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ABSTRACT

The current generation of coupled climate models run at the Geophysical Fluid Dynamics Laboratory
(GFDL) as part of the Climate Change Science Program contains ocean components that differ in almost
every respect from those contained in previous generations of GFDL climate models. This paper summa-
rizes the new physical features of the models and examines the simulations that they produce. Of the two
new coupled climate model versions 2.1 (CM2.1) and 2.0 (CM2.0), the CM2.1 model represents a major
improvement over CM2.0 in most of the major oceanic features examined, with strikingly lower drifts in
hydrographic fields such as temperature and salinity, more realistic ventilation of the deep ocean, and
currents that are closer to their observed values. Regional analysis of the differences between the models
highlights the importance of wind stress in determining the circulation, particularly in the Southern Ocean.
At present, major errors in both models are associated with Northern Hemisphere Mode Waters and
outflows from overflows, particularly the Mediterranean Sea and Red Sea.

1. Introduction

A major part of developing a “realistic” model of the
climate system is the development of a model of ocean
circulation. The ocean circulation plays an important
role in the earth’s climate. By transporting heat to polar
latitudes, it plays a major role in maintaining the hab-
itability of such regions (Manabe and Bryan 1969).
Ocean heat transport plays a major role in determining
the extent of sea ice (Winton 2003), which has a major
effect on planetary albedo. Manabe et al. (1991) and

Stouffer (2004) show that the ocean determines the spa-
tial pattern and temporal scale of response to changes
in the surface radiation balance. However, despite
many decades of research, different ocean general cir-
culation models still yield solutions that differ in impor-
tant ways. Recent work as part of the Ocean Carbon
Model Intercomparison Project (OCMIP), which in-
volved comparisons between ocean-only models run by
13 groups, showed large differences in overturning
streamfunction (Doney et al. 2004) and the rate of ven-
tilation in the Southern Ocean (Matsumoto et al. 2004).
Such differences have important implications for cli-
mate change. For example, models that maintain high
levels of convection in the Southern Ocean may also
have too strong a response to an increase in the hydro-
logical cycle, cutting off convection that does not exist
in the real world. Such differences could have major
implications for ocean ecosystems, which are very de-
pendent on the rate of vertical exchange (Gnanadesi-

** Current affiliation: NOAA/Geophysical Fluid Dynamics
Laboratory, Princeton, New Jersey.

Corresponding author address: Dr. Anand Gnanadesikan,
NOAA/Geophysical Fluid Dynamics Laboratory, P.O. Box 308,
Forrestal Campus, Princeton, NJ 08542.
E-mail: Anand.Gnanadesikan@noaa.gov

1 MARCH 2006 G N A N A D E S I K A N E T A L . 675

© 2006 American Meteorological Society

JCLI3630



kan et al. 2002) and for the response of the carbon cycle
to climate change (Sarmiento et al. 1998).

Understanding such issues is particularly challenging
in ocean models because of questions about the impact
of numerics. Processes known to have an important
impact on vertical exchange in level-coordinate models
include numerical diffusion resulting from truncation
errors associated with advection (Griffies et al. 2000),
truncation errors associated with isopycnal mixing
(Griffies et al. 1998), convective entrainment in over-
flows (Winton et al. 1998), and high levels of back-
ground lateral diffusion. The past decade has seen sus-
tained effort in the modeling community at large to
address some of the more egregious numerical short-
comings in models. At the Geophysical Fluid Dynamics
Laboratory (GFDL), we have developed a new ocean
code, the Modular Ocean Model Version 4.0 (MOM4;
Griffies et al. 2003) in which almost every aspect of the
ocean model from the free surface to the bottom
boundary has been revisited.

This new code has been used to configure two models
that are run as part of the global climate coupled mod-
els versions 2.0 and 2.1 (CM2.0 and CM2.1; Delworth et
al. 2006). While the ocean components of the two mod-
els are very similar, differing only in a few subgrid-scale
parameterizations and in the time-stepping scheme, the
atmospheric components are substantially different, re-
sulting in significant differences in the distribution of
wind stress. While the ocean-only versions of these
models are referred to at GFDL by the nomenclature
OM3.0 (for the ocean component used in CM2.0) and
OM3.1 (for the ocean component used in CM2.1) in
this paper we will simply identify the ocean components
by the coupled model of which they are a part (since we
will only be presenting solutions from these coupled
models). This paper examines the ocean circulation
produced by the CM2.0 and CM2.1 coupled models. In
particular, it looks at the following questions:

1) What are the principal errors in hydrography and
flow fields made by the models?

2) How do these errors differ between CM2.0 and
CM2.1?

3) What mechanisms and processes can account for
common errors and explain differences between the
models?

Our goal is both to document lessons learned from
running the pair of models and to highlight areas where
the model circulation is greatly in error. In the latter
case, we note that it would be unwise for other inves-
tigators to draw strong conclusions about the effects of
climate change based on features that are not well
simulated. Section 2 gives a brief description of the

numerical formulation of the ocean model. Section 3
looks at global diagnostics of the simulation. Section 4
examines some diagnostics of the circulation in five re-
gions; the Southern Ocean, the North Atlantic, the
North Pacific, the northern Indian Ocean, and the Arc-
tic. The tropical Pacific (which is well represented in
both models) is discussed in detail in the companion
paper of Wittenberg et al. (2006, hereafter Part III), the
variability in the tropical Indian Ocean is discussed in
Song et al. (2005, manuscript submitted to J. Climate,
hereafter SVR), and the tropical Atlantic will be dis-
cussed in a paper by M. Barreiro et al. (2005, unpub-
lished manuscript). Section 5 looks at reasons for the
changes between the models. Section 6 concludes this
paper.

2. Model formulation

a. Common features of the models

The GFDL ocean model presented here differs sig-
nificantly from that used in previous assessments. A
summary of the differences is provided below. For a
more detailed discussion of the model formulation the
reader is referred to Griffies et al. (2005).

The ocean model is of significantly higher resolution
than the 4°, 12-level model (Manabe et al. 1991) used in
the IPCC First Assessment Report (1990) and the 2°,
18-level model (Delworth et al. 2002) used in the Third
Assessment Report (2001). The longitudinal resolution
of the CM2 series is 1° and the latitudinal resolution
varies between 1° in the midlatitudes and 1/3° in the
Tropics, where higher resolution was needed to resolve
the equatorial waveguide. A tripolar grid (Murray
1996) is used to move the polar singularity onto the
land, allowing for resolved cross-polar flow and elimi-
nating the necessity to filter fields near the pole. There
are 50 vertical levels with 22 uniformly spaced over the
top 220 m. Below this depth, the grid box thickness
increases gradually to a value of 366.6 m in the deepest
parts of the ocean, with a maximum depth of 5500 m.

In contrast to previous models that used the rigid-lid
approximation to solve for the surface pressure, the
CM2 models use an explicit free surface (Griffies et al.
2001). This allows for real fluxes of freshwater, in con-
trast to the “virtual salt fluxes” used by most ocean
models. However, the use of real freshwater fluxes in-
troduces a number of new problems. The first is that
the free surface thins when water freezes into sea ice.
This can result in numerical instability when the thick-
ness of sea ice approaches the thickness of the top box.
In the CM2 models this is solved by limiting the ice
weight on the ocean to 4 m of ice even when the ice
thickness exceeds 4 m. Second, rivers must be handled
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in a special way, inserting fluid into the ocean instead of
fluxing salt. Third, narrow passages that connect mar-
ginal seas to the main body of the ocean, which in past
models were represented by stirring fluid between
boxes separated by land, must allow for a net flow of
mass to prevent excessive buildup or drawdown of wa-
ter in these otherwise isolated basins. Finally, using a
real freshwater flux can result in nonconservation of
certain tracers when traditional leapfrog time-stepping
schemes are used. More discussion of these issues is
provided in Griffies et al. (2005).

The models also incorporate a number of improve-
ments in upper-ocean physics. The mixed layer is pre-
dicted using the K-profile parameterization (KPP)
mixed layer scheme of Large et al. (1994). Shortwave
radiation absorption is represented using the optical
model of Morel and Antoine (1994) with a yearly cli-
matological concentration of chlorophyll from the Sea-
Viewing Wide Field-of-View Sensor (SeaWIFS) satel-
lite. The principal impact of including variable penetra-
tion of shortwave radiation is found in the Tropics in
ocean-only models (Sweeney et al. 2005).

The representation of near-bottom processes has also
been improved in the CM2 model series. Bottom to-
pography is represented using the method of partial
cells (Adcroft et al. 1997; Pacanowski and Gnanadesi-
kan 1998) and is thus much less sensitive to the details
of vertical resolution. Better representation of the de-
tails of bottom topography does not, however, solve
one of the most persistent problems of level-coordinate
models, namely the tendency to dilute sinking plumes
of dense water (Winton et al. 1998). To ameliorate the
effects of this “convective entrainment,” a primitive
representation of bottom boundary layer processes
(following Beckmann and Döscher 1997) has been
added in which fluid is mixed along the slope when
dense water is found upslope of light water.

The interaction of tides with the ocean bottom can
serve as a major driver of mixing. In shallow regions,
large tidal velocities can directly generate high levels of
turbulence. In the CM2 model series, this effect was
parameterized by adding a source of turbulent kinetic
energy based on a global model of tides to the bottom-
most level in the KPP scheme. More details are pre-
sented in Lee et al. (2006). They show that tidal mixing
resulted in a substantial reduction in Arctic stratification
and helped to reduce excessively low salinities at certain
river mouths. However, it did not have a major impact
on the overturning circulation or on temperature drifts.

The interaction of tides with the ocean bottom can
also produce internal waves that propagate upward in
the water column and break. Because the deep ocean is
less stratified than the pycnocline, this produces rela-

tively high levels of vertical dissipation in the deep
ocean (Polzin et al. 1997). For many years, GFDL mod-
els have attempted to represent this effect by having the
vertical diffusion transition between a relatively low
value (0.15–0.3 cm2 s�1) in the pycnocline and a rela-
tively high value (1.0–1.3 cm2 s�1) in the deep ocean
(Bryan and Lewis 1979). The present model uses the
same pycnocline value of 0.3 cm2 s�1 as previous mod-
els poleward of 40° in both hemispheres, with a lower
value of 0.15 cm2 s�1 in the low latitudes. The lower
tropical value is clearly justified by the results of the
North Atlantic Tracer Release Experiment (Ledwell et
al. 1993), by turbulence profiling along the equator (Pe-
ters et al. 1988), and by simulations showing that such a
high value of turbulent diffusion can lead to excessive
deep upwelling at the equator (Gnanadesikan 1999;
Gnanadesikan et al. 2002). An even higher value of
vertical diffusion than the one we have used may be
justified within the Southern Ocean where internal
wave activity is known to be enhanced (Polzin 1999),
but the value used in the Arctic is likely still too high,
given that internal wave activity is known to be very
low there (Levine et al. 1985). A value of 1.2 cm2 s�1 is
used in the deep ocean. While some recent schemes
(Simmons et al. 2004) allow for deep mixing to be spa-
tially variable, they were not judged mature enough for
inclusion into this version of the coupled model when
the model formulation was frozen.

In addition to lowering the vertical mixing in the sub-
tropical thermocline, a number of other changes were
made to the physics in the model interior. One is that
the advection scheme was changed from the centered-
difference scheme used in previous versions of the
model to the flux-corrected scheme utilized in the Mas-
sachusetts Institute of Technology (MIT) general circu-
lation model. This scheme is based on the third-order
upwind-biased approach of Hundsdorfer and Trompert
(1994), which employs the flux limiters of Sweby (1984)
to ensure that tracers do not go out of bounds. Addi-
tionally, the lateral mixing of both tracers and momen-
tum is considerably more sophisticated than in previous
versions of the model. Because there are important dif-
ferences in how the lateral mixing is implemented be-
tween CM2.0 and CM2.1, we discuss these separately in
two sections below.

b. Isoneutral mixing parameterization

There are two key characteristics of the mixing asso-
ciated with eddies. First, eddies within the ocean inte-
rior tend to homogenize tracers along surfaces of con-
stant neutral density (Ledwell et al. 1998). In numerical
models of ocean circulation one of the tracers that
tends to be homogenized in this way is potential vor-
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ticity (PV; Rhines and Young 1982). On a flat f-plane,
PV homogenization corresponds to an advective flow
that homogenizes interface heights. Such flows are pa-
rameterized in CM2 according to the parameterization
of Gent and McWilliams (1990, henceforth GM) as
implemented by Griffies (1998). Essentially, one can
think of eddies as leading to an advective flow given by

M � �����z���S�, �1�

where � is a diffusive coefficient and S is the isopycnal
slope. Completing the closure requires a closure for
dealing with �, particularly as S goes to infinity in the
mixed layer.

In CM2.0 and CM2.1 � is a function of the horizontal
density gradient averaged over the depth range of 100
to 2000 m. The formula for � is

� � �|�z�|z� L2g

�oNo
�. �2�

Here, � is a dimensionless tuning constant set to 0.07, L
is a constant length scale set to 50 km, No is a constant
buoyancy frequency set to 0.004 s�1, g � 9.8 m s�1 is the
acceleration of gravity, �o � 1035 kg m�3 is the refer-
ence density for the Boussinesq approximation, and
|�z�|z is the average of the horizontal density gradient
(i.e., the baroclinicity) taken over the depth range 100
to 2000 m. Maximum and minimum values are set to
600 and 100 m2 s�1, respectively. Effectively, this pro-
duces high values of � in boundary currents, low values
in the ocean interior, and moderately high values in
convective regions that are weakly stratified. Within
the mixed layer, �S is interpolated between the value at
the mixed layer base and a value of 0 at the surface.
When the absolute value of the slope is greater than
0.002, it is reduced to 0.002 for purposes of the GM
parameterization. Figure 1 shows a map of � in CM2.0.

In CM2.0 the isopycnal mixing coeffficient AI is iden-
tical to �. In CM2.1 it is maintained at a value of 600 m2

s�1 throughout the ocean. This difference was found to
reduce sea ice biases, particularly in the North Pacific
(see Griffies et al. 2005, their Fig. 12; Delworth et al.
2006, their Fig. 15). While it has a relatively small effect
on the overall model solution (as discussed below in
section 5), this choice represents an attempt to tune
away a model bias, rather than an attempt to make a
poorly represented process more physical. It is interesting
to note that the Hadley Centre and L’Institut Pierre-
Simon Laplace (IPSL) models handle � and AI in a
similar manner (Guilyardi et al. 2001; Johns et al. 2005).

c. Lateral viscosity parameterization

Lateral viscosity is used in climate models to produce
a Munk boundary layer and to smooth out unphysical

noise produced by the advection equation. This re-
quires large values of viscosity, particularly in the east–
west direction, of order 105 m2 s�1. These values are
much larger than the diffusivities and are not thought to
be physically realistic. Such large viscosities, however,
tend to broaden and slow the equatorial undercurrent,
with implications for important climate modes such as
El Niño. In CM2.0 and CM2.1 we adopt an anisotropic
viscosity scheme in tropical latitudes. This scheme is
similar to that of Large et al. (2001), which produces
large viscosity in the east–west direction, but relatively
small viscosity in the north–south direction outside of
boundary currents. Outside of the Tropics, the back-
ground viscosity is isotropic. The viscosity schemes are
identical in the two models in the Tropics, but in CM2.1
the isotropic background viscosity was reduced in the
extratropics so as to generate more vigorous extratrop-
ical boundary currents. Again, changes in the circula-
tion resulting from this difference should be seen as a
statement about the sensitivity of the models, rather
than about the details of the real ocean. Figure 2 shows
the east–west and north–south viscosities in the two
models.

d. Time stepping

As in the MOM2 and MOM3 models, the ocean code
used in CM2.0 was integrated forward in time using a
leapfrog time step. While such a scheme is simple, it is
also very unstable, requiring the use of filtering to
eliminate computational modes. In the presence of an
explicit free surface, such filtering introduces noncon-
servative terms in the tracer equation, which although
very small, are nonzero (Griffies et al. 2001). Moreover,
using a leapfrog time step requires keeping track of two
sets of solutions (on odd and even time steps). How-
ever, the maximum allowable time step is that which
results in instability when integrating the equations on
the odd (or even) time steps using forward integration.
By switching to a more sophisticated forward integra-
tion one can eliminate one set of solutions, greatly in-
creasing the speed of the model. This was done in
CM2.1. Changing the time-stepping scheme has a small
impact on the solution in most parts of the model,
though some changes are seen right on the equator.
More discussion of this issue is provided in Griffies et
al. (2005).

e. Simulation protocol

The simulations are initialized from the World Ocean
Atlas 2001 (Stephens et al. 2002; Boyer et al. 2002) data
for temperature and salinity. Two sets of control runs
are done, one using 1990s radiative conditions where
the net ocean heating is around 1 W m�2 and one using
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