 100 km and a few days in the deep ocean.

The equation describing vertical motion of the ocean
column is simplified to assume that the vertical pressure
at any level is due to the weight of the air and water above
it. Variation of density is considered only in vertical direc-
tion when gravitational acceleration term (g) exists. This is
valid when the vertical scale of a feature is small compared
to the horizontal scale for both the atmosphere and ocean.
Vertical coordinate that follows a constant density surface.
This has often been assumed to be the same as the thermoha-
line circulation. However, the MOC explicitly describes the
ocean circulation system with the upwelling/downwelling
and associates the northward/southward transport.

A large-scale rotating circulation in the ocean primarily
forced by the atmospheric wind and the Coriolis force.
These include the North Atlantic Gyre, South Atlantic
Gyre, Indian Ocean Gyre, North Pacific Gyre, and South
Pacific which tend to be more elongated in the east-west
direction. There are also other types of Gyre forced by
different mechanisms such as baroclinicity.

A vigorous rotational circulation or vortex at spatial scales
roughly 100 km and smaller, existing for weeks to months.
The horizontal scale at which rotational effect becomes as
important as buoyancy or gravity wave effects. Mathemati-
cally, this can be computed in terms of potential temperature,
temperature, wind speed, or the depth of the boundary layer.
This radius is important in determining the phase speed and
wavelength of Rossby waves.

Dissolved content of the salt in the ocean. Traditionally,
salinity is represented in the unit of either g/Kg or PSU
(Practical Salinity Unit).

This approximation can be applied when the vertical-to-
horizontal aspect ratio is very small.

A structured (unstructured) grid has regular (irregular)
connectivity with neighboring points. In structured
(unstructured) grid, its connectivity can (cannot) be easily
represented with a two- or three-dimensional array.

A distinct ocean layer where the temperature changes
greatly with its depth compared to the layers above and
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below. It is often thought of as a boundary separating the
well-mixed upper ocean and the deep ocean.

Thermohaline The global oceanic circulation driven by the density
circulation gradients, primarily determined by salinity and temperature.
(Atmospheric) The horizontal force exerted by the atmospheric wind on
Wind stress the ocean surface. This can also be interpreted as the

vertical transfer of horizontal momentum from the atmo-
sphere to the ocean surface. Wind stress is a function of the
square of the wind speed.

Definition of the Subject

The purpose of this text is to provide an introduction to aspects of oceanic
general circulation models (OGCMs), an important component of Climate Sys-
tem or Earth System Model (ESM). The emerging need for understanding the
Earth’s climate system and especially projecting its future evolution has
encouraged scientists to explore the dynamical, physical, and biogeochemical
processes in the ocean. Understanding the role of these processes in the climate
system is an interesting and challenging scientific subject. For example,
a research question exploring how much extra heat or CO, generated by anthro-
pogenic activities can be stored in the deep ocean is not only of scientific interest
but also important in projecting future climate of the Earth. Thus, OGCMs have
been developed and applied to investigate the various oceanic processes and
their role in the climate system.

Coupled climate models incorporating some representation of ocean circulations
have been used since the pioneering work of Manabe and Bryan [38]. Because of
computational limits at that time, an extremely simplified Earth geography —
composed of only one continent and ocean basin (Fig. 4.1) — was used. Despite
its simplicity, this was the first numerical model to include reasonably complex
formulations for the atmosphere, land, ocean, and more importantly feedbacks
among these components. Later it was demonstrated that deep ocean circulation
in this simplified coupled model was not at an equilibrium even after a century-long
integration [64]. Like this case, processes that control the adjustment of deep ocean
circulation toward an equilibrium remain an important issue in contemporary
climate models. It took another 6 years for Manabe and Bryan to produce a coupled
climate model with more realistic geography of the Earth [39]. Now contemporary
OGCMs can resolve complex regional flows in a much more realistic way. How-
ever, there are still many issues to be solved and large room for improvement [48].

The goal in this text is to outline the basics of Ocean General Circulation
modeling, reviewing the mathematical representation of the ocean circulation
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Fig. 4.1 Land-ocean 81.7°N
configuration of the first
coupled climate model of
[38] (From Manabe and
Bryan, J. Atmospheric
Sciences 26 (1969): 786-789.
© American Meteorological
Society. Reprinted with
permission)

81.7°S

(section Equations of Motion), and the discretization method with horizontal and
vertical coordinate systems (section Horizontal and Vertical Grid System). A brief
discussion is provided on how the sub-grid scale processes are represented in
relatively coarse-resolution OGCMs (section Sub-grid Scale Parameterization).
Then, using a couple of relatively simple examples, the coupling between the
ocean and other climate components, especially the atmosphere by various physical
processes will be explained (section Simple Conceptual Models). Also, how the
ocean is coupled in terms of biogeochemical cycle will be illustrated in the section
Biogeochemical Cycle Modeling. The entry concludes with a brief description of
contemporary OGCMs and its future development (section Future Directions).

Introduction

An oceanic general circulation model (OGCM) is used to simulate the physical and
dynamical features of the global ocean using equations representing the conserva-
tion of momentum, energy, and mass for water and salt. These equations are
usually called the equations of motion, and they describe how the temperature,
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salinity, and currents evolve with time in the ocean. OGCMs also need appropri-
ate boundary and initial conditions that describe how the ocean interacts with the
atmosphere, land and sea ice and the state of the ocean when the model is started.
An OGCM has a great similarity with its atmospheric counterpart in the entry
Atmospheric General Circulation Modeling. However, there are important and
non-negligible differences. First of all, the ocean is primarily forced at its surface
boundaries by both thermal and mechanical forcings, while the atmosphere is
forced throughout its entire volume mainly by thermal forcing. The global ocean
is more strongly constrained by its complex terrain which results in oceanic gyres
confined by lateral boundaries (continents and shelves), while the atmosphere is
relatively less restricted. Also, very narrow boundary layers exist on almost every
ocean surface and within its interior. Finally, observing the ocean is much more
difficult than its atmospheric counterpart. The amount of ocean observation data
is far less available than in the atmosphere. Thus, boundary and initial conditions
are difficult to determine and the lack of long term and uniform observation
imposes a challenge in validating the OGCMs’ performance. Although a great
deal of additional measurements has become available since satellite and buoys
which have been deployed in the 1980s, it is estimated that data available to
oceanic scientist in the 1990s is still an order of magnitude fewer than in the
atmosphere [21].

The role played by the ocean in the global climate system is relatively well
understood. For example, the ocean regulates the Earth surface heat budget
through its large heat capacity and heat transport by the oceanic circulation
from tropics to high latitudes. Large portions of this heat transport is carried out
by both strong western boundary currents and oceanic mesoscale eddies (a
dominant dynamical feature of the global ocean circulation at spatial scales
from roughly 100 km and smaller with time scales of weeks to months). One
example of a mesoscale eddy can be seen near the Atlantic coast of the USA in
Fig. 4.2. The figure shows satellite-retrieved sea surface temperature from the
NASA Aqua/MODIS mission over the western Atlantic where gray areas repre-
sent the land and color indicates temperature over the ocean surface. One can
observe that generally warmer (colder) water exists in the south (north). Along the
boundary that warm and cold waters are interwined, small-scale meanders and
eddies are evident. These eddies are generated by strong shear instabilities in
ocean currents, occurring particularly from currents along western boundaries and
by horizontal density gradients. Oceanic kinetic energy is largely redistributed
and transported by these eddies, and they are very important in the poleward
transport of energy in the Earth’s climate system.

In order for OGCMs to properly simulate these mesoscale eddies, they must
operate at a high spatial resolution, resolving features that can be a few tens of
kilometers and smaller. OGCMs divide the ocean up into small “cells” where
temperature, salinity, and water velocity are calculated (discussed in more detail
later). Ocean models that are designed to reproduce the behavior of eddies accu-
rately (called Eddy-Permitting models) contain many cells and are extremely
expensive in terms of computation. As of 2007, only a couple of the coupled
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Fig. 4.2 Sea surface temperature at 18 April 2005 retrieved from Aqua MODIS [63]. Level 3
mapped data of MODIS SST was obtained from NASA JPL

climate models with eddy-permitting resolution (around 1/6° to 1/3°) successfully
simulated these features explicitly [48].

OGCMs have historically been run at a much lower resolution to reduce the high
computational burden. But since these lower resolution models are not able to
explicitly represent these eddies, they must use other ways to represent the
eddy effects. These effects are frequently treated through ‘“parameterization”
(more information on parameterization is provided below Sub-grid Scale
Parameterization).

Recently ocean models now include representations of other important ocean
components such as nutrient transports, ocean chemistry, and ecosystem evolution
in order to calculate the evolution of biogeochemical cycles of the planet, including
CO,. The ocean regulates the amount of CO, stored through both biological and
physical processes, which in general are similar to their terrestrial counterpart. The
ocean absorbed about half of the CO, released in the last few centuries (e.g., [31]).
And it becomes more important to understand how much of extra carbon can the
ocean absorb in the near future.

This document has outlined the basis of the dynamical and physical properties of
the ocean. More information on ocean processes can be found in various textbooks
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or other review articles (e.g., [24, 29]). In the next section, more emphasis will be
given on the numerical formulation, and discretization of these processes will be
provided, along with some information on the coupling between atmosphere and
the ocean in a numerical form.

Equations of Motion

Ocean models solve the equations governing oceanic flow using computational
fluid dynamics (CFD) methods with specific assumptions and approximations
appropriate to the ocean. The equations for global ocean models are, like atmo-
spheric models, based on Newtonian mechanics and irreversible thermodynamics
applied to a particular fluid. Conservation of momentum, heat, and mass of
constituents comprise the equations used for an OGCM. However, a wide range
of mathematical formulation has been used to represent the numerous oceanic
processes and phenomena occurring at various spatial and temporal scales, in the
ocean. Only the primitive equations of motion that are the core of OGCM numerical
formulations are described. A more complete derivation can be found in Griffies
[24] and Vernois [62].

Hydrostatic Primitive Equations

A number of approximations are used in simplifying the fluid equations when used
to represent ocean circulations, namely, the hydrostatic, shallowness, Boussinesq,
and rigid lid approximations. The hydrostatic approximation assumes that the
vertical momentum equation can be simplified by neglecting all terms except those
resulting in the vertical pressure gradient being balanced by the gravitational accel-
eration (equivalently that the vertical pressure at any level is due to the weight of the
air and water above it). The shallowness approximation assumes the ocean is thin
compared to the Earth’s radius. The Boussinesq approximation neglects variations in
density except where density appears multiplied with gravity. The advantage of the
Boussinesq approximation is to eliminate acoustic waves [7]. Although this approxi-
mation has been applied in many OGCMs, a couple of limitations seem to be found.
One of the most noticeable limitations is that it cannot account for steric effect, i.e.,
thermal expansion and salinity-density compensation of sea water. Thus, sea-level
change due to global warming cannot be properly predicted by this kind of model.
Finally, the surface elevation of the global ocean is assumed static in the rigid lid
approximation. With these approximations, the temporal and spatial variations of
density are small compared to its mean value. Thus, it can be described in the
following form:
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ptot:p+p(xayvzat)a (41)

where p represents the mean density of the ocean and p > |p| is true and p can be
replaced by p except the buoyancy term, pg and in the thermodynamic density
conservation equation.

With these approximations, the hydrostatic primitive equation in Cartesian
coordinates is described in the following format:

% =fr— % % (4.2)
% = —fu— % g—l; (4.3)
% =—pg 4.4)
% —o 4.5)
B0 (4.6)
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where (x, y, z) represents Cartesian coordinates and (u#, v, w) as current in the
direction of x, y, and z, respectively. p is the mean density of the ocean as in Eq. 4.1,
fis the Coriolis frequency, and T and S are temperature and salinity of the ocean.
And the total derivative and local derivatives are related in the following way:

a9 0. 00
Ox y 0z

@ o 5 “8)

To close the set of equations (Eqs. 4.2—4.6), an equation of state, another equation
of state to link density to ocean temperature, salinity, and pressure is added:

p=p(T,S,p) (4.9)

It is also noted here that these sets of equation are written for spherical
geometry in a global ocean model. Details can be found in Haidvogel and
Bryan [29] or Bryan [5].
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The above sets of equation are derived from the fluid dynamics with the help of
approximations or assumptions. Some of the approximations, like Boussinesq
approximation, have been still used in OGCM. Others, like the rigid lid approxima-
tion are not used any longer. There is a trend toward more explicitly representing the
ocean status and processes. More realistic simulation of the ocean with better
computational efficiency is now being achieved in contemporary OGCMs (see [27]).

Boundary Conditions

To solve the equations of motions, boundary conditions are needed. Upper boundary
conditions are governed by interactions with the atmosphere or sea ice. The surface
boundary condition on momentum below an ice-free atmosphere is governed by the
wind stress:

_ Ou

Ty = pVXE 09 (4.10)
_ Ov

Ty = vaa =0 4.11)

where v, and v, are the turbulent eddy viscosity coefficients. The wind stress is
sometimes provided by observational estimates (from a measurement climatology)
and other times is provided by an atmospheric model. More discussion will be given
later in Atmospheric forcing section.

The boundary condition for temperature is also treated in a variety of ways.
When ocean models are coupled with a climate model, they calculate turbulent
fluxes of heat and radiative fluxes based upon the state of the atmosphere and ocean.
When ocean models are driven with observations, other choices are possible.
Sometimes sea surface temperature (SST) is specified. In other situations surface
fluxes are calculated in a similar fashion to the way they are done when coupled to
an atmospheric model.

Salinity boundary condition depends upon evaporation, and the freshwater flux
from precipitation, river runoff, and sea ice melt. In simple models where feedback
between salinity and its forcing is not considered, one can use the prescribed surface
salinity flux. However, it is found that there is important feedback between salinity
and its forcing even in the case when ocean models are not coupled to atmosphere
and sea ice models (e.g., [6]).

The Surface Mixed Layer

In the ocean, the heating term can be neglected generally except in the regions
where solar radiation can play a role and heat exchange with the overlaying
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atmosphere is active, which is called the surface mixed layer. Both vigorous mixing
and surface heating play important roles. Therefore, the surface heating term has to
be included in the temperature equation:

or 0 1
E__E(TW)J'_EQ(ZJ% (412)

where the first term in the right hand side represents the heat exchange due to vertical
mixing, the second term is the solar heating absorbed at depth in the water column,
and c;, is the specific heat of water. Although the equation looks simple, complication
arises how to close. Two general approaches are taken: differential and bulk models
[33]. The Mellor Yamada level-2 model is an example of the former [43], in which the
stress terms now include both eddy coefficients for both within and below the mixed
layer. On the other hand, the Niler model [41] uses a bulk model in which the mixed
layer is treated as a well-defined homogeneous layer.

Horizontal and Vertical Grid System

To solve the governing equations of the oceanic general circulation, these equations
have to be discretized with appropriate horizontal and vertical grid systems. Vari-
ous methodologies have been developed and applied in the different OGCMs. In
this section, both horizontal and vertical grid systems will be reviewed.

Horizontal Grid System

OGCMs have widely adopted the finite volume and finite elements methods. These
methods will be discussed here for brevity, but a few distinguishing characteristics be
mentioned. Discretized governing equations are applied in flux form so scalars such as
temperature, density, salinity, etc., are updated through fluxes at the boundaries of
each grid, and therefore, these quantities are conserved. Structured meshes with
regular distributions of neighboring grids throughout the entire domain and unstruc-
tured meshes where the number of neighboring grids varies throughout the domain are
both utilized with finite volumes and finite element discretizations. Successful model
implementations include orthogonal meshes (e.g., [58]), cubed sphere meshes (e.g.,
[1]), icosahedral meshes (e.g., [47, 51, 52]), and unstructured triangular meshes
(e.g., [10, 12]). Figure 4.3 shows an example of a structured and unstructured grid.
Structured grids are computationally efficient, accurate, and convenient. However,
the major shortcoming with structured grids is that the grid-spacing is not uniform. Lack
of flexibility to increase resolution in coastal regions or regions with complex topogra-
phy make the computation expensive if the resolution of the entire domain has to be
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Fig. 4.3 An example of fitting a structured grid (/eft) and an unstructured grid (right) to a simple
coastal embayment. The true coastline is shown in black, the model coastline in red. Note how the
unstructured triangular grid can be adjusted so that the model coastline follows the true coastline,
while the structured grid coastline is jagged — which can result in unrealistic flow disturbance close
to the coast (Figure taken from Fig. 4.1 in Chen et al. [13] in Oceanography, reproduced with
permission)

increased at the same time. An irregular gridding system that can increase resolution near
the coast while keeping lower resolution over the open ocean coarse provides better
computational efficiency more easily. In addition, because the unstructured grid can
better represent the coastal area, it is advantageous over structured grid in simulating
coastal currents and eddies.

To avoid a singular point at the North Pole, where grid lines converge, the ocean
models either rotate the global gridding system, or create a tripolar grid with poles
located over Canada, Russia, and Antarctica, such that the singular points of the
grids are positioned over land instead of ocean.

An unresolved issue is the resolution—dependent physics in ocean models.
Parameterizations of sub-grid scale processes inevitably produce some “free”
(undefined) parameters (hence the name) and need to be in accordance with
observations. These parameters are at varying horizontal grid sizes to capture the
effects of processes from eddies with different sizes. The diffusion and viscosity
terms will need to be adjusted accordingly.

Vertical Coordinate

Ocean models have developed several different vertical coordinate systems:
(1) geopotential coordinate (or z-coordinate), (2) terrain-following coordinate,
and (3) isopycnal coordinate, as shown in Fig. 4.4. Also, there is hybrid coordinate
which combines various coordinate systems. Each one has its own advantages and
disadvantages.

The most popular coordinate system is the geopotential coordinate [42]. For
example, the first coupled climate model also utilized this vertical coordinate
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Fig. 4.4 A schematic diagram of an ocean basin illustrating the three regimes of the ocean
germane to the considerations of an appropriate vertical coordinate. The surface mixed layer is
naturally represented using fixed-depth z (or pressure p) coordinates, the interior is naturally
represented using isopycnic p (density tracking) coordinates, and the bottom boundary is naturally
represented using terrain-following o coordinates (after [25]) (Figure taken from Box 1 in
Chassignet et al. [11] in Oceanography, reproduced with permission)

system with the hydrostatic and Boussinesq approximations [26, 38]. The
geopotential coordinate adopts a straightforward concept that the ocean water
body is divided into regular boxes which are invariant with time. The vertical
coordinate is based on the geopotential or depth of the ocean. Governing equations
using lower-order finite difference methods are frequently used. In ocean models
that adopt the geopotential coordinate (e.g., [35, 56]), the vertical resolution
decreases as a function of depth (i.e., higher vertical resolution in the upper ocean
and lower vertical resolution in the deep ocean) in order to better resolve processes
around the thermocline. However, some studies have shown that the geopotential
coordinate models have problems simulating the topographical effects on the ocean
circulation because of their “stepwise” representation of the topography. They also
have mesoscale eddy-induced vertical diffusion much greater than the observations.

The discontinued representation of the bathymetry and sidewall geometry in the
geopotential coordinate system has been related to spurious topographic effects on
the ocean circulation. Terrain-following (or sigma) coordinate models have been
developed to handle complex lateral and bottom boundaries and avoid some of
these problems. The sigma coordinate system is based on a fractional depth scaled
from O to 1, with O being the surface and 1 being the bottom of the ocean. However,
because the pressure gradient term is projected to be along the sigma surfaces, the
horizontal pressure gradient produces considerable errors as a function of topo-
graphical slope and the stratification near the sea floor [2, 16, 32, 57]. Due to this
problem, studies have shown that models that adopt the terrain-following coordi-
nate are not suitable for global-scale simulations, unless the horizontal resolution is
very high (the order of 10 km).

The isopycnal coordinate system uses isopycnal surfaces to be the vertical
levels. Its advantage is due to the fact that the ocean currents and the transport of
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tracers generally proceed along isopycnal surfaces, so that the model that adopts
this coordinate can ease the treatment of advection. The diapycnal mixing due to
eddies can be added to the model as a parameterization. Furthermore, since
isopycnal surfaces evolve over time, the isopycnal coordinate is, by nature, an
adaptive system. It can better resolve the frontal region and thermocline where
sharp vertical gradients of density exist [4]. However, for areas with a low-density
gradient such as the well-mixed shelf area or deepwater formation areas, the model
has a lower resolution than it would with other vertical coordinate choices. Because
it avoids some of the shortcomings of the two other coordinate systems, isopycnal
models, or “hybrid” models using a combination of these coordinate systems have
a great potential in becoming more and more viable for global climate simulations
in the future. Examples of models that use hybrid coordinates include the Global
Navy Coastal Ocean Model that uses sigma-z coordinate, and the experimental
Hybrid Coordinate Ocean Model that uses the z- (or sigma) coordinate in the upper
ocean and the isopycnal coordinate in the stratified ocean.

Sub-grid Scale Parameterization

With spatial discretization, one can solve the governing equation discussed in the
section Equations of Motion. But, representing continuous fluid with limited num-
ber of grid points imposes some new challenges. For example, the global OGCM
with horizontal grid scale of 200 km cannot explicitly simulate oceanic mesoscale
eddies (Fig. 4.2). To overcome this, spatial resolution of the OGCM has been
increasing greatly. Indeed, increasing the ocean resolution in the coupled climate
model has resulted in many improvements in the simulation of ocean circulation
features. However, the impact of higher ocean resolution on the atmospheric
simulation in coupled models has been found to be relatively small and localized
unless the resolution of the atmosphere is also changed [30]. Further it has been
shown that increasing spatial resolution plays a secondary role in simulating
ENSO properly [28]. To achieve realistic representation of the ocean circulation
and physical status requires not only increasing resolution but also physical
parameterization. In this section, these parameterizations are discussed.

There are many processes occurring in the ocean that are not expressed explicitly
in the equations of motion, or that take place at time and space scales that are too
small to be treated explicitly in a global ocean model. No OGCM can simulate
process in the ocean explicitly due to computational constraints or lack of knowl-
edge about these processes. However, these can be very important in influencing
oceanic circulations. Sub-grid processes such as vertical mixing and eddies with
a scale smaller than the grid that cannot be resolved are “parameterized” based on
theoretical considerations, observational data, and/or results from finer-resolution
models. In “non-eddy” resolving (or permitting) OGCMs, the effects of mesoscale
eddies are represented by parameterizations called neutral diffusion [49, 59] and
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eddy-induced advection [19, 20]. Maltrud and McClean [37] have suggested that
a horizontal grid-spacing of 50 km in mid-latitudes and 10 km in high latitudes is
sufficient to resolve eddies. Higher resolution models are believed to be able to
resolve these processes.

Turbulent mixing at the upper ocean surface must also be represented (e.g.,
[18, 34, 45]). The stirring and mixing at the ocean surface can penetrate to the
interior of the ocean and trigger further vertical mixing. These waves can be
reflected, scattered, or transformed by the seafloor at the bottom and lateral
boundary of the ocean. The diapycnal mixing takes place as a result of baroclinic
instability, and is brought to balance by geostrophic adjustment via radiation of
gravity waves. These processes interact with the topography and the mean flow.
Depending on the stability of the ocean, the diapycnal mixing can affect the
general circulation or dissipate without having any effect.

Many sub-grid scale processes are recognized to be important but remain poorly
understood. The lack of the four-dimensional observational data of ocean flows as
well as the state variables of the ocean in the oceanic interior make validation of the
parameterizations against observations difficult, so validations are usually
performed by evaluating their bulk effect against a high-resolution model. Recently
satellite measurements of sea surface height, sea surface temperature, winds,
etc. that cover a large scale of domain with a reasonable resolution have proved
very helpful for understanding the features of mesoscale eddies but more in situ
measurements are necessary to validate the model and to calibrate satellite
observations. With the coordinated efforts from both modeling and measurement
communities, parameterizations in ocean models can be scientifically evaluated and
improved accordingly.

Simple Conceptual Models

Continuing atmospheric-ocean coupling process, a brief review is provided in this
section on two simple ocean models which describe two important oceanic phenom-
ena that have a large impact on the entire climate system: (1) the El Nifio Southern
Oscillation and (2) the thermohaline circulation. The former feature produces the
largest signal in interannual climate variability in the Earth system, and the latter is
a feature that is very important in longer-term climate variability.

These features are most easily described using simple models based on the full
sets of mathematical equations but with their complexity reduced to make it easier
to describe the basic features of particular phenomena. For example, idealized
geometries with simplified boundary conditions may be applied or several
approximations can be made for some regions, which are not uniformly applicable
to the global ocean. However, these simple models provide very useful insight on
how a specific physical process is maintained and respond to individual forcing. For
example, the ocean thermocline and wind-stress effects on El Nifio Southern
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Oscillation can be easily understood and modeled in a Cane—Zebiak model. In this
subsection, a couple of simple models will be reviewed. One is this Cane—Zebiak
model and the other describes the oceanic thermohaline circulation [15].

Cane—Zebiak Model

El Nifio Southern Oscillation (ENSO) is a climate pattern found in nature. The
pattern is centered in the tropical pacific, but its signal can be detected globally. It is
frequently described through an index measuring surface pressure differences
between Tahiti and Darwin, or ocean surface temperature over the eastern Pacific
but its signatures can be found in precipitation changes over tropics as well as mid-
latitudes and in many other components of the Earth climate system. The feature
has a very large interannual variability. On average there is an event every
3-6 years but it occurs irregularly. Various degrees of simple conceptual models
have been proposed to explain and model ENSO. All these efforts can be
summarized by the Bjerknes—Wyrtki model [3, 65], in which it was suggested
that ENSO is an internal mode of oscillation of the coupled atmosphere-ocean
system, driven by a continuous imbalance between the tightly coupled surface
winds and temperatures on the one hand, and the more sluggish subsurface heat
reservoir on the other. In the early 1980s, several highly idealized coupled models
were developed based on the Bjerknes—Wyrtki model. The first one was that of
Cane and Zebiak [9] and Zebiak and Cane [67]. Both the atmosphere and the ocean
are highly simplified. These components are outlined in the next subsection.

The Atmosphere Model

Tropical atmosphere exhibits a couple of unique characteristics. One is that the
wind is driven by latent heat release due to convection, and the other is a reversed
polarity in the vertical structure, for example, low-level convergence with upper-
level divergence in the divergent circulation. Therefore, linear dynamics with
a single degree of freedom in the vertical coordinate has proven surprisingly
accurate in reproducing the atmospheric circulation, classified as a Gill-type
model [22, 44]. In ZC model, steady-state, linear shallow-water equation on an
equatorial beta plane is used, just like a Gill-type model as follows:

Ou oo
S pw=—2 (4.13)
v oo
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0 o oo
5 tav V—Cp (4.15)

where V = (u, v) are the surface wind vector, ¢ is the geopotential, f = df /dy, with
f being the Coriolis parameter, and c, is a constant related to momentum and
mass in the form of Newtonian cooling. Earlier, Matsuno [8] solved this equation
for free tropics diabatic heating, and later Gill [22] found the steady solution for
both the forced and damped versions. Lindzen and Nigam [36] introduced an
alternative view on how surface wind was forced. They proposed the surface
temperature gradient causes overlaying atmospheric pressure gradient and in turn
surface wind anomalies.

The atmospheric heating anomaly Q is contributed by local evaporation (Qs) and
low-level moisture convergence (Q;). It has been shown that the atmospheric
moisture convergence is important for tropical heat budget and to maintain divergent
circulation (e.g., [14]).

The Ocean Model

The ZC model represents the ocean as a single basin, the tropical Pacific, consisting
of two vertical layers with a simplification of the ocean dynamics called a linear
reduced gravity model. Vertically, the change of the thermocline needs to be
considered, which is assumed motionless and linear. The set of equations is as
follows:

Ou Ap Oh s,

- yV:‘?&*N}‘”” (4.16)

TR 4.17)
p Oy  ph

%Mv -V =—rh, (4.18)

%:—V’-VTfMWS%faST, (4.19)

where (u,v) is the horizontal velocity in the layer, % is the derivation of the layer
thickness from its mean value H, r is a Rayleigh friction parameter, g is the surface
wind stress, and Ap a characteristic density difference between the layers. The
upwelling is represented as follows:

ws = H,V - V. (4.20)



4 Oceanic General Circulation Models 79

Mar 1073

10°N

EQ

10°S

10°N

EQ

10°S

160°W 140°W

C 1055 1060 1065 1070 1075 1080 1085 1090 1095 1100

Fig. 4.5 An example of El Nino simulated by ZC model. (a) SST anomalies at March 1073,
(b) same as (a) except December 1073, and (c) area averaged over the eastern equatorial Pacific
(90° W to 150° W, 5° S to 5° N). The entire simulation was for the period of 1001-1200

The function M accounts for the fact that surface temperature is affected by
upwelling. The anomalous temperature gradient, 9T /0z, is defined by

T (T —T.)
T 4.21)

Te = (1— )T + 7T, (4.22)

where H; is the surface layer depth, T, measures temperature entrained into the
surface layer, with y as a mixing parameter (= 0.5), and T4 relates the subsurface
temperature anomaly to the mean and anomalous thermocline depths.

In summary, the ocean model is essentially a reduced gravity model with one and
half layer of ocean which includes the surface mixed layer and the layer below as one
layer. Thus, the surface temperature is affected by both the atmospheric wind stress at
the surface and the temperature entrained into the surface layer from the deep layer.

With reasonable choice of parameters, this coupled model has produced anoma-
lous SST pattern and wind that resembles the observed ENSO anomalies (Fig. 4.5).
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El Nifo occurs every 3—4 years, followed by the La Nifia events. A well-known
deficiency of this model is that ENSO occurs too regularly with the fixed period
around 2 years.

Although it is an idealized and theoretical model, this model included both the
atmosphere and the ocean dynamics and was shown to have a reasonable evolution
and life cycle of the ENSO compared to what was observed. Essentially, a Gill-type
atmosphere with heating mainly tied to SST anomaly and convergence feedback
term is coupled with a reduced gravity ocean model. In the mid-1980s, slightly
different models were examined: one by Philander et al. [46], in which the SST
anomaly was assumed proportional to both thermocline displacement and its
anomaly; the other by Gill [68] in which the tendency of SST was assumed to be
a function of advection of mean temperature by anomalous zonal current and
atmospheric heating was determined by the SST anomaly. The former resulted
a Kelvin wave response, while the latter a westward growing coupled mode.

These model variants, although far simpler than an OGCM, were constructed
with careful thought on the processes influencing SST changes that are essential in
producing the coupled ENSO phenomena. Simulating realistic ENSO remains
a challenge for developers of climate models. Because ENSO is a dominant feature
in interannual variability, and El Nino (La Nifa) induces anomalous wet (dry)
conditions all over the worlds, it is critical to simulate right. Understanding ENSO,
and how it might change in an era of the global warming is an important research
topic. For example, a recent study using the [IPCC’s AR4 model projections showed
the El Nifio with its center over the central Pacific may dominate in the future [66].

A Box Model for Thermohaline Circulation

The ZC model is primarily forced by surface wind stress and buoyancy plays a minor
role. However, in climate application, ocean circulation can be driven by salinity and
density gradients, which contributes much longer-term variability than ENSO which
is predominately in interannual timescales. Although state-of-the-art OGCMs can
now simulate the thermohaline circulation relatively well, it has been one of the
long-standing challenges for modelers. Therefore, different types of simple concep-
tual models have been developed and used. Difference between the ZC model and
the thermohaline models are not limited to the physical forcing mechanisms, but also
through the introduction of nonlinearity in the thermohaline circulation and different
mathematical treatment associated with the vertical stratification of buoyancy.
Therefore, an alternative to the formal mathematical derivation of simplified
models from the full equations of motion is used to pose a conceptual model or
simple physical analog for the ocean system. In this entry, an idealized model by
Marotzke [40] will be briefly described. Two boxes which represent tropical and polar
regions of the ocean are considered. Several assumptions are made: (1) ocean tempera-
ture is very close to atmospheric temperature in each box, and (2) salinity is forced by
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Fig. 4.6 A schematic
diagram of the two-box model -F F
of the thermohaline
circulation (modified from
[29])

T1r 81 a9 T27 S2

a flux of moisture through the atmosphere from the low-latitude to the high-latitude box.
Salinity forcing is used to make the low-latitude box saltier and denser, and the high-
latitude box fresher and less dense (Fig. 4.6). The governing equation of salt can be
described as follows following Haidvogel and Bryan [29]:

ds

V== ~FSo+14|(S2 = S1), (4.23)
ds

V== —FSo+ 14|51 — S2), (4.24)

where V is the volume of the boxes which is assumed to be equal, S, is a constant
reference salinity, and ¢ is the rate of volume exchanged in the pipes which connect
the low-latitude and polar boxes. Pressure differences between the two boxes drive
the system, which can be modeled using resistivity & ':

k
qg=——(p2—p1)- (4.25)
Po

These are completed using a linear equation of state:
p=po (1 —ol +pS), (4.26)

where o is the thermal expansion coefficient and f is the haline contraction
coefficient.

As mentioned above, the state-of-the-art climate models now can simulate
decent thermohaline circulation. However, it is still difficult to observe this circu-
lation and bias exists in its location and intensity simulated by OGCM.

Biogeochemical Cycle Modeling

The oceans play a role in not only through physical quantities, such as wind stress
and surface energy exchange, but also through chemical species, especially
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Fig. 4.7 A schematic diagram of the global carbon cycle, obtained from http://earthobservatory.
nasa.gov/Features/CarbonCycle/carbon_cycle4.php

greenhouse gases, such as CO, and N,O. Also, sea salt from the ocean surface is an
important source of natural aerosols which have impacts on climate through
aerosol—climate interaction. In this section, a few aspects on modeling of the
biogeochemical cycle in the OGCM are briefly reviewed.

Currently, approximately 6 Gt/year of carbon is released in the atmosphere due
to anthropogenic activity. Only about half of carbon remains in the atmosphere and
the rest is stored either in the vegetation and soil, or in biota and dissolved trace
species in the ocean. This stored carbon is typically identified as terrestrial and
ocean carbon pools. These fluxes and reservoirs for carbon are summarized in
Fig. 4.7. The size of the terrestrial and atmospheric carbon pools are about 2,200
and 750 Gt, while the Ocean carbon pool is estimated to hold about 40,000 Gt, the
largest carbon pool except sediments and rocks.

The first generation of the Ocean Carbon model to treat the exchange process
between atmosphere and ocean was developed more than 50 years ago by Revelle
and Suess [50], which used two boxes of oceanic carbon pools with exchange
processes between atmosphere and ocean. The rationale of this simple box model
has been employed consistently through later generations of the ocean carbon
model (e.g., [31]). Research questions about how much of the extra CO, released
by human activity in the atmosphere can be stored in the ocean carbon pools resides
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at the core of climate change science, and how these large carbon pools will respond
to global warming is also critical to understand.

The conservation equation for any trace constituent (like CO,) in the ocean or
atmosphere can be written as follows:

ocC - -
E =-V.-VC-CV-V+ CSource - CSink7 (427)

where C is a mixing ratio of any trace constituent (units mass of trace constituent to
mass of sea water).

There exist two important source and sink processes for carbon in the ocean, that
are typically labeled as the biological and solubility pumps. The biological pump
refers to the transport of carbon from the oceanic surface to its interior in the form
of carbon bound to other elements and labeled organic or inorganic carbon,
according to whether the carbon resides in chemical compound that arises primarily
through biological activity (organic) or other chemical reactions (inorganic). Vari-
ous routes for the transport of carbon from the atmosphere into different parts of the
ocean have been discovered and are treated in modern climate models treating
biogeochemistry. The strength of this biological pump is measured by the so-called
f-ratio, a fraction of total primary production fueled by nitrate [17].

Second, the solubility pump is a transport process that takes place through
physical-chemical interactions. Both temperature in the ocean layers and the
aforementioned thermohaline circulation are two important players in determining
the strength of the solubility pump. The most of the climate models in the IPCC 4th
Assessment Report (AR4) does not have representation of carbon cycle. However,
the next generation of OGCMs to be used in the IPCC 5th Assessment Report
(ARS) has some degree of numerical representation of these two pumps.

Future Directions

The simulations of the oceans by contemporary OGCM in coupled climate model
still exhibit various degrees of biases compared to observations despite
improvements. Further reduction of these biases is required. Some dynamical,
physical, and even biological processes are poorly represented, and others are
entirely missing. Thus, much emphasis has been weighted on developing more
comprehensive and computationally efficient ocean climate model at the same time.
As a first step, increasing spatial resolution has been pursued as a way forward by
many modeling groups in the world and reduces the need for some sub-grid scale
processes which must currently be parameterized. Also, better numerical algorithm
suitable for extreme computing environment has been sought at the same time.

In summary, several key aspects in the development of the next generation of the
OGCM are as follows:
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1. Multi-decadal natural variability-Atlantic Meridional Overturning Circulation
(AMOQC): This phenomenon is important for climate not only in the pan-Atlantic
regions, but also for other regions in longer-term climate variability [60]. With
limited availability of observational data, the OGCM has been playing an
important role in understanding many processes involved with the AMOC and
in simulating its historical evolution as well as current status. For example, most
of climate simulations produce a weakening of the AMOC under the global
warming due to increasing temperature [23, 55]. However, a role played by the
fresh water budget on the AMOC has large uncertainty [61]. Many regional and
international efforts have been made to collect more data and to improve model
simulation of the AMOC [53].

2. Sea-level change in the warming world: Sea-level change in the global ocean is
not only a function of temperature increase, but also many regional processes.
As reviewed earlier, the OGCM with the Boussinesq approximation has its
limitation in suitably simulating this sea-level change. Also, the ice sheet and
sea ice variability and change have to be simulated and incorporated into the
OGCM.

3. Simulation of marine ecosystem in the OGCM: The OGCM was typically for
description of ocean circulation and physical properties. However, as our planet
changes due to the anthropogenic activities, there are increasing demands on
what would be the impact of climate change on marine ecosystem in a very
regional scale (such as the coastal region of the Gulf of Mexico). On the other
hand, proper simulation of marine ecosystem benefits better representation of the
biological pump in the ocean biogeochemical cycle.

This entry introduces some of the basic concepts and examples of the OGCM.
More details on each subject can be found in the following articles or textbooks. For
example, general introductory and review on the contemporary OGCM can be
found in Randall et al. [48], Griffies et al. [27], and Haidvogel and Bryan [29];
numerical formulation can be found in Griffies [24], Griffies et al. [26], and Bryan
[5]; and biogeochemistry in the OGCM can be described in much more detail in
Sarmiento [54].
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