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Abstract
Major conclusions and recommendations regarding the status of
global coupled general circulation models are presented here from
a workshop convened by the World Climate Research Programme
Steering Group on Global Coupled Modelling that was held from
10 to 12 October 1994 at the Scripps Institution of Oceanography,
La Jolla, California. The purpose of the workshop was to assess the
current state of the art of global coupled modeling on the decadal and
longer timescales in terms of methodology and results to identify the
major issues and problems facing this activity and to discuss
possible alternatives for making progress in light of these problems.
This workshop brought together representatives from nearly every
group in the world actively involved in formulating and running such
models. After presentations by workshop participants, four working
groups identified key issues involving 1) initialization and model
spinup, 2) strategies and techniques for coupling of model components, 3) flux correction/adjustment, and 4) secular drift and systematic errors. The participants concluded that improved communication between those engaged in this activity will be important to
enhance further progress. Consequently, the World Climate Research Programme intends to continue the support of internationally
coordinated activities in global coupled modeling.

1. Introduction
Even though global coupled models have been
used for climate simulations since the late 1960s
(Manabe and Bryan 1969), it has only been since the
late 1980s that advances in computing power have
made it possible for models of this class to be used in
century-long simulations (see review by Meehl 1990).
Such models are the most comprehensive and potentially the most useful tools in simulating global climate,
studying present-day climate fluctuations, and addressing the problem of anthropogenic climate change.
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Consequently, some of their initial uses were for
studying possible future changes of climate from an
increase of anthropogenic carbon dioxide (C0 2 ) (I PCC
1990). In the 1992 Intergovernmental Panel on Climatic Change (IPCC) Assessment (IPCC 1992), results were summarized from four global coupled models from three countries [Geophysical Fluid Dynamics
Laboratory (GFDL), United States; Hadley Centre,
United Kingdom; Max-Planck Institute, Germany; and
the National Centerfor Atmospheric Research (NCAR),
United States].
Since that time there has been a rapid increase of
activity in global coupled modeling as additional computer resources have become available and research
groups in more countries have undertaken global
coupled modeling projects. There has also been a
convergence of interests among the El Nino-Southern Oscillation (ENSO) modeling community (traditionally using mostly limited-domain high-resolution
models) and the global coupled climate modeling
community (using mostly coarse-resolution models).
The workshop also represented a joining of basic
modeling issues with climate diagnostics activities.
Additionally, since the results from global coupled
models are considered relevant for future climate
change and since they present the opportunity to
study and to understand coupled processes that have
implications for climate forecasting on a variety of time
and space scales, the development, improvement,
and verification of these models have become a
central part of current climate research.
In view of these considerations, a workshop was
convened by the Steering Group on Global Climate
Modelling (SGGCM) of the World Climate Research
Programme (WCRP). Tim Barnett of the Scripps Institution of Oceanography agreed to host the meeting in
La Jolla, California. W C R P provided the majorfunding
for the workshop with additional support from the
Program for Climate Model Diagnosis and Intercomparison of the U.S. Department of Energy. The
S G G C M is chaired by W. L. Gates, with membership
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c o n s i s t i n g of U. C u b a s c h ( D e u t s c h e s Klimarachenzentrum, Germany), G. Meehl (NCAR, United
States), J. F. B. Mitchell (Hadley Centre, United Kingdom), A. Moore (Bureau of Meteorology Research
Center, Australia; now at Nova University, United
States), R. Stouffer (GFDL, United States), and
A. Weaver (University of Victoria, Canada). The workshop was held from 10 to 12 October 1994 and was
attended by 45 scientists from eight countries. In the
time since the 1992 IPCC Assessment, which included results from 4 global coupled models from
three countries, that number has increased to about
22 global coupled model versions from 16 institutions
in eight countries as represented at the workshop
(Table 1).

2. General issues
During the first two and one-half days, institutional
summaries and specific results from the various modeling groups were presented. Participants at the workshop represented groups ranging from those who
have been working with global coupled models for
over 10 years and are working on second-generation
versions to those who have just recently formulated a
first-generation global coarse-grid coupled model. It
was noted that, since there are so many unresolved
issues in global coupled modeling, groups newer to
this activity can make significant contributions but
these groups should be aware of what has been tried
up until now to avoid duplicating techniques that have
proved unsuitable. Therefore, the results from the workshop spanned a wide variety of issues and conclusions.
1) Most first-generation global coupled models are
termed coarse-grid models due to the approximate
5° x 5° grid resolution in the atmosphere and
ocean. This coarse resolution is necessary for
computational efficiency forthe decadal and longer
timescale integrations. Several groups are now
formulating somewhat higher resolution coupled
models with approximate horizontal resolution of
about 2.5° x 2.5°. So far no coupled model has
been run with a global eddy-resolving ocean general circulation model (GCM), because the computational requirements are prohibitive. However,
improvements in components and formulations
have been made since the late 1980s.
For example, many groups are using some
type of sea ice dynamics with fractional ice coverage in addition to the more traditional thermodynamic and/or free-drift ice schemes. Several groups
have added more complex land surface process
schemes (over and above the simple bucket soil
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moisture formulation). In addition to the B r y a n Cox-type ocean GCM, there are now a number of
other ocean model formulations, s o m e with
isopycnal coordinates, some with sigma coordinates, and others with a variety of improved mixing
parameterizations. Several groups are experimenting with stretched or rotated ocean grid schemes to
add greater resolution (about 0.5° latitude) in the
equatorial oceans and to provide a more suitable
grid over the North Pole. There are also several
efforts to address the computational problems
associated with global coupled models using massively parallel computer architectures. Such activities are still largely experimental, with most groups
continuing to use more conventional supercomputer
hardware. Other future coupled model plans include the introduction of more components and
processes in the climate system such as interactive land vegetation schemes, biogeochemistry,
and atmospheric chemistry, among others.
2) Many present-generation global coupled models
showed a consistent error of warmer than observed sea surface temperatures (SSTs) off the
west coasts of the subtropical continents. This
error has generally been assumed to be associated with the poor simulation of the boundary-layer
stratocumulus clouds in those locations. There are
also indications that the surface wind must have a
sufficiently large alongshore component to produce upwelling strong enough for cool SSTs. Generally in coarse-grid coupled models, possibly as a
consequence of the smoothed topography, surface winds in those regions are somewhat onshore
with upwelling that is too weak. Additionally, there
was the suggestion that thermoclines that are too
deep and diffuse in the coarse-grid models (see
item 4) could inhibit upwelling of water of the proper
temperature (i.e., upwelled water would be too
warm). Coarse-grid ocean models continue to have
problems in properly simulating western boundary
currents. In spectral atmospheric models, Gibbs
ripples from the spectral topography result in errors in surface wind and precipitation fields.
3) A number of groups are verifying not only mean
climate quantities but also climate variability on
various time and space scales. Even though in
most cases the variability is of lower amplitude
than observed (e.g., ENSO-type variability with
amplitudes typically about half that observed),
numerous examples were presented of global
coupled models' ability, both with and without flux
correction, to simulate interannual, interdecadal,
and longer timescale variability that qualitatively
resembles such fluctuations seen in the observed
climate system. This suggests that some modes of
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4)

5)

6)

7)

coupled variability in the climate system are robust, since the present generation of global coupled
models are not only coarse grid but have clear
systematic errors and often use correction terms at
the a i r - s e a interface (see item 5).
A typical systematic error in the ocean components of the coupled models was a too diffuse
tropical thermocline with consequent warming of
the water below the thermocline and in the deep
ocean. This seemed to be due to a combination of
at least the coarse vertical resolution and vertical
diffusion. Presumably, improved diffusion schemes,
higher resolution, and alternative vertical coordinates (e.g., isopycnal, sigma) will help to remove
this deficiency.
Coupled model components (atmosphere, ocean,
and sea ice) contain many systematic errors at
present. When coupled together, they produce
sizable errors in the coupled simulation. Present
approaches to deal with this situation have led
some groups to either leave the errors in the
coupled simulations, to correct freshwater and
heat fluxes, or to correct freshwater flux, heat flux,
wind stress, and SST. Subsequent model versions
have reduced simulation errors in the component
models, thus lessening the problem of systematic
errors in the coupled simulations, but it is likely that
many groups will continue to employ some form of
flux correction (or flux adjustment) in the future
until the model components are significantly improved. In spite of the various types of errors and
flux adjustments or lack thereof, climate sensitivity
is remarkably similar in the different global coupled
models (e.g., the patterns of climate change from
an increase of C 0 2 in the models are qualitatively
similar). This suggests again that some aspects of
the climate system are fairly robust in terms of their
response to increased C 0 2 forcing.
Variability in atmospheric G C M s coupled to
nondynamic mixed-layer oceans was compared to
variability in global coupled models. The results
s u g g e s t that on short (interannual or less)
timescales such variability in the midlatitudes is
similar between the two classes of models, but that
on longer timescales (e.g., decadal and longer)
ocean dynamics and the coupling between ocean
and atmosphere probably play a more active role.
This seems to support the original hypotheses of
Bjerknes (1964).
Even though initial attempts at global coupled
model simulations were and still are on the decadal
and century timescales, some groups have run
multicentury integrations and have examined very
long timescale variability. Analyses have shown
that there are regions of fluctuations of the ampli-
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tude of climate variability on century and longer
timescales. Some groups have also completed
integrations of the time history of climate from
about 100 years before present to 100 years in the
future with appropriate C 0 2 concentrations and
probable sulfate aerosol concentrations. The simulation of the observed climate record in global mean
surface air temperature is improved if the past
record of sulfate aerosol forcing is represented.
The latter experiment also suggests that the C 0 2
climate change signal may have been masked
until now by sulfate aerosol effects, with possible
alterations to the geographical pattern of climate
change. Some experiments are being planned
with the inclusion of additional greenhouse gases.
8) Ensemble-type experiments (with a C 0 2 transient
increase starting from various times in a control
integration) point to the importance of the initial
state for the response of the climate system and
raise the fundamental issue of initialization and
spinup (see below). These types of ensemble
experiments could prove to be useful in the C 0 2
climate change detection problem.

3. Summaries from the working groups
a. Working group 1: Initialization and spinup
As noted above, it has been recognized that the
initial state of the ocean in a coupled model integration
is important not only in terms of the climate system
sensitivity but in terms of model drift. At present, there
are three techniques used to spinup the ocean portions of global coupled models. (Atmosphere, land,
and sea ice are considered more straightforward by
comparison.) First is an initialization technique that
starts from observed (Levitus) values of temperature
and salinity throughout the three-dimensional volume
of the ocean. Thus initialized, the model components
are coupled and the integration proceeds. This guarantees that the ocean begins close to the observed
state, as represented by the Levitus ocean data.
However, the model is not in equilibrium due to both
model systematic errors and shortcomings of the
Levitus data. Consequently, the ocean component
and the coupled simulations will exhibit sizable drifts in
the first few decades when using this method.
Second is an initialization technique that starts the
ocean from the Levitus observed state and then is run
for about 100 years relaxed to the observed surface
forcing. This technique can also involve the inclusion
of surface fluxes from the atmospheric model plus the
relaxation. This allows for an adjustment of the thermocline, but the deeper layers of the ocean are still not
in equilibrium after that time and will probably continue
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TABLE 1. Current versions of global coupled ocean-atmosphere GCMs described at the Workshop on Global Coupled General
Circulation Models, Scripps Institution of Oceanography, 1 0 - 1 2 October 1994. AGCM—atmospheric general circulation model;
O G C M — o c e a n general circulation model. Group abbreviations: BMRC—Bureau of Meteorology Research Center (Australia);
CCC—Canadian Climate Center; CCSR—Center for Climate System Research (Japan); CERFACS—Centre European de Recherche et
de Formation Avancee en Calcul Scientifique (France); COLA—Center for Ocean-Land-Atmosphere Studies (U.S.); CSIRO—Commonwealth
Scientific and Industrial Research Organization (Australia); GFDL—Geophysical Fluid Dynamics Laboratory (U.S.); GISS—Goddard
Institute for Space Studies (U.S.); LLNL—Lawrence Livermore National Laboratory (U.S.); LMD—Laboratoire de Meteorologie Dynamique
(France); MPI/DKRZ—Max Planck Institute for Meteorology/Deutsches Klimarachenzentrum (Germany); MRI—Meteorological Research
Institute (Japan); NASA/GSFC—NASA/Goddard Space Flight Center (U.S.); NCAR—National Center for Atmospheric Research (U.S.);
UCLA—University of California, Los Angeles (U.S.). Grid-resolution convention: degrees latitude times degrees longitude. Sea ice code:
T—thermodynamic; D—dynamic; Dr—free drift. Spectral atmospheric model truncation designation: R—rhomboidal; T—triangular;
L—number of vertical levels.
Group

AGCM

OGCM

Sea ice

Comments

BMRC

R21 L9

3.2 x 5.6 L12

T

No flux correction

CCC

T32L10

1.875x1.875 L29

T

With flux correction

CCSR

T21 L20

4 x 4 L17

T, D

No flux correction;
to be coupled

CERFACS

T42 L30

1.25 x 2 L31 (LODYC)
(rotated grid, stretched;
0.5 at the equator)

T

No flux correction;
restored in deep
midlatitude oceans

COLA

R15L9

3 x 3 L16
(1° near the equator)
(one version with
ocean closed at 65°N;
one version global)

T

No flux correction

CSIRO

R21 L9

3.2x5.6 L12

T, D

With flux correction

GFDL

R15L9
R30 L14

4 x 4 L12
2.2x 1.875 L18

T, Dr
T, Dr

With flux correction

GISS

4 x 5 L9
4 x 5 L9

4 x 5 L13 (free surface)
4 x 5 L13

LLNL

4 x 5 L9

3 x 3 L15

LMD

4 x 3 L15
(sine of lat to
2° at the equator)

2 x 2 L31 (LODYC)
(rotated grid)

MPI/DKRZ

T21 L19 (ECHAM1)
T21 L19 (ECHAM2)
T42 L19 (ECHAM3)

T21 L11 (LSG)
T42 L8 (OPYC)
2.8 x 2.8 L20 (HOPE)
(stretched; 0.5 at equator)
(ocean closed at 60°N)
(free surface)

T
T, D

With flux correction
With flux correction
No flux correction

MRI

4 x 5 L15

2.0 x 2.5 L21
(0.5 near the equator)

T, D

With flux correction

NASA/GSFC

4 x 5 L2
4 x 5 L13

2.0x2.5 L7
0.67 x 1.25 L8
(ocean closed at 72°N;
reduced gravity)

NCAR

R15L9
R15L9

5 x 5 L4
1 x 1 L20

UCLA

4 x 5 L9

0.33 x 1 at the equator
decreasing poleward,
L27 (Pacific, 30°S-50°N)

Hadley Centre

2.5x3.75 L19

2.5x3.75 L20
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T
T

No flux correction
No flux correction

T, D

No flux correction

T

No flux correction

No flux correction
—

T
T, D
—

T, Dr

No flux correction
No flux correction

With flux correction
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to exhibit some slow drift after coupling. The state of
the ocean is still reasonably close to the observed
state, but if flux adjustments are computed, it is difficult
to determine how long an averaging period to use.
A third technique is to run the ocean to equilibrium,
either combining restoring terms with atmospheric
model fluxes or simply using the surface-restoring
terms and in some cases acceleration methods. This
technique produces a stable initial state with little drift
when coupled, but that equilibrium state may not be
close to the observations (usually the deep ocean is
too warm), which means that the ocean circulation
may be distorted. Spinup methods may also produce
errors in the seasonal cycle in the model. Any ocean
spinup requires knowledge of the observed state of
the ocean. It was noted that the W C R P has a program
(World Ocean Circulation Experiment) designed to
address this issue. An enhanced ocean observing
system, such as that invisaged in the Global Ocean
Observing System, could provide an ocean initial state
for coupled models as well as for climate forecast
coupled models in the next century.
b. Working group 2: Strategies and techniques for
coupling model
components
A number of issues were identified as being crucial
to global coupled modeling not only in terms of logistical and bookkeeping functions of coupling in models
but also in regard to scientific issues involving a i r - s e a
ice-land surface interactions in the models and in the
real system. Frequency of communication between
model components in current global coupled models
is generally once per model day, yet some groups
have component models communicating more frequently (e.g., every time step). Some groups that have
a diurnal cycle simply average to obtain daily values
that are passed from atmosphere to ocean, while
other groups communicate more frequently to retain
the diurnal cycle information. Various periodically synchronous and asynchronous techniques are undergoing testing since there is an unceasing effort to find
ways of speeding up the coupled model run time. For
example, some groups use different length time steps
in the ocean model for temperature, salinity, and
velocity, even though it was noted that at higher (eddy
resolving) resolution those time steps would probably
have to be equal. Computational issues involving the
possibilities of running on massively parallel computer
architectures are being addressed by several groups.
There are efforts to formulate "flux couplers" whereby
only state variables are passed out of component
models to a routine that then computes fluxes and
passes those back to the component models. This
type of coupling strategy would allow easy conversion
to running various component models in parallel in
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either different segments of a massively parallel machine or on different supercomputers simultaneously.
However, at present most groups are using more
conventional coupling strategies that involve passing
of fluxes from one component to another (e.g., net
surface heat and freshwater fluxes, as well as wind
stress, are computed in the atmospheric model and
passed to the ocean and sea ice components).
Various serious and complicated (practically and
scientifically) problems were identified involving heterogeneous sub-grid-scale surface types. The most
common so far has been encountered in dynamic sea
ice models with fractional ice coverage. In such models, there are large differences in surface fluxes depending on how they are calculated for ice and ocean
fractions. Similarly, different vegetation types over
land present the same difficulties that are compounded
if the vegetation scheme is interactive. A number of
models are using different grid resolutions for different
components (e.g., a coarse-grid atmosphere coupled
to a higher-resolution ocean and/or ice model). Some
groups avoid the problems associated with grid interpolations and resulting conservation complications by
using the same grids in the atmosphere and ocean.
Others compute physics on the finest grid and dynamics on a more coarse grid or use interpolation schemes
to communicate between the disparate grids. Still
other groups divide processes differently between the
model components. For example, ice thermodynamics can be computed in the atmospheric model component, while ice dynamics can be computed in the
ocean component to facilitate accurate communication of information between components.
Since present models now and in the near future
will remain fairly coarse (down to about 2° x 2° or
somewhat less), there is still a desire to study processes and/or sensitivities at smaller space scales
(e.g., regional climate where topographical effects are
important, or tropical cyclones that require higher
resolution to simulate). So-called time-slice experiments have been employed where a coarse-grid
coupled model is run in atransient C 0 2 climate change
experiment and then SSTs at the end of that experiment are used to run a much higher-resolution atmospheric GCM for a shorter time. Another technique is
to use the coarse-grid coupled model to produce
boundary forcing for an embedded high-resolution
regional model. Inclusion of more components in the
climate system (vegetation, chemistry) is projected for
the future but will complicate coupled modeling considerably due in part to the widely different timescales
involved with some of these processes ranging from
hours to years and longer. Some of these additional
processes are also more difficult to validate in a
climate context.
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c. Working group 3: Flux
correction/adjustment
Four techniques have been employed so far to deal
with errors in coupled-model simulations. The first is to
leave them as they are. The second is to leave them
as they are but constrain another part of the system
(e.g., omit the Arctic Ocean and sea ice and specify
the northern boundary, or restore the deep midlatitude
oceans to observations). The third is to correct (or
more accurately adjust) net heat flux and net freshwater flux. The fourth is to adjust those two plus wind
stress and SST. Electing not to use flux correction/
adjustment is useful in drawing attention to model
deficiencies and obtaining a clear indication of model
variability, but sensitivity may be distorted as a consequence. However, it is unclear if flux correction seriously affected either of those. The technique cannot
provide a missing mechanism that could influence
model sensitivity. Since flux correction reflects errors
in the component models and errors when they are
coupled, an obvious solution is to improve the model
components, and flux correction will gradually become less of an issue. The use of empirical corrections
in the early days of numerical weather prediction and
their gradual removal as the models were improved
was noted as a portent of the probable role of flux
correction in global coupled modeling. In the meantime, many groups will continue to use some type of
flux correction.
Flux corrections are currently being computed using a variety of techniques, and there is no clear
guidance on the best method. Flux corrections are
additive terms (thus sometimes referred to more accurately as flux adjustments) calculated as differences
between what a component model requires from the
other component and what that component is computing compared to observed values. Some groups compute monthly mean values and flux correct the annual
cycle at each model grid point. Other groups use
annual mean flux corrections. With recent model improvements, a few groups are proposing to use only
freshwater flux correction since errors in other terms
are lessening. Flux correction over sea ice is a particularly difficult problem. It was agreed that very long
averages should be taken from the calibration runs to
obtain the flux corrections if they are to be used at all.
It was also suggested that integrations with and without flux correction be performed in parallel to determine exactly the effects of flux correction on climate
variability and climate sensitivity.
d. Working group 4: Secular drift and systematic
errors
Typical sources of climate drift in the present generation of global coupled models seemed to involve
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tropical and subtropical stratocumulus regimes (see
section 3b), other errors in surface fluxes, problems
with resolution, difficulties involved with initialization
and spinup (see section 3a), errors in sea ice simulations, and difficulties associated with vertical penetration of heat into the ocean that is symptomatic of the
fact that the ocean components may not be in equilibrium at the beginning of the coupled integration. For
atmospheric models, it was noted that errors in surface fluxes, cloud radiative forcing, and net surface
fluxes used to calculate implied ocean transports
should be diagnosed from stand-alone versions. A
large set of such atmospheric model results already
exists in the Atmospheric Model Intercomparison
Project (AMIP) integrations (Gates 1992). Analysis of
similar integrations could yield much insight into errors
in atmospheric models that introduce climate drift into
coupled models. Surface fluxes are very problematic,
with large discrepancies in available climatologies.
There are some regions where fluxes have been
measured very accurately and should be used to
verify model fluxes in those areas.
It was suggested that an ocean model analog to
AMIP (a coordinated ocean model intercomparison)
could yield clues to systematic errors in ocean models.
However, verification of the subsurface ocean state
continues to be a problem. Additional ocean observations would be helpful not only in verification but in
initialization and spinup as well. It was noted that there
are specific regions where very accurate ocean measurements have been made, and it was suggested
that the coupled modeling community should become
aware of these data for use in verification activities.
Similar to the ocean, there is little data on sea ice
thickness to allow for verification and diagnosis of ice
dynamics or to provide guidance for improvements in
the sea ice formulations. Several programs are under
way to attempt to address this situation, such as the
WCRP's Arctic Climate System Study and the related
field project, Surface Heat Budget of the Arctic.

4. Concluding remarks
The combination of workshop presentations and
discussion groups provided a thorough review and
assessment of the current status of global coupled
modeling in terms of the technical and scientific problems and with respect to the types of results that global
coupled models are producing. Perhaps one of the
more striking aspects of the simulations with the
current generation of coarse-grid global coupled models is that climate variability on interannual and
interdecadal timescales was qualitatively realistic,

Vol. 76, No. 6, June 1995
Unauthenticated | Downloaded 01/09/23 03:14 PM UTC

suggesting that some coupled processes are fairly
robust. This is certainly encouraging since the models
all have problems with systematic errors and yet are
being used in a variety of climate change studies.
T h e possibility of p e r f o r m i n g a c o o r d i n a t e d
intercomparison of global coupled models was discussed, but several complicating factors would have
to be kept in mind. First, global coupled modeling on
the century timescale involves many different techniques and strategies, and it would be difficult to
formulate the existing models in such a way so that
they could be exactly comparable. For the same
reason and due to the fact that global coupled climate
model integrations are so computer resource intensive, it is desirable for groups to try different techniques to see what works and what does not. In other
words, it was recognized that there is a need to
maximize the number of realizations with the largest
number of different configurations to obtain a large
sample of different simulations. Consequently, it was
stressed that at the stage when this activity is undergoing such rapid growth communication is extremely
important. These issues are expected to be addressed
in the future by the Climate Variability and Predictability program of the WCRP. Groups new to global
coupled modeling can make a contribution early on
but need to find out what other groups have tried, not
only to avoid making the same mistakes but to ensure
that there are different solutions to the various problems associated with global coupled modeling. It was
suggested that W C R P continue to facilitate the international coordination of global coupled modeling and
that an u p d a t e to an earlier "level 1" m o d e l
intercomparison undertaken by S G G C M (Gates et al.
1993) for the four global coupled models that were
referenced in the 1992 IPCC report be performed for
the larger set of models now in use. This activity could
be facilitated if coupled modeling groups move to a
common model data format. A poll of workshop partici-

pants indicated that there was widespread interest
and support for coupled model intercomparison activities, but there was a diversity of opinion as to how this
could best be organized. Participants agreed that the
workshop was an extremely valuable exercise and it
was recognized that future such workshops would
also be useful in order to foster communication between modeling groups.
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