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ABSTRACT

The parameterization of small spatial scale processes not explicitly included in numerical
models of ocean circulation has been at the very heart of ocean model development for
two decades. Although computational power has increased dramatically during this time
and more and more scales of motion have been included as higher grid resolution has
become possible, it is still necessary to determine how sensitive any calculation is to the
nature of the sub-grid scale friction and diffusion. This is due to the fact that in many
calculations the details of the finest scales of motion and particularly the nature of the
dissipation create a sensitivity in the larger scale motions. In this review, we shall look at
some of these sensitivity questions and speculate about the future course of development
of large scale ocean circulation models.

INTRODUCTION

There are a number of examples and a variety of earlier experiences that can provide a
useful background for a discussion about how any given sub-grid scale parameterization
scheme can affect our ‘perceptions’ about ocean circulation. Among these we shall
discuss three: (i) an early attempt to determine the large scale property distributions in
an ocean general circulation model; (ii) the development of eddy-resolving models to
include explicitly the effects of mesoscale eddies in the redistribution of vorticity,
momentum, and various passive and non-passive tracers; and (ii1) explicit attempts to
carry out detailed sensitivity studies to assess the dependence of results on the eddy
viscosities and diffusivities by a direct comparison with certain observations.

The importance of knowing the sub-grid scale details clearly depends upon the problem.
For example, local (regional) models may not need to include ‘heat diffusion’ since such
processes might not be important locally for the time scales of interest, while global
climate models would need to include such mixing processes (either explicitly or
implicitly) in order to close the three dimensional system. On the other hand, it might
be necessary to include vertical momentum mixing in a non-eddy-resolving local model
in order to account for the effect of turbulent mesoscale eddies in transferring
momentum downward (by eddy form drag). Thus the need for and relative importance
of a good sub-grid scale parameterization depends upon the problem being examined.

It is probably necessary to distinguish between two Kinds of sub-grid phenomena: one
that can be ‘modeled’ with better resolution (and numerics and physics, e.g., mesoscale




eddies) and one that must be ‘parameterized’ because the phenomenon responsible is too
small scale or short-lived to be explicitly incltuded in a larger scale context (e.g., salt
fingers or breaking internal waves). However, it should be kept in mind that it still may
be useful to build numerical models of the details of such fine scale processes, so-called
process models, in order to learn how we might defensibly create a sub-grid scale
parameterization of those processes. An interesting example from the atmospheric
research community is the case of the parameterization of momentum transfer by gravity
wave breaking in atmospheric general circulation models (McFarlane, 1987) and the
explicit modeling of such processes in simpler process models, e.g., two dimensional flow
over mountains (Durran and Klemp, 1983). See also Fritts (1984), who gives a review of
the theory and observations for this situation.

How can we choose a better sub-grid scale parameterization for oceanic general
circulation models? One way is to run ever finer resolution models that can explicitly
resolve previously parameterized sub-grid scale effects. This has been the direction
taken in creating the so-called eddy-resolving models. To accomplish this, modelers
have had to increase the horizontal resolution from order 100 kms to 10 kms. Can
increased vertical resolution and further increases in horizontal resolution lead to further
explicit mixing effects that will make the results of such calculations less sensitive to the
sub-grid scale mixing parameterization? As yet, we do not know, but higher resolution
numerical experiments do allow us to compare explicit mixing by resolved processes with
various parameterizations.

A second approach to ‘choosing” a better sub-grid scale parameterization is to mount a
concerted search for model fits to observations. These would require exhaustive
sensitivity studies in which a ‘best’ match between a given set of observations and a
particular model, with its sub-grid scale parameters, is made. This is typically what has
been done (but never exhaustively), for example when the distribution of properties such
as temperature, salinity and various passive tracers is said to look ‘good’ or ‘not good’ or
when the depth of the thermocline is said to be ‘too deep’ or ‘too shallow.” For the eddy
problem, Schmitz and Holland (1982, 1986) have examined the correspondence of
modeled eddy kinetic energy patterns with ‘reality’ in order to choose the friction
parameters that govern their eddy-resolved model. While this does not give us directly
an understanding of the processes behind the sub-grid mixing, it does allow for a better
simulation of behavior on the larger scales.

Finally, in choosing a better parameterization, the direct observation of small scale
behavior (for example the mixing due to internal wave breaking, double diffusive
effects, or convective overturning) is a vital necessity in order to ascertain which mixing
processes could be order one in importance and to steer the modeler toward sensible
mixing parameterizations.

In order to accomplish such steps, therefore, we need

. Enhanced computer power
. Further model development
. Observational programs directed at the small scales

. Simplified analytical and numerical process ‘models’




With such resources, a hierarchy of models with different resolutions and complexity,
each investigating the sub-grid scale range of the last, could provide the connecting link
that would best be able to tell us how to describe those processes not explicitly
calculated in any given model.

OCEAN GENERAL CIRCULATION MODELS (OGCMs)

Enormous advances have been made in the development and application of sophisticated
numerical models of the oceanic circulation in the last two decades. Basin scale models
have traditionally come in two varieties—ocean general circulation models (OGCMs),
which include much of the detail of the ocean (e.g., realistic coastline, topography,
observed winds and surface temperature) but no mesoscale eddies, and eddy-resolving
general circulation models (EGCMs), which include higher resolution to allow for
important mesoscale processes. The EGCMs are capable of including mesoscale eddies
(which contain a large component of the ocean’s energy budget) but at the expense of
physical and geometrical simplicity. Global ocean models, used for example in coupled
climate models, have only been run in the OGCM mode. Recently, with the availability
of more and more powerful computers, these two lines have begun to converge, and
basin and even global eddy models with high horizontal and vertical resolutions and
realistic configurations are being developed (see the article on the WOCE Community
Modeling Effort by F. Bryan and W. Holland in this volume).

Both kinds of models, of course, parameterize sub-grid scale processes. The OGCMs
must parameterize processes due to mesoscale eddies as well as processes at even finer
scales. The EGCMs were developed precisely because this parameterization process is
difficult (perhaps even impaossible to accomplish in a realistic way) in OGCMs due to the
complexity of the turbulent mesoscale mixing processes that occur throughout the global
ocean. The OGCM results are sensitive to the details of the sub-grid scale
parameterization, as we shall discuss. Whether the EGCMs will also show a similar
degree of sensitivity remains to be seen as eddy models with higher and higher
resolution are exercised. Most likely the importance of knowing the details of the sub-
grid scale processes will depend upon the particular ocean problem being studied.

It is useful to discuss some experiences with OGCMs that illustrate how the large scale
circulation can be fundamentally influenced by the choice of the sub-grid scale
parameterizations. We shall do this with two examples, one a study of tracer distributions
(Holland, 1971) and the other a study that focuses upon thermohaline overturning
(Bryan, 1987). Both studies use the well-known model developed at GFDL and show
that, even when the form of the sub-grid scale parameterization is kept fixed (Laplacian
diffusion of heat and momentum), the circulation depends in an important way upon the
size of the diffusion coefficients.

In the first attempt to model tracer distributions in an OGCM, Holland (1971) carried
out a single numerical experiment that included, in a simple way, dissolved oxygen and
radiocarbon as passive tracers. The steady state, three dimensional circulation, and the
distributions of temperature and salinity were predicted—as well as these passive
tracers—for a simple sector model of basin-scale flow. The aim was to use the
distribution of properties to aid in developing an understanding of the complex, large
scale processes found in the model. The results showed some surprising behavior that ran
counter to traditional thinking about the three-dimensional circulation, particularly the




abyssal flow as suggested by Stommel (1958). In the model, the meridional circulation
consisted of a small region of sinking at high latitudes and an upwelling of water at
lower latitudes. In contrast to the assumption by Stommel, however, the upwelling did
not occur broadly spread over the oceanic interior but rather mostly in the western
boundary current region. An explanation was found (see Veronis, 1975) to lie in the
particular choice of the size of the lateral coefficients of momentum and heat diffusion
in the model. These were A = 5 x 104 mz/s and A, =5 x 10° mz/s respectively. The
reader is referred to the above publications for details, but the simple explanation is as
follows. When the lateral coefficient of heat diffusion is too large, relative to the lateral
coefficient of momentum diffusion (the viscosity), the temperature contrast across the
western boundary current, required by the thermal wind relation, can be maintained
only by a vertical upwelling of cold water adjacent to the boundary. The three-
dimensional circulation conspires to pump much of the water sinking to abyssal depths
in high latitudes back to the surface in the boundary layer, leaving little to feed the
interior. Numerical experiments were carried out (Holland, unpublished) to confirm
that, with a smaller heat diffusivity (Ah =1x10° mz/s), the circulations found in
Holland (1971) were modified to have a deep western boundary undercurrent that did
feed the interior, where upwelling occurred. Note the possible implications that the
presence or lack of such an interior upwelling would have for thermocline maintenance,
according to a balance such as that suggested by Munk’s Abyssal Recipes (Munk, 1966).
Note also that the large diffusion of heat in the western boundary layer was due in part
to the fact that the lateral diffusion occurred in that model in constant z surfaces, and
that isopycnal lateral mixing would have very significantly reduced the upwelling in the
boundary layer.

The lesson of this work is that the large scale, steady circulation produced in an OGCM
can be quite sensitive to the particular choice of diffusion parameters, so much so that
very different regimes of flow are possible even with the same physics and same
boundary conditions. Following the finding of the results outlined above, almost all
subsequent OGCM studies made use of quite large lateral viscosities and as small heat
diffusivities as possible on a given grid, to create a flow regime more like the classical
one. However, in some sense, we still do not know whether such a boundary upwelling
process might be relevant. Ocean modelers and observers must keep these model
sensitivities in mind when making inferences from model results. In fact, it clearly spells
out the need for extensive sensitivity studies, a costly process that has been little
exercised to date.

A second exampie concerning this sensitivity question is the recent study by Bryan
(1987), which explicitly set out to examine the sensitivity of the thermocline structure,
meridional overturning, and meridional heat flux to the size of the coefficient of vertical
heat diffusion. In this context, a number of numerical experiments were carried out,
demonstrating a quite stronsz dependence of the behavior of the model ocean on this
parameter. The amount of meridional (overturning) mass transport increased in
amplitude from 8§ x 10° to 30 x 10° ms/s as the vertical heat diffusivity was varied
from 0.1 x 1074 to 2.5 x 107 m?/s, exhibiting a 1/3 power dependence. The poleward
heat transport increased by almost an order of magnitude with the same change. Thus
there can be little doubt that, in these OGCM calculations (and perhaps EGCMs as well),
the choice of sub-grid scale parameterization is of great importance. Numerical model
results (much like observational data) require some presentation of ‘error bars,’” or better
‘sensitivity bars,’ to indicate the sensitivity of these results to unknown smali scale

processes.




EDDY-RESOLVING GENERAL CIRCULATION MODELS (EGCMs)

Studies of eddy/mean flow interactions in basin-scale, eddy-resolving numerical models
have been carried out for more than a decade. Early work focused on the origin of
mesoscale eddies as a result of instabilities in the boundary currents and their seaward
extensions as well as instabilities of the gyre interior (Holland and Lin, 1975a,b;
Holland, 1978). More recent work has begun to refine the picture and examine various
theoretical and observational issues. These include studies of the homogenization of
potential vorticity (Holland et al., 1984), eddy mixing and gyre equilibration (Rhines and
Holland, 1979; Holland and Rhines, 1980), the penetration scale of the Gulf Stream
(Holland and Schmitz, 1985), and comparison of model eddy statistics with observations
(Schmitz and Holland, 1982, 1986; Holland, 1985).

Such models provide us with two perspectives on the parameterization problem. First, we
can explicitly look at the mixing properties in numerical experiments with such models
and determine whether any reasonably simple parameterization, in terms of large scale
variables, will work. Or will it be necessary to explicitly resolve these mesoscale
processes to get a ‘right’ large scale answer? Second, such models provide a tool by
which we can tune our models by seeking a ‘*best fit’ to observations of the mean flow
and eddy statistics as we vary the sub-grid viscosity that parameterizes the even finer
scale processes not resolved by the eddy resolution.

Using a two layer, quasigeostrophic, wind-driven ocean model with mesoscale resolution,
Holland and Rhines (1980) calculated the eddy diffusivities found in a single numerical
experiment, by relating the horizontal eddy fluxes of potential vorticity and heat to the
mean gradients of these quantities. A horizontal map of the upper layer diffusivity for
the eddy mixing of mean potential vorticity showed extremely complicated patterns of
positive and negative diffusivities, with positive values as large as 4000 mz/s and
negative values as large as -9600 mz/s. The deep ocean was dominated by a relatively
simple pattern of large positive diffusivities (2800 m?/s) under the Gulf Stream and
small positive values (100 mz/s) in the distant reaches of the gyre. For heat diffusion (at
the interface between the two layers), the pattern was also found to be complex, with no
simple relationship to the mean temperature field. Maximum negative values of the
horizontal heat diffusivity were 7200 m?/s and maximum positive values were 4800
m?/s. Such large values confirm the importance of mesoscale processes in determining
the large scale flow and distribution of properties, and the complexity of the patterns
suggests that it would be difficult to parameterize these processes accurately. Thus, at
the present time, it seems unlikely that an accurate, workable parameterization scheme
for mesoscale eddies, one that will lead to a correct simulation of large-scale ocean
fields, is possible. Fortunately, for the mesoscale problem, computer power is finally
reaching such a level that mesoscale resolution can be explicitly included in large-scale
models, even global ones.

In a separate study, McWilliams et al. (1978) examined the flows in a quasigeostrophic,
partially blocked channel, with application to the role of mesoscale processes in the
Antarctic Circumpolar Current. They found that the eddies contributed very importantly
to the mean balances by transferring momentum downward from the surface layer,
where the momentum is added by the wind, to the deep ocean. If this process were to be
parameterized in a coarse resolution (eddyless) model, vertical viscosities as large as 1
m?/s would be needed, where the eddies were active, throughout the water column. This
is several orders of magnitude larger than values typically used in OGCM calculations.




For a simple channel geometry, the horizontal eddy viscosity and the horizontal thermal
diffusivity within the mean zonal jet were estimated to be -3000 m %/s and +900 m?/s,
respectively. Again note the importance of negative eddy viscosities, where the eddies
serve to sharpen up the mean zonal jet rather than broaden it, a situation not easily
parameterized by an eddy viscosity hypothesis.

As mentioned above, another use for eddy-resolving (or indeed any) models 1s the
ability to reproduce observations of the mean and eddy statistics of the ocean. This often
involves running a large number of numerical experiments in which the parameterized,
sub-grid diffusivities are varied to give a ‘best’ result. Schmitz and Holland (1982, 1986)
and Holland (1985) have been pursuing such an approach and have found the need for
quite high vertical and horizontal resolutions in the models. This has led recently to the
development of regional models (e.g., for the Gulf Stream) that have horizontal
resolutions as high as 1/8 degree of latitude and longitude and five layers in the
vertical. In such numerical experiments, still underway, it has been found that quite
small explicit viscosities (order 25 to 100 mz/s) give a best representation of the three
dimensional structure of eddy kinetic energy in the Gulf Stream region. Such small
values suggest the need for even better resolutions than those used thus far, perhaps as
high as 1/12 and even 1/24 degree for the energetic Gulf Stream.

DISCUSSION

Advances in computer power are leading to a blurring of the distinction between
OGCMs and EGCMs. Instead, a hierarchy of models is being developed that span the
range of important scales, each model type focusing upon a given range of space and
time scale phenomena. Global, single basin, regional and very high resolution local
models all have a role to play. Each can ‘handle’ only its own scales in a sensibly sized
numerical experiment and must parameterize the smaller scales and link to the larger
scales through boundary conditions, embedding or other techniques. Global models with
eddy resolution (say 1/3 degree) will be able to be run for decadal time scales, even
centuries, in the decade of the 1990’s. But better resolved models (say 1/6 or 1/12
degree) will be restricted to single basins or even smaller regional domains, if they are
intended to be run, for example, for multiyear time scales to examine seasonal or
interannual behavior.

It is likely that ocean modeling research for the next few years will involve a continued
vigorous expansion of effort and will require much greater computational resources than
those currently available. This is due to the fact that models are becoming more
sophisticated, model studies will require higher resolution, more investigators are moving
toward using large models, and more kinds of problems are being attacked with
numerical techniques. We cannot here make the same careful assessment of
computational needs carried out in the early 1980’s (see the National Research Council
publication An Assessment of Computational Resources Required for Ocean Circulation
Modeling, National Academy of Sciences Press, 1982). However, we can indicate
something of the scale of this need by the following examples. During the decade of the
1980’s, global ocean models progressively improved their horizontal resolution from 4
degrees latitude/longitude to 2 degrees to 1 degree, with comparable enhancements in
vertical resolution. In the next five years, such models will use 1/3 degree and 1/6
degree resolutions to include the crucial effects of mesoscale processes. For basin scale
calculations, the most recent ambitious numerical experiments used 1/3 degree resolution




but will progress to 1/6 and 1/12 degree resolutions in the next few years. For regional
calculations, model studies currently using 1/6 degree resolution will progress to 1/12
and 1/24 degree resolution and even finer. Each of these factors of two enhancement
requires eight times the computer power for a given length of simulation, all other
things being equal. Thus it is easy to see that even at the current level of effort, in
terms of numbers of people and numbers of projects, the oceanographic modeling
community could easily use two orders of magnitude increased computer power over
currently available resources. By the mid-1990’s, when the satellites are fully functioning
and WOCE is in full swing, even greater needs are likely.

Attached is a table, using information taken from the U.S. Planning Document for
WOCE Modeling, showing the kinds of computer usage that could effectively occur as
substantial new resources become available. Fortunately, the prognosis is good. These arc
examples, categorized by resolution and domain size, of what can be done in the near
future. The table shows the required resources for such experiments, in terms of wall
clock hours that can be supplied by prospective new computer systems expected to be
available in the next few years (based upon currently available information from
computer manufacturers).

As with the mesoscale eddy problem, these higher resolution models will allow for the
explicit inclusion of smaller and smaller scale phenomena in any single calculation.
However there will still be a need to include even smaller scale effects. By a careful use
of the above hierarchy of models, it might be possible to understand how best to do this,
but the effectiveness of using mesoscale eddy models as a basis for understanding how to

TABLE 1. Wall clock hours for parallel, vector 25 year integrations.

Machine Number Peak, multitasked Horizontal Number of North Global
(Availa- of Vectorized Speed Grid Levels Atlantic Ocean
bility) Processors (billions ops/sec) Spacing
Cray X-MP48§ 4 0.94 1/2 x 1/2 20 125 1250
(1986) 1/3 x 2/5 20 290 2900
ETA 10 8/256G 8 3.3 1/3 x1/3 30 60 600
(1988)
Cray Y-MP832 8 2.7 1/4 x 1/4 40 707 7070
(1989)
Cray 3 16 16-32 1/4 x 1/4 40 60—120  600—1200
(1990)
ETA 30 16 30 1/6 x 1/6 40 125 1250
(1991)
Supercomputing 64 64—128 1/6 x 1/6 40 50—-100  500—1000
(1992) 1/2 x 1/2 40 400—800 40008000
Cray 4 64 180 1/8 x 1/8 40 83 830

(1992-94)









