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The climate subsystems consisting of ocean, atmosphere, cryosphere (ice-sheets
and sea-ice), marine and land biosphere, interact on time-scales from days to mil-
lennia and on horizontal scales from a few metres (or less) to global dimensions.
Since current computational resources prohibit integrating a model incorporating
all subsystems on these spatial and temporal scales, climate researchers have used
different combinations of the subsystems in a varying degree of sophistication. In
this paper I will try to give an overview of ocean models which have been used to
explain and elucidate the role of the oceans in different frequency ranges of the
climate variability spectrum. Modelling of such a diverse range of scales in space
and time can only be performed today with restrictions in the spatial resolution or
integration length. Coarse resolution ocean general circulation models (O-GCMs)
can be integrated for O(5000 years), coupled atmosphere-ocean GCMs (A/O-
GCMs) for O(100 years) and eddy-resolving ocean GCMs for O(10 years) with the
current computer technology.

Equilibrium solutions of coarse-resolution O-GCMs are sensitive to the parame-
trisation of the atmospheric forcing, which is in most of these cases a rather crude
coupling to climatological surface forcing fields. Multiple equilibrium circulations
are possible depending on the boundary conditions. Coupling to an active atmos-
pheric model introduces further difficulties, like a drift of the coupled system into a
new equilibrium, which differs from the equilibrium solutions of the uncoupled sub-
components. Because the deep ocean adjusts to different surface forcing character-
istics on time-scales of millennia, an equilibrium cannot be reached with current
computer resources. The importance of the mesoscale eddy field in the dynamical
and thermodynamical balance of the Southern Ocean and its effect on property
transports in this region has recently been the subject of much controversial dis-
cussion. Because the Southern Ocean is believed to be one of the most sensitive
regions of the globe to greenhouse warming, it is important to incorporate the effects
of eddies correctly into coarse resolution models. Multi-level primitive equation
modelling of the global ocean circulation in eddy-resolution is a major computa-
tional task which has just been started. The principal differences and problems
encountered in all these approaches to study the role of the oceans in climate
dynamics will be highlighted and discussed.

Introduction

The activity of a rapidly growing world popu-
lation is substantially increasing the atmospheric
concentration of greenhouse gases, carbon diox-
ide, methane, chlorofluorocarbons and nitrous
oxide. These increased gas concentrations
enhance the natural greenhouse effect and will
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result in a global warming of the earth’s surface.
The main natural greenhouse gas, water vapour,
will increase in response to global warming and
further enhance it (IPCC 1990). There is no doubt
that the climate system consisting of ocean,
atmosphere, cryosphere (ice-sheets and sea-ice)
and marine and land biosphere will react to these
changes. The important unresolved questions are:
what will the magnitude of global surface warming
be over the next century; how will the regional
distribution of temperature and rainfall look; and
what consequences are to be expected globally and
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regionally? For two decades the scientific com-
munity has been concentrating on the complex
task of understanding and predicting the transient
response of the climate system to global change
forcing. Much of the complexity of the climate
system results from the non-linear interaction of
its subsystems on time-scales from days to mil-
lennia and on horizontal scales from a few metres
(or less) to global dimensions.

A major difficulty in detecting and forecasting
anthropogenically induced climate changes is the
lack of a detailed knowledge of the natural climate
variability (or noise) spectrum (Hasselmann
1979). Historical records of climate variables, e.g.
oxygen isotope ratios and gas concentrations in
ice-cores from Greenland and Antarctica, have
indicated significant spectral power in the fre-
quency range of a few decades to centuries. Figure
I shows one of the most detailed time series of
climate variability for the last 160 000 years from
the Vostok ice-core analysis of trapped gases and
oxygen isotope. Apart from the high correlation
between the greenhouse gas concentration and the
local temperature variation, as deduced from
oxygen isotopes ratios, there is significant spectral
power in the frequency range of a few thousand
years. See Crowley (1994) and references therein
for the most recent assessment of the greenhouse
effect in geological times.

High variability is also found in the frequency
range of centuries as demonstrated in Fig. 2. This
figure shows decadal averages of §'80 records on
four different stations on the globe. 8'80 is corre-
lated with the annual mean temperature, although
some care must be taken in interpreting these

Fig.1 Vostok ice-core analysis of local temperature
relative to present conditions (as deduced from
$'80) and CO, (after Chappalez et al. (1990)).
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Fig.2 Decadal averages of 3'30 records at four stations
on the globe. Black rectangles indicate warmer
periods relative to the mean of the station (after
Thompson (1991)).
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variations as temperature variations alone
because other effects, such as changes in sea-level,

- can also affect the isotope ratios. Furthermore,

significant variability is found on decadal time-
scales as depicted in Fig. 3 showing area-weighted
estimates of annual temperature differences from
a reference normal for each hemisphere and for
the globe for the last 150 years.

These records are currently not sufficient to
construct the complete spectrum of climate
covariance in order to filter out the effect of
anthropogenic perturbations from the natural
variability. It is therefore necessary to combine all
of this information with results from numerical
climate models to estimate the natural covariance
spectrum (see e.g. Mikolajewicz and Maier-
Reimer 1990). The complexity of the climate sys-
tem requires a hierarchy of models to study the
full response of the system to external forcing.
This hierarchy ranges from simple zero-order
radiation-balance models to three-dimensional,
coupled atmosphere/ocean/cryosphere/biogeo-
chemistry models. Simpler models guide our
understanding of the relative importance of the
interacting processes, whereas more complex
models will eventually give higher fidelity to
simulation skill as well as a detailed four-dimen-
sional evolution of the systems response
(Schneider 1992).

The variability spectrum on time-scales of
decades to centuries is dominated by the interior
dynamics of the ocean. Shorter term atmospheric
fluctuations, which can be characterised by a
white-noise process, are integrated by the ocean
and transformed into a red-noise response spec-
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Fig.3 Area-weighted estimates of annual temperature
anomalies with respect to a reference climatology
for both hemispheres and global (after Jones et
al. (1991)).
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trum (Hasselmann 1976; Frankignoul and Hassel-
mann 1976). Low-frequency baroclinic Rossby
waves are too fast to affect the century-long fluc-
tuations, and therefore it is now believed that
variations in the oceans’ thermohaline circulation
are responsible for this long-term variability.

The thermohaline circulation communicates
surface information like air temperature and
changes in evaporation and precipitation, which
both effect the density of the upper few metres of
the water column, to the deepest part of the ocean.
The heat capacity of the ocean is approximately
1000 times that of the atmosphere. Large amounts
of heat can be stored in deeper layers of the ocean
or transported into different regions of the globe
to be released again into the atmosphere. These
two processes, storage and transport, dominate
and determine the climate response to global
change forcing. Pathways connecting the sea sur-
face with the deep ocean allow for the absorption
and storage of greenhouse gases and heat, result-
ing in a delay of the overall greenhouse effect in
the atmosphere.

Current computational resources prohibit inte-
grating a model incorporating all subsystems from
the smallest spatial scales to the longest temporal
scales. Climate researchers have therefore used
different combinations of the subsystems in vary-
ing degrees of sophistication.

This paper intends to give a short review on
ocean models used in studying the hitherto un-
revealed secrets of climate variability, ranging
from coarse resolution ocean general circulation
models (O-GCM) over short-term coupled ocean/

atmosphere GCM’s to eddy-resolving ocean
model efforts.

A recent review of ocean modelling activities
can be found in Anderson and Willebrand (1992)
and an introduction into ocean modelling is
given, for example, in Haidvogel and Bryan
(1992). This paper is concerned only with z-coor-
dinate (or level) ocean models. For a recent
description of isopycnal modelling efforts see
Oberhuber (1993a,b and references therein).

Three major mechanisms have been identified
in numerical simulations which could mask the
man-made greenhouse signal in climate varia-
bility. These are either/or a transition of the
oceanic circulation from one equilibrium to
another equilibrium, or oceanic thermohaline
eigenmodes, or a drift of the coupled atmosphere/
ocean system from the uncoupled equilibria into a
new coupled equilibrium. The first two mechan-
isms are addressed in section 1. Section 2 dis-
cusses the climate drift in coupled models and a
current application for equatorial studies. Model
deficiencies, especially in the Southern Ocean, are
highlighted and results from eddy-resolving ocean
models are presented in the last section.

Oceanic equilibrium solutions

A crude sketch of today’s global thermohaline cir-
culation in the ocean has been given by Gordon
(1986) and Broecker (1987, 1991). Figure 4 shows
the main pathway of this oceanic conveyor belt.
Deep water is formed in the North Atlantic,
moves southward across the equator into the
Indian and Pacific Oceans where it gradually
upwells and ultimately returns to the North Atlan-
tic as warmer thermocline water (‘warm water
path’). Rintoul (1991) has estimated the heat and
mass exchange of the South Atlantic and the
neighbouring ocean basins using hydrographic
data and inverse methods. He concluded that the
global thermohaline circulation cell is closed via a
‘cold water path’. In this circulation pattern the
export of North Atlantic Deep Water is balanced
primarily by intermediate waters entering the
Atlantic through the Drake Passage (not shown in
Fig. 4). The relative role of the warm and cold
water paths in closing the global thermohaline
circulation is currently unclear.

The cause for this thermohaline circulation
pattern has been attributed to different freshwater
budgets in the North Atlantic and north Pacific.
Deep-water formation areas are mainly con-
trolled by the salinity of the surface waters and the
observed higher salinities in the north Atlantic are
maintained by higher evaporation rates due to
higher sea-surface temperatures. The deepest part
of the thermohaline circulation is dominated by
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Fig.4 A schematic picture of the global thermohaline
' circulation (from Moore III (1992) after
Broecker and Peng (1982)).
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the coldest and heaviest water mass in the world
ocean, the Antarctic Bottom Water (AABW). This
water mass is produced by a range of formation
processes south of the Polar Front, both in the
open ocean and along the Antarctic continental
shelf. It is assumed to leave the Southern Ocean
via deep boundary currents into the northern
ocean basins (see Olbers (1993) for a recent review
of the water masses in the Southern Ocean and
their dynamical links to the global thermohaline
circulation). The relative strength of the two
sources of deep and bottom water (in the North
Atlantic and in the Southern Ocean) are believed
to greatly influence the strength of the global
thermohaline circulation.
. Although the actual three-dimensional circu-
lation of the ocean is much more complicated, this
simple but distinct picture captures the basic
mechanisms. Dramatic changes in this broad cir-
culation have been invoked to explain geological
events, e.g. the Younger-Dryas, which was charac-
terised by a rather sudden switch from deglacia-
tion conditions to glacial conditions in the
northern hemisphere (see e.g. Broecker et al.
1988; Maier-Reimer and Mikolajewicz 1988).
The thermohaline circulation of the global
ocean and its associated mass transport is forced
by fluxes of heat, freshwater and momentum at
the sea surface. The effect of the momentum input
by the atmospheric circulation due to friction at
the sea surface on long-term variability is reason-
ably well understood. Long-term changes in the
thermohaline circulation are not influenced to a
great extent by variations in the atmospheric
circulation patterns although these patterns are
directly forced by oceanic sea-surface tempera-
ture variations, with possible amplifying feed-
back mechanisms. There exists an extensive
amount of literature in which it has been argued
that net surface buoyancy fluxes due to variations
in heat and freshwater fluxes and their impact on
deep-water formation rates in higher latitudes
may cause slow fluctuations and even transitions
to different equilibrium solutions (see e.g. Stom-
'mel 1961; Rooth 1982; Walin 1985; Bryan 1986;

Welander 1986; Marotzke et al. 1988; Manabe
and Stouffer 1988; Marotzke 1989; Mikolajewicz
and Maier-Reimer 1990; Marotzke 1990; Joyce
1991; Marotzke and Willebrand 1991; Weaver
and Sarachik 1991a,b; Weaveret al. 1991; Wright
and Stocker 1991; Stocker and Wright 1991;
Huang et al. 1992; Power and Kleeman 1993;
Zhang et al. 1993; Quon and Ghil 1994; Tziper-
man et al. 1994). Surface heat fluxes depend
strongly on the sea-surface temperature (SST) and
SST anomalies are therefore rapidly removed by
enhanced heat gain or loss. On the other hand,
sea-surface salinity (SSS) has only a negligible
influence on evaporation and precipitation rates
and therefore salinity anomalies can exist on
much . longer time-scales. A well-documented
example is a large negative salinity anomaly in the
North Atlantic, which has been observed for more
than a decade starting in the late 1960s (Dickson
et al. 1988). A sensible boundary condition for
SST seems to be a restoring (or relaxation) con-
dition, specifying the heat flux H as proportional
to the difference between SST and a prescribed
apparent air temperature Tyg

H = pc,8(Tr — SST) o

with p the density of sea water, c, the heat capacity
of sea water and & a reciprocal time constant.

The sea-surface boundary condition for coarse
resolution ocean models is typically a relaxation
condition to a specified climatology (Haney
1971). This type of boundary condition has many
names in the literature, inter alia Newtonian cool-
ing (as in parametrisations of the effect of infrared
radiation in the atmosphere, see e.g. Dickinson
(1973)), Haney condition, Raleigh-type forcing,
or simply relaxation or restoring condition. For
sea-surface salinity (SSS), however, there is no
physical basis for a restoring condition and a
freshwater flux independent of SSS seems to be
more reasonable.

This set of boundary conditions, a restoring for
the heat fluxes and fixed fresh water fluxes inde-
pendent of salinity, is called mixed boundary con-
ditions. This set of boundary conditions created
multiple equilibrium solutions or triggered
oceanic thermohaline eigenmodes in several
ocean models. Power and Kleeman (1993) have
argued that multiple equilibria under mixed
boundary conditions do not represent different
ocean equilibria, but different equilibria of a
crude coupled ocean-atmosphere model.

Box models

"Stommel (1961) was the first to discuss the

response of the thermohaline circulation to the
different nature of heat and freshwater fluxes.
Using a very simple two-box model he demon-
strated that the different contributions of these
two fluxes to the buoyancy flux may lead to slow
oscillations between two meta-stable equilibrium
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circulations, a thermodynamically direct and an
indirect circulation. In the direct cell, cold less
saline water is sinking in high-latitudes, whereas
in the indirect cell, warm but more saline water is
sinking in lower latitudes. Meridional heat fluxes
are poleward in the direct cell and equatorward in
the indirect cell. These box-model type investiga-
tions have been used since for equilibrium stab-
ility studies by Rooth (1982), Walin (1985) and
Welander (1986).

Two-dimensional models

An. intermediate meridional plane model was
used by Marotzke et al. (1988) to demonstrate that
the meridional circulation can have multiple
equilibrium solutions under identical mixed-
boundary conditions. The surface forcing was
symmetric about the equator and produced a sym-
metric equilibrium solution with downwelling at
the poles and upwelling in the interior (see Fig. 5).
Slight perturbations in high-latitude salinities
applied for a short period forced the circulation
into an asymmetric pole-to-pole equilibrium,
with water sinking at one pole and upwelling
throughout the rest of the model domain. The
driving mechanism behind the transition into a

Fig.5 Symmetric and antisymmetric equilibria of the
meridional plane model of Marotzke et al. 1988.
The upper panel shows the symmetric equilib-
rium with downwelling at higher latitudes in each
hemisphere. The lower panel shows the single-
cell equilibrium with downwelling at high lati-
tudes in only one hemisphere and upwelling
throughout the interior (adapted from Haidvogel
and Bryan (1992)).
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new equilibrium has been related to the advective
positive feedback mechanism as discussed in
Walin (1985) and Welander (1986). The sym-
metrical equilibrium circulation is driven by the
density difference between polar and equatorial
water. In this scenario the polar waters have only a
small vertical density difference. Temperature
and salinity have opposite influences on density
and the circulation is driven by the equator-to-
pole temperature contrast, while the salinity acts
to decrease the strength of the circulation. A posi-
tive salinity anomaly in one of the polar regions
reduces the ability of the salinity field to deceler-
ate the circulation and the meridional cell is
slightly strengthened. This leads to an increased
poleward flow of warm and more saline water in
this hemisphere. As discussed above, thermal
anomalies are short-lived due to the strong inter-
action with the atmosphere and at arrival at the
high latitudes the water masses are higher in
salinity but have the same temperature as the
surrounding water masses. This positive density
anomaly further strengthens the meridional cir-
culation; a positive feed-back loop. The most
surprising result was that an almost infinitesimal
perturbation in the salinity fields at high latitudes,
1076 PSU (practical salinity unit), was sufficient
to push the symmetric circulation into the asym-
metric equilibrium. Convective adjustment pro-
cesses had only a minor influence in this model.
Wright and Stocker (1991) integrated hemi-
spheric and global meridional plane models for
50 000 years and found generally similar results as
Marotzke et al. (1988). A more detailed discussion
of box models and two-dimensional models can
be found in Haidvogel and Bryan (1992) and
Thual and McWilliams (1994).

Ocean general circulation models

Up to now only two different three-dimensional
global ocean general circulation models have been
used to compute a thermohaline equilibrium sol-
ution. The most widely used model was developed
by Bryan and Cox (1967) at the Geophysical Fluid
Dynamics Laboratory in Princeton, USA, and is
referred to as the GFDL model (see also K. Bryan
(1969, 1984) and Cox (1984)). The second global
ocean circulation model was proposed theoreti-
cally by Hasselmann (1982) and has been devel-
oped by Maier-Reimer at the Max Planck Institut
fiir Meteorologie in Hamburg, Germany (see e.g.
Maier-Reimer et al. 1993). This model is known
as the Hamburg Large-Scale-Geostrophic model
(LSG). Both models differ quite substantially in

their numerical solution techniques, but are quite
capable of simulating the current ocean circu-

lation. The GFDL model uses a prognostic
streamfunction solution and has a diagnostic sea-
surface elevation, whereas the LSG model com-
putes the sea-level as a prognostic variable. A free
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surface version of the GFDL model has been
developed recently, but has not been used in equi-
librium integrations so far (Smith et al. 1992).

Filtering the fast oceanic modes through use of
an implicit time integration scheme and linearis-
ation of the momentum equations allows an
extremely long timestep of a month in the LSG
model (see Maier-Reimer et al. (1993) for model
details). Ocean equilibrium studies at coarse
resolution are now routinely performed on
today’s supercomputers at moderate costs of the
order of 10 CPU-hours per experiment.

The first test of the box-model results of mul-
tiple equilibria in a three-dimensional O-GCM
has been done with the GFDL model (F. Bryan
1986). The model domain was restricted to a 60
degree pole-to-pole sector of the globe, 12 vertical
levels, a 5 km deep and flat ocean bottom, and a
horizontal resolution of 3.75°X4.5°, longitude
and latitude, respectively. Depending on the sign
of high-latitude salinity perturbations, three
different equilibrium circulations were obtained
in the model. In contrast to the 2-D model of
Marotzke et al. (1988), finite amplitude perturba-
tions were necessary to trigger a transition from
an equatorially symmetric to an asymmetric
circulation. The rapid and dramatic switch into a
new circulation regime in these experiments (for a
negative salinity anomaly) has been named ‘polar
halocline catastrophe’. An increased vertical sal-
inity gradient (fresh at the surface and more saline
in deeper waters) effectively suppressed deep
convection in the polar region and resulited in a
weakening of the meridional circulation cell.

A further increase in the realism of the model,
but still in simplified geometry, was achieved by
Marotzke and Willebrand (1991). Two identical
rectangular ocean basins, representing the Atlan-
tic and Pacific Oceans, were connected by a cir-
cumpolar channel in the southern hemisphere to
allow an interbasin exchange of water masses via
the Antarctic Circumpolar Current (ACC). The
thermohaline forcing was realised with mixed
boundary conditions symmetric with respect to
the equator and identical for both oceans. Four
different stable steady states were found under the
same set of boundary conditions. Two of these
equilibria exhibited high latitude deep-water for-
mation in either of the northern oceans. The other
two solutions have high latitude sinking in only
one of the northern basins and a greatly reduced
circulation in the other basin, respectively. These
different solutions were achieved by guiding the
developing circulation from a state of rest to a
preferred possible equilibrium. After the model

circulation had equilibrated to this artifical per--

turbation, the original set of mixed boundary con-
ditions was reapplied. If the application of the
original set of mixed boundary conditions did not
lead to a change of the steady state circulation, a
new equilibrium solution was found.

The most realistic ocean equilibrium study
published is an experiment by Mikolajewicz and
Maier-Reimer (1990). They used the LSG model
in a global version with 11 vertical layers over
realistic bottom topography and a horizontal
resolution of 3.5°X 3.5°, latitude and longitude,
respectively. A simple one-layer thermodynamic
sea-ice model with viscous rheology was included
in the model design. The model has been inte-
grated over 10 000 years into equilibrium using
restoring conditions for both temperature and sal-
inity. Near the end of this run effective freshwater
fluxes arising from this coupling were diagnosed.
After that the model was integrated for a further
4000 years using mixed boundary conditions. In
this experiment the equilibrium solution did not
change into a new equilibrium. In a second exper-
iment the freshwater fluxes were randomly per-
turbed globally with a standard deviation of
16 mm/month and a horizontal correlation scale
of about 25°. The stochastic forcing was white in
time. The long-term mean circulation unexpec-
tedly stayed very close to the initialisation equi-
librium but the decade to century variability was
dominated by a thermohaline dipole anomaly.
This anomaly has been interpreted as an oceanic
thermohaline eigenmode with a typical time-scale
of about 300 years connecting the polar regions of
the globe with an asymmetry with respect to the
equator. The salinity anomalies connected with
this eigenmode were advected by the mean
thermohaline circulation and produced irregular
fluctuations in key ocean circulation parameters
such as the poleward heat fluxes and the strength
of the ACC (see Fig. 6).

The strong variations in the transport of the
ACC (about 100 Sv; 1 Sverdrup (Sv) equals 1
million cubic metres per second) are connected
with strong variations in sea-level in the Southern
Ocean. Global sea-level rise over the next century
is one of the chief concerns related to global
climate change. Dynamical circulation changes
can significantly alter the regional sea-level signal
caused by ocean thermal expansion or a negative
Antarctic Ice-Sheet mass balance (Mikolajewicz
et al. (1990), see also Church et al. (1991) for a
recent assessment of the ocean thermal expansion
associated with future warming and Budd (1991)
for a discussion of the influence of the ice-sheet
mass balance on global sea-level).

A switch of today’s oceanic circulation pattern
to a new equilibrium induced by the expected
change in global forcing fields over the next
couple of centuries seems less likely than varia-
bility induced by oceanic thermohaline eigen-
modes. Tziperman et al. (1994) have argued that
an increased realism in ocean models has a stabil-
ising effect on the circulation.

Although these models represent the most
detailed description of ocean equilibrium sol-
utions today, they obviously exhibit many fea-






