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GFDL’s CM2 Global Coupled Climate Models. Part I: Formulation and
Simulation Characteristics
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ABSTRACT

The formulation and simulation characteristics of two new global coupled climate models developed at
NOAA’s Geophysical Fluid Dynamics Laboratory (GFDL) are described. The models were designed to
simulate atmospheric and oceanic climate and variability from the diurnal time scale through multicentury
climate change, given our computational constraints. In particular, an important goal was to use the same
model for both experimental seasonal to interannual forecasting and the study of multicentury global
climate change, and this goal has been achieved.

Two versions of the coupled model are described, called CM2.0 and CM2.1. The versions differ primarily
in the dynamical core used in the atmospheric component, along with the cloud tuning and some details of
the land and ocean components. For both coupled models, the resolution of the land and atmospheric
components is 2° latitude X 2.5° longitude; the atmospheric model has 24 vertical levels. The ocean
resolution is 1° in latitude and longitude, with meridional resolution equatorward of 30° becoming pro-
gressively finer, such that the meridional resolution is 1/3° at the equator. There are 50 vertical levels in the
ocean, with 22 evenly spaced levels within the top 220 m. The ocean component has poles over North
America and Eurasia to avoid polar filtering. Neither coupled model employs flux adjustments.

The control simulations have stable, realistic climates when integrated over multiple centuries. Both
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models have simulations of ENSO that are substantially improved relative to previous GFDL coupled
models. The CM2.0 model has been further evaluated as an ENSO forecast model and has good skill
(CM2.1 has not been evaluated as an ENSO forecast model). Generally reduced temperature and salinity
biases exist in CM2.1 relative to CM2.0. These reductions are associated with 1) improved simulations of
surface wind stress in CM2.1 and associated changes in oceanic gyre circulations; 2) changes in cloud tuning
and the land model, both of which act to increase the net surface shortwave radiation in CM2.1, thereby
reducing an overall cold bias present in CM2.0; and 3) a reduction of ocean lateral viscosity in the extra-
tropics in CM2.1, which reduces sea ice biases in the North Atlantic.

Both models have been used to conduct a suite of climate change simulations for the 2007 Intergovern-
mental Panel on Climate Change (IPCC) assessment report and are able to simulate the main features of
the observed warming of the twentieth century. The climate sensitivities of the CM2.0 and CM2.1 models
are 2.9 and 3.4 K, respectively. These sensitivities are defined by coupling the atmospheric components of
CM2.0 and CM2.1 to a slab ocean model and allowing the model to come into equilibrium with a doubling
of atmospheric CO,. The output from a suite of integrations conducted with these models is freely available
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online (see http:/nomads.gfdl.noaa.gov/).

1. Introduction

This paper, along with its companion papers that fol-
low in this issue, describes the formulation and simula-
tion characteristics of two new global coupled climate
models developed over the last several years at the
Geophysical Fluid Dynamics Laboratory (GFDL) of
the National Oceanic and Atmospheric Administration
(NOAA). The models are the product of an effort to
expand upon the capabilities of past models at GFDL
that have been used to study issues of climate variabil-
ity and change on seasonal to centennial time scales
(see, e.g., Manabe et al. 1991; Hamilton et al. 1995;
Rosati et al. 1997; Delworth et al. 2002). The goal of
this effort has been to create models that can realisti-
cally simulate a range of phenomena from diurnal-scale
fluctuations and synoptic-scale storms to multicentury
climate change. An associated goal was to use the same
model for experimental seasonal forecasting and the
simulation of global climate change.

The coupled climate models are composed of sepa-
rate atmosphere, ocean, sea ice, and land component
models, which interact through a flux coupler module.
The two coupled models described in this paper are
called CM2.0 and CM2.1. The CM2.0 model uses atmo-
spheric model (AM2.0) and land model (LM2.0) com-
ponents that are nearly identical to those described in
the 2004 paper by the GFDL Global Atmosphere
Model Development Team [2004, hereafter referred to
as GFDL_GAMDT; differences from the model de-
scribed in GFDL_GAMDT are detailed in section
2a(2)]. The CM2.0 coupled model is run without flux
adjustments and produces a realistic simulation of cli-
mate in many respects, as described in detail in sections
3, 4, and 5. However, this model experiences an equa-
torward drift of the midlatitude westerly winds and sur-
face wind stress patterns after the atmosphere and
oceans are coupled, contributing to a cold bias associ-

ated with an equatorward contraction of the oceanic
subtropical gyre circulations.

The atmospheric component of CM2.0 uses a B grid
dynamical core. When a version of the atmospheric
model that uses a finite volume (FV) dynamical core
(Lin 2004) is inserted in the CM2.0 coupled model, both
the equatorward drift after coupling and the overall
cold bias are substantially reduced. Primarily because
of the substantial improvement in the extratropical wind
stress pattern and temperature biases, a second coupled
model (CM2.1) was developed, using the FV atmo-
spheric core. In addition to using the FV dynamical
core, the CM2.1 model incorporates several changes
that were designed to reduce the model’s overall cold
bias (the details of the changes are reported in section
2). These consist of the following: 1) In the atmosphere,
parameters in the cloud scheme were modified to in-
crease the net shortwave radiation at the surface. 2) In
the land model, evaporation was suppressed when the
soil is frozen at a depth of 30 cm; this reduced late
spring evaporation at higher latitudes of the Northern
Hemisphere, thereby reducing cloudiness and increas-
ing net surface shortwave radiation. 3) In the ocean
component, a lower horizontal viscosity was used in the
extratropics which strengthened the subpolar gyres. In
the North Atlantic, the effect was to increase the polar
heat transport of the subpolar gyre, thereby substan-
tially reducing the cold bias and excessive sea ice seen
there in CM2.0.

The difference in annual-mean zonal wind stress be-
tween the two versions of the coupled model (CM2.0
and CM2.1), and the contours of zero wind stress curl
for the two models, are shown in Fig. 1. The positive
values for the wind stress difference in the middle lati-
tudes of each hemisphere reflect a more poleward lo-
cation of the westerlies in this new version relative to
CM2.0, which is of crucial importance for the simulated
ocean circulation. This change in the latitude of the
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FiG. 1. (left) Color shading indicates the difference in annual-mean zonal wind stress, computed as the stress in
CM2.1 minus the stress in CM2.0 for the 1990 control integrations (N m~2). Positive values (red shading) denote
increased westerly winds in CM2.1 relative to CM2.0. The solid black line indicates the zero wind stress curl line
for CM2.0, and the green line indicates the zero wind stress curl line for CM2.1. The more poleward location of the
zero wind stress curl line in CM2.1 is consistent with a poleward expansion of the oceanic gyre circulations. (right)
Zonal means of the annual-mean zonal wind stress for CM2.0 (black) and CM2.1 (red). The more poleward

location of the zonal wind stress in CM2.1 is clear.

westerlies is easily seen in the right panel of the figure,
which shows the zonal means of the zonal wind stress.
The zero wind stress curl line is also more poleward in
CM2.1, in better agreement with observations, and of
substantial importance for the oceanic gyre circula-
tions. The reasons for the differing positions of the at-
mospheric winds are not well understood.

The time-mean errors in the simulation of sea surface
temperature (SST) for the two coupled models (the
details of the experimental design are described in sec-
tion 2) are shown in Fig. 2. It is readily apparent that
the errors in CM2.1 are substantially less than those in
CM2.0. Quantitatively, the root-mean-square error
(rmse) for SST in CM2.0 is 1.54 K, and it is 1.16 K for

CM2.1. Most notable is the reduction of the cold bias in
the North Pacific associated with a poleward expansion
of the subtropical gyre. There is also a dramatic im-
provement in the simulation of the Southern Ocean in
CM2.1 relative to CM2.0 (Gnanadesikan et al. 2006,
hereafter Part II).

As described in detail in the following sections, al-
though many features are improved in CM2.1 relative
to CM2.0, some are not. For example, although the
overall temperature bias in CM2.1 is much lower than
in CM2.0, the simulation of precipitation is somewhat
worse in CM2.1 than CM2.0. This is certainly typical in
the development of such models, in that many features
can change in response to changes in the model formu-
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Sea Surface Temperature: Model minus Observations
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F1G. 2. Maps of errors in simulation of annual-mean SST (K). The errors are computed as model minus
observations, where the observations are from the Reynolds SST data [provided by the National Oceanic
and Atmospheric Administration—Cooperative Institute for Research in Environmental Sciences
(NOAA-CIRES) Climate Diagnostics Center, Boulder, CO, from their Web site at http://
www.cdc.noaa.gov/]. (a) CM2.0 (using model years 101-200). (b) CM2.1 (using model years 101-200).
Contour interval is 1 K, except that there is no shading for values between —1 and +1 K.

lation, and those changes have both benefits and draw-
backs in terms of the fidelity of the simulation.

Both models have been used to run a suite of climate
change experiments for the 2007 Intergovernmental
Panel on Climate Change (IPCC) Assessment Report 4
(AR4) and are able to simulate the main features of the
observed warming of the twentieth century (Knutson et
al. 2006). Output from these model simulations is freely
available online (see http:/nomads.gfdl.noaa.gov/). The
climate sensitivity associated with each model has been
evaluated. To evaluate climate sensitivity, the atmo-
sphere, land, and sea ice components of either CM2.0
or CM2.1 are coupled to a slab mixed layer ocean. The
climate sensitivity is then defined as the equilibrium

response of global-mean surface air temperature in the
slab ocean coupled model to a doubling of atmospheric
CO,. Thus defined, the climate sensitivity associated
with CM2.0 is 2.9 K, and for CM2.1 it is 3.4 K. Addi-
tional investigations are underway to assess why the
climate sensitivities differ.

This paper is the first of four that describe the
coupled models. This paper describes the coupled
model formulation, drifts in the solutions after coupling
of the component models, and aspects of the time-mean
solution, with emphasis on the oceanic surface and at-
mosphere. The following paper (Part II) describes in
more detail the formulation of the ocean component of
the coupled models and the time-mean properties of
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the ocean in coupled model simulations. The next pa-
per in this set (Wittenberg et al. 2006, hereafter Part
III) provides an in-depth analysis of ENSO as simu-
lated in the models, including its extratropical telecon-
nections. Finally, Stouffer et al. (2006, hereafter Part
1V) describes the response of the models to idealized
radiative forcing changes. Additional details on the for-
mulation of the ocean model, with emphasis on the
numerics and physical parameterizations, are in Grif-
fies et al. (2005).

Detailed analyses of other aspects of these models,
including their response to estimates of the changing
radiative forcing from 1861 to 2000, will be reported in
future papers.

2. Model formulation

The coupled model consists of four component mod-
els: atmosphere, land, sea ice, and ocean. A coupler
computes and passes fluxes between the component
models and does all the necessary regridding so that
each component receives inputs and supplies outputs
on its own grid. All fluxes are conserved to within ma-
chine precision. There are no flux adjustments' used in
these models.

a. Atmosphere and land models

1) OVERVIEW

The atmosphere and land components of coupled
model CM2.0 are referred to as AM2.0 and LM2.0,
respectively, and are documented in GFDL_GAMDT,?
with a few modifications as noted below. The atmo-
sphere and land horizontal resolution is 2° latitude X
2.5° longitude; the atmospheric model has 24 levels in
the vertical. The model uses a 3-h time step for atmo-
spheric radiation and a 0.5-h time step for other atmo-
spheric physics, and includes a diurnal cycle of insola-
tion. The land model employed is the Land Dynamics
model (LaD; Milly and Shmakin 2002) and includes a
river routing scheme that moves runoff collected over
the model’s drainage basins to river mouths, where the
freshwater is injected into the model ocean.

! Flux adjustments may be used in coupled models to help
maintain a realistic time-mean state. The flux adjustments are
calculated prior to the start of a coupled model integration and
are constant additive terms to the surface fluxes, usually for the
heat and freshwater fluxes.

2 In other contexts, in which our internal model development is
described in more detail, the model in GFDL_GAMDT is re-
ferred to as AM2p12b, and AM2.0 (the atmospheric component
of CM2.0) is referred to as AM2p13.
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TABLE 1. Model input parameters related to radiative forcing
for the 1860 and 1990 control integrations.

1860 1990
Solar irradiance 1364.67 W m ™2 1366.86 W m ™2
CO, 285.98 ppmv* 352.72 ppmv
CH, 804.9 ppbv® 1688.625 ppbv
F11 0 pptv® 259 pptv
F12 0 pptv 466.375 pptv
F22 0 pptv 89.25 pptv
F113 0 pptv 71.375 pptv
N,O 275 ppbv 308.45 ppbv
Land cover 1860 distribution 1990 distribution

# Parts per million by volume.
® Parts per billion by volume.
¢ Parts per trillion by volume.

2) DIFFERENCES OF AM2.0/LM2.0 FROM THE
ATMOSPHERE/LAND MODEL DESCRIBED IN
GFDL_GAMDT

The differences between AM2.0/LM2.0 and the at-
mosphere and land models described in GFDL_
GAMDT are relatively minor. First, in an attempt to
address a persistent cold bias, the net surface shortwave
radiation in the model was increased. This was accom-
plished through a 45% increase (from 4.7 X 107 °s~ ! to
6.8 X 107° s ') in the cloud scheme parameter that
controls the rate of erosion of clouds under convective
conditions.

Second, the Caspian Sea is now treated as a special
land surface type. This is necessary since the Caspian
Sea is not included as part of the ocean model, and
there is no lake model within LM2.0. The Caspian Sea
is maintained as a saturated surface; if the predicted soil
water for any grid box in the Caspian Sea exceeds satu-
ration, the excess water is treated as runoff and is
routed to the ocean point corresponding to the mouth
of the Indus River. Conversely, if the predicted soil
water at any grid point in the Caspian Sea is less than
saturation, sufficient freshwater is moved instanta-
neously from the ocean at the mouth of the Indus river
to the Caspian Sea to maintain saturation. Thus, the
atmospheric model sees the Caspian Sea as a saturated
surface, while global water conservation is maintained.

Third, a revised set of 1990 radiative conditions was
employed, which includes updated specifications for
well-mixed greenhouse gases, tropospheric and strato-
spheric ozone, the three-dimensional distribution of
natural and anthropogenic aerosols, solar irradiance,
and the distribution of land cover types. Values for the
well-mixed greenhouse gases and solar irradiance are
listed in Table 1. The specified anthropogenic aerosols
include black carbon, organic carbon, and sulfate aero-
sols. Natural aerosols include sea salt and dust. The
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three-dimensional distributions of monthly mean aero-
sols are specified based on output from the Model for
Ozone and Related Chemical Tracers (MOZART)
chemical transport model (Horowitz et al. 2003), which
uses input emissions from Olivier et al. (1996) and
Cooke et al. (1999). Stratospheric ozone distributions
were prescribed based on Randel and Wu (1999). Vol-
canic aerosols are assumed to be zero in the control
integrations described below. The aerosol optical prop-
erties follow Haywood et al. (1999). Note that the aero-
sols do not directly interact with the cloud scheme so
that any indirect effects are omitted in CM2.0 and
CM2.1.

Dust concentrations were from multiyear simulations
driven by the National Centers for Environmental Pre-
diction (NCEP)-National Center for Atmospheric Re-
search (NCAR) reanalysis (Kalnay et al. 1996). Veg-
etation-free surfaces are regarded as dust sources fol-
lowing Ginoux et al. (2001). The dust size distribution is
discretized into eight bins ranging in size from 0.1 to 10
microns. For sea salt, a constant concentration is as-
signed throughout the well-mixed marine boundary
layer (up to 850 mb), and a zero concentration is pre-
scribed above 850 mb and over land (Haywood et al.
1999).

The CM2 land-cover-type distribution is a combina-
tion of a potential natural vegetation-type distribution
and a historical land use distribution dataset. The po-
tential natural vegetation classification is based on that
used in LaD (Milly and Shmakin 2002). The classifica-
tion has 10 vegetation or land surface types (broadleaf
evergreen, broadleaf deciduous, mixed forest, needle-
leaf deciduous, needle-leaf evergreen, grassland, desert,
tundra, agriculture, and glacial ice). As described in
section 2f, experiments were performed with land cover
distributions representative of either 1860 or 1990 con-
ditions, which were derived from available land use
change data.

3) DIFFERENCES BETWEEN ATMOSPHERE/LAND
COMPONENTS OF CM2.0 AND CM2.1

The atmosphere and land components of coupled
model CM2.1 are referred to as AM2.1 and LM2.1, and
have approximately the same spatial resolution as
AM2.0/LM2.0 (although the precise grid is slightly dif-
ferent, as the atmospheric dynamics are done using
both a C and D grid in AM2.1, versus a B grid in
AM2.0). AM2.1/LM2.1 differs from AM2.0/LM2.0 in
several ways. First, the dynamical core of AM2.1 uses
FV numerics (Lin 2004). This difference alone accounts
for changes in the surface wind stress pattern that
lessen the drift after coupling. Second, a tuning of the
cloud scheme was necessary when using the FV core to
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achieve an approximate radiative balance; further tun-
ing produced a small positive net radiative imbalance
when using SSTs from the recent past. The two specific
cloud tuning changes, both of which act to increase the
net shortwave radiation at the surface, were that (i) the
value of the cloud drop radius threshold value for the
onset of raindrop formation was reduced from 10.6 um
in AM2.0 to 8 um in AM2.1, and (ii) the parameter
controlling the rate of erosion of clouds under convec-
tive conditions was increased by 18% (from 6.8 X 10~¢
s 'in AM2.0to 8 X 10~ °s™ ' in AM2.1). Third, the land
model was modified to suppress evaporation from land
when soil is frozen at a depth of about 30 cm. This has
a significant warming impact by reducing evaporation,
and hence cloudiness, at higher latitudes of the North-
ern Hemisphere during late spring and summer, result-
ing in enhanced shortwave radiation at the surface and
warmer near-surface air temperature. However, this
change also contributes to a thinning of the Arctic sea
ice, which amplifies an existing bias toward thin Arctic
sea ice (described below). Fourth, the Amur River (far
eastern Asia) drains into the Sea of Japan in CM2.1
instead of the Sea of Ohkotsk as in CM2.0 (in reality it
drains into a strait connecting the two seas). This has a
relatively minor impact. When run using observed SSTs
over the period 1982-98, the AM2.1 model has a net
radiative imbalance at the top of the atmosphere of 0.25
W m~2 This integration includes observational esti-
mates of well-mixed greenhouse gases, anthropogenic
aerosols, volcanic aerosols, solar irradiance changes,
and land use changes.

b. Ocean model

The ocean model formulation and physical param-
eterizations are described in detail in Part II and Grif-
fies et al. (2005) and are based on the Modular Ocean
Model code (MOM4; Griffies et al. 2003). The ocean
component for CM2.0 is referred to as OM3.0, and the
ocean component for CM2.1 is referred to as OM3.1.
The ocean model resolution (for both OM3.0 and
OM3.1) is 1° in latitude and longitude, with meridional
resolution equatorward of 30° becoming progressively
finer, such that the meridional resolution is 1/3° at the
equator. There are 50 vertical levels in the ocean, with
22 levels of 10-m thickness each in the top 220 m. A
tripolar grid with poles over Eurasia, North America,
and Antarctica is used to avoid polar filtering over the
Arctic (Murray 1996).

The model uses a true freshwater flux boundary con-
dition (not a virtual salt flux, which has been used in
previous coupled models). River flow into the ocean is
predicted and is based upon a predetermined river
drainage map determined from available global river
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networks and topographic maps. Any runoff from land
cells is routed to an ocean discharge point, with a delay
that varies from basin to basin. The water is injected
into the ocean evenly over the top 40 m (four levels) of
the ocean. Because the model uses a true freshwater
flux, this river flow adds mass to the ocean. There are
six inland seas (Hudson Bay, Black Sea, Mediterranean
Sea, Red Sea, Baltic Sea, and the Persian Gulf) that are
connected to the World Ocean only via mixing pro-
cesses at the connecting points between the inland seas
and the open ocean.

The primary differences between OM3.0 and OM3.1
are in the parameter settings for some of the subgrid-
scale physics, and the time-stepping algorithm. Pole-
ward of 30° latitude, OM3.1 has a factor of 5 smaller
horizontal viscosity, leading to more vigorous subpolar
gyre circulations. The OM3.1 two-level time-stepping
algorithm permits a 2-h ocean time step to be used,
versus a 1-h time step in the three-level leapfrog
scheme of OM3.0. Solutions using the two time-
stepping schemes are virtually identical.

c. Sea ice model

The sea ice component of CM2.0 and CM2.1 is the
GFDL Sea Ice Simulator (SIS). SIS is a dynamical
model with three vertical layers, one snow and two ice,
and five ice thickness categories. The elastic—viscous—
plastic technique (Hunke and Dukowicz 1997) is used
to calculate ice internal stresses, and the thermodynam-
ics is a modified Semtner three-layer scheme (Winton
2000). Details of the model formulation and configura-
tion are given in the appendix. The same sea ice model
is used in CM2.0 and CM2.1.

d. Coupling

GFDL’s CM2 models make use of the Flexible Mod-
eling System (FMS; http://www.gfdl.noaa.gov/~fms/)
coupler for calculating and passing fluxes between its
atmosphere, land, sea ice, and ocean components. The
atmosphere, ocean, land and sea ice exchange fluxes
every hour in CM2.0, and every 2 h in CM2.1 (corre-
sponding to the ocean time step for each model). Most
surface fluxes are calculated on the exchange grid be-
tween two component grids using component proper-
ties that have been placed on this grid. The exchange
grid is the set of polygons formed from the union of the
cell boundaries of the two component grids. This pro-
cedure ensures that fluxes are calculated at the finest
scale before averaging onto the coarser component
grids. All fluxes are perfectly conserved to within ma-
chine precision. Land grid cells, which are otherwise
identical in horizontal extent to atmospheric cells, are
reduced in area at the coast by the areas of overlapping
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ocean cells so that the land and ocean perfectly tile the
globe. Some properties from the coarser atmosphere
model are placed onto the exchange grid using a sec-
ond-order accurate technique (Jones 1999) to avoid
noisy fluxes on the oceanic side.

e. 1860 and 1990 control integrations

Two types of control integrations are conducted, dif-
fering in the atmospheric trace gas and aerosol concen-
trations, insolation, and distribution of land cover
types. For each control integration, aerosol and trace
gas concentrations, insolation, and distribution of land
cover types do not vary from one year to the next. In
the so-called 1990 (1860) control integrations, these val-
ues are taken to represent 1990 (1860) values. The spe-
cific values used for well-mixed greenhouse gases and
solar irradiance are listed in Table 1. Three-dimension-
al distributions of natural aerosols from sea salt and
dust are also prescribed and are identical in the 1860
and 1990 control runs. The three-dimensional distribu-
tions of anthropogenic aerosols are prescribed and dif-
fer between 1860 and 1990 conditions (anthropogenic
aerosols are assumed to be zero in the 1860 control
integration). For the control integrations described
here, there are no aerosols from volcanic sources.

When we compare the model simulations to obser-
vations, we focus on the 1990 control integrations, be-
cause this radiative forcing might be expected to yield a
simulation closer to current observations. However, be-
cause there is a positive net radiative imbalance in the
1990 control integrations (discussed below), there are
long-term drifts in simulations using the 1990s forcings,
making them less desirable as control simulations for
climate change experiments. Therefore, the climate
change simulations described in Part IV are conducted
as departures from the 1860 control integrations, which
have much smaller net radiative imbalances, and there-
fore much smaller climate drifts. The 1860 control in-
tegrations are longer in duration than the 1990 control
integration. A few of the differences in simulation char-
acteristics between the 1860 and 1990 control integra-
tions are presented in section 3. The 1990 control inte-
grations are 300 yr in length for both models. The 1860
control integration for CM2.0 is 500 yr in length; for
CM2.1 the 1860 control integration has run for more
than 1000 yr.

f- Initialization

Different procedures were used to initialize the 1860
and 1990 control integrations. For the 1990 control in-
tegrations, the atmospheric and land initial conditions
are taken from the end of a 17-yr run of the atmo-
sphere-land model that uses observed time-varying
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SSTs and sea ice over the period 1982-98. To derive the
ocean initial conditions, a 1-yr integration of the ocean
component of the coupled model is conducted starting
from observed climatological conditions [taken from
Steele et al. (2001), which is an extension of Antonov et
al. (1998) and Boyer et al. (1998)], with the ocean ini-
tially at rest. The ocean model is forced with heat and
water fluxes from an integration of the atmosphere
model described above, along with observed wind
stress; in addition, surface temperature and salinity are
restored to the Steele et al. (2001) climatology with a
10-day restoring time scale. The purpose of the 1-yr run
is to avoid initializing the coupled model with an ocean
at rest. Output from the end of that one year spin up is
taken as the initial condition for the coupled run. The
sea ice initial conditions are taken from the end of year
10 of a preliminary coupled integration with the same
model.

To derive initial conditions for the 1860 control inte-
gration, the method outlined in Stouffer et al. (2004)
was used. Starting from a point in the first few decades
of the 1990 control integration, the radiative-forcing
conditions are changed from 1990 to 1860 values. With
these 1860 radiative forcings, a multicentury spinup
phase is conducted, thereby allowing the simulated cli-
mate system to adjust to these new forcings. These ad-
justment periods (300 yr were used for CM2.0, and 220
yr for CM2.1) are discarded, and are not part of the
analyses shown below. Thus, what is labeled as year 1 of
the CM2.0 (CM2.1) 1860 control integration corre-
sponds to a time 300 (220) yr after the 1860 radiative
forcings are introduced, thus allowing the system to
adjust (at least partially) to the new radiative forcing.

3. Model stability and drift

After coupling the component models and starting
from the set of initial conditions, the climate system is
typically not in equilibrium, and undergoes a drift to-
ward a more equilibrated state. The time series of glob-
al-mean SST for the two 1990 control experiments are
plotted in Fig. 3a (the time series of global-mean sur-
face air temperature look very similar). Both models
experience drift for some considerable period after cou-
pling, with an initial rapid cooling in SST, followed by a
slow warming trend. As will be shown below, this latter
feature is related to a persistent positive radiative im-
balance. It is apparent that the overall state of CM2.1 is
significantly warmer at the sea surface. The drift in SST
for the 1860 control integrations (Fig. 3b) is smaller,
consistent with the state being closer to radiative equi-
librium as discussed below. Time series of global-mean
surface air temperature (not shown) have a very similar
behavior.
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Another measure of drift is the top-of-the-
atmosphere (TOA) net radiative imbalance (downward
shortwave — upward shortwave — outgoing longwave),
shown in Fig. 3c. There is a persistent positive imbal-
ance in the 1990 control integrations of 0.5-2.0 W m 2,
indicating a net long-term gain of heat by the system.
For this model, the net imbalance at the TOA is larger
than the actual heat gain by the climate system, for at
least three reasons. First, the AM2.0/LM2.0 model does
not perfectly conserve heat and loses heat at a rate of
approximately 0.3 W m ™2 This loss is quite uniform in
time, and we do not expect it to be a significant issue in
climate change experiments. This loss is smaller in
AM2.1/LM2.1. Second, in both models there is a heat
sink associated with glaciers; a heat balance is com-
puted in the model over glacial surfaces, such that if the
surface temperature of a glacial surface is computed to
be above the freezing point, the temperature is reset to
freezing, and the heat associated with this temperature
change is lost from the system (estimated at approxi-
mately 0.05 W m™?). Third, there is a heat sink in the
ocean; when a mass of water is added to the ocean (via
precipitation or river flow), the water mass assumes the
temperature of the sea surface. In general, there is a net
addition of water to the ocean at higher latitudes where
it is cold, and a net removal of water from the ocean at
lower latitudes where it is warm. The ocean must supply
the heat necessary to warm this mass of water as it
moves from colder to warmer regions. This heat is lost
from the system when the water evaporates because
condensate in the atmospheric model has no heat ca-
pacity. This loss is estimated at 0.17 (0.14) W m ™2 in the
1990 control integrations of CM2.0 (CM2.1). (This term
is estimated as the areal average over the global ocean
of the product of the surface water flux and SST, mul-
tiplied by the density of water and the heat capacity of
water. Calculations were performed using monthly data
over years 281-300 of the 1990 control integrations.)
This sink arises in this model because it uses a true
freshwater flux from the atmosphere to the ocean. This
topic needs to be addressed in future model develop-
ment efforts.

A different representation of the heat imbalance of
the model climate system is shown in Fig. 3e, which
shows the rate of change of ocean heat content ex-
pressed as a net heating in W m™~2. Ocean heat content
is the dominant mechanism of heat storage in the global
climate system. The values shown in Fig. 3e are smaller
than the TOA values for the reasons stated above and
gradually decrease over time as the system approaches
a more equilibrated state.

Note that the corresponding time series for the 1860
control integrations (Figs. 3d.,f) show smaller imbal-
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ances. In general, the 1860 simulations are much closer to
radiative equilibrium than the 1990 control integrations.

The heat imbalances described above are directly re-
lated to the time series of volume-mean ocean tempera-
ture averaged over the globe. These are shown in Fig.
3g and Fig. 3h. There are significant subsurface drifts
throughout the multiple centuries of the integrations,
reflecting the heat stored in the ocean, and it will take
many centuries for the full-depth ocean to come into
equilibrium (Stouffer 2004). The drifts in volume-mean
ocean temperature are considerably smaller in the 1860
control integration. The smaller drifts in the 1860 con-

trol integrations make them much more suitable as con-
trol integrations for climate change simulations.

The vertical distribution of the temperature bias of
the global ocean is shown in Fig. 4 for the 1990 control
integrations. In both models the near-surface ocean ini-
tially cools, after which there is a gradual surface warm-
ing. The deeper ocean layers clearly evolve on a much
longer time scale. The vertically averaged warming (as
in Fig. 3) is reflective of the net positive heat imbalance
for the 1990 control integration. In addition to the ver-
tically averaged warming, there is also a vertical redis-
tribution of heat, with a tendency for cooling in the
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FIG. 4. Differences between simulated and observed global-mean ocean temperature (K) as a function of depth
and time. For each year, the difference is computed as the global-mean simulated temperature minus the long-term
observed mean temperature. (a) CM2.0 1990 control integration. (b) CM2.1 1990 control integration.

upper ocean and subsurface warming. The subsurface
warming is smaller in CM2.1 than CM2.0. One contrib-
uting factor for this difference is the change in the wind
stress pattern noted previously in CM2.1, with associ-
ated changes in the location and character of subduc-
tion zones associated with the ocean subtropical gyre
circulations. A more poleward location of the subduc-
tion zones implies that relatively colder water is sub-
ducted, and thus less heat is supplied to the ocean in-
terior. Consistent with the smaller radiative imbalance,

the rate of subsurface warming in the 1860 control in-
tegrations is smaller (not shown).

The spatial patterns of the subsurface warming in the
1990 control integrations are plotted in Fig. 5. Tem-
perature departures from observations at 700-m depth
are evident in both models. The warming is largely as-
sociated with the subtropical gyre circulations, espe-
cially in the Northern Hemisphere. A notable differ-
ence between CM2.0 and CM2.1 appears in the South
Pacific; the positive temperature anomalies in CM2.0
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Temperature at 700m: Model minus Observations
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Fi1G. 5. Simulated — observed ocean temperature (K) at 700-m depth for 1990 control integrations.
(a) CM2.0 (years 101-200) and (b) CM2.1 (years 101-200).

are virtually absent in CM2.1. Separate analyses suggest
that this is a consequence of the more poleward loca-
tion of the westerly atmospheric winds in CM2.1 rela-
tive to CM2.0. It should be noted that the global-mean
of the large subsurface warming shown here is associ-
ated with the sustained positive radiative imbalance in
the 1990 control integration; such warming is much
smaller in the 1860 control integrations (not shown)
and is associated with their smaller radiative imbal-
ances.

The evolution of global sea surface salinity (SSS) is
shown in Fig. 6. In the initial stages of the 1990 control
integrations, the models have a tendency to drift to-
ward fresher conditions in the surface layers. This
freshening tendency, especially in the North Atlantic,
has been an ongoing focus of our model development
efforts and is substantially improved in CM2.1. Several

factors have contributed to this improvement. An im-
proved simulation of surface wind stress is important,
particularly through the poleward expansion of the oce-
anic subtropical gyres and associated salinity distribu-
tion. The reduced ocean-horizontal viscosity in CM2.1
is important in reducing SSS biases regionally in the
North Atlantic by increasing the strength of the subpo-
lar gyre circulation and associated salt transports.
There is virtually no drift in global-mean SSS for both
1860 control integrations.

The time—depth evolution of the global salinity bias is
shown in Fig. 7. The fresh drift in the upper several
hundred meters is evident and is compensated for by
weaker increases in salinity in the larger volume of the
deep ocean. The fresh and salty drifts are considerably
reduced in CM2.1.

The evolution of the models’ North Atlantic thermo-
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Fi1G. 6. Time series of annual-mean, global-mean SSS (psu).
Time series for the (top) 1990 and (bottom) 1860 control integra-
tions of models CM2.0 and CM2.1.

haline circulation (THC) is shown in Fig. 8 for both the
1990 and 1860 control integrations. Talley et al. (2003)
provides a recent observational estimate of 18 Sv (1 Sv
= 10° m®s™!). After some adjustments in the first few
decades of the 1990 control integrations, both models
have attained a stable THC value, with unforced dec-
adal and multidecadal-scale fluctuations. The higher
average THC value in CM2.1 is associated with both a
lower value of ocean viscosity in CM2.1, as well as the
altered wind stress pattern in CM2.1. In a separate test
(not shown) of two experiments in which only the vis-
cosity differs, the THC is 3.2 Sv stronger in the lower
viscosity experiment over the last 80 yr of the 100-yr
experiments. One of the effects of the lower viscosity is
to enhance the strength of the oceanic subpolar gyre
circulation in the North Atlantic, thereby increasing the
flow of warm, saline waters into the Labrador and
Greenland Seas, enhancing the formation of deep wa-
ter. This also increases the poleward transport of saline
near-surface waters in the North Atlantic. The decrease
in the THC over the first few decades in the CM2.0
1990 control integration (black line in Fig. 8) is related
to an increasing near-surface fresh bias in the North
Atlantic. The stability of the THC is evident in the 1860
control integrations, with no trends in the THC. Both
models show a tendency for distinct interdecadal fluc-
tuations of the THC, which will be the subject of a
future study.

The models” Antarctic Circumpolar Current (ACC)
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transport is shown in Fig. 9 for both the 1990 and 1860
control integrations. Cunningham et al. (2003) provides
an observational estimate of the strength of the ACC as
134 Sv, but there is considerable uncertainty in this
number. In the 1990 control integration for both mod-
els there is an adjustment of the ACC over the first
century, after which values stabilize. There is a signifi-
cant difference between the two models, consistent
with the differences in simulated zonal wind stress
shown in Fig. 1. The more poleward maximum in west-
erly winds translates to a strengthened ACC in CM2.1
relative to CM2.0. The lower viscosity in CM2.1 also
contributes to a stronger ACC. Centennial-scale fluc-
tuations of the ACC are apparent, particularly in the
1860 control run of CM2.0. The mechanism of these
fluctuations has not been analyzed in detail but appears
to be related to centennial-scale fluctuations in convec-
tion and vertically averaged ocean temperature.

The time series of annual-mean sea ice extent are
shown in Fig. 10. For the Northern Hemisphere, CM2.0
has a tendency for excessive sea ice extent early in the
1990 integration, but this tendency diminishes over
time, consistent with the slow warming trend in global
SST shown in Fig. 3a. The Northern Hemisphere sea ice
extent in CM2.1 is similar to observed, although there
are significant seasonal errors (also for CM2.0), with
excessive extent in the winter and insufficient extent in
the summer (as shown later in Fig. 14). For the South-
ern Hemisphere, both models have insufficient sea ice,
related to excessive shortwave radiation incident at the
surface (discussed below).

4. Time-mean simulation characteristics

The time-mean simulation characteristics of the 1990
control integrations from the two coupled models are
presented in this section. We focus on oceanic surface
and atmospheric fields. The three-dimensional struc-
ture of the ocean simulation is discussed in detail in
Part II.

a. Ocean heat transport

The meridional transport of heat by the oceans is an
important factor in the ability of models to simulate
realistic climate. The total simulated meridional trans-
ports of heat by the ocean, as well as an observational
estimate, are shown in Fig. 11. For the entire globe, the
northward transport in the NH poleward of 10°N is
consistent with observational estimates, but there ap-
pears to be insufficient southward transport of heat out
of the Tropics in the models. This discrepancy is most
apparent in the Indo-Pacific sector (bottom panel). The
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Global Mean Salinity: Model minus Observations
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F1G. 7. Annual-mean, global-mean salinity (psu) error as a function of depth and time. For each year, the
difference is computed as the global-mean simulated salinity minus the long-term observed mean salinity: (a)

CM2.0 and (b) CM2.1.

heat transport in the Atlantic is in good agreement with
observational estimates, with just over 1 PW maximum
northward heat transport around 20°N. Significant un-
certainties exist in the observational estimates of ocean
heat transport.

b. Ocean surface

The spatial patterns of the errors in simulation of
annual-mean sea surface temperature were shown in

Fig. 2 for CM2.0 (years 101-200) and CM2.1 (years
101-200). Both models show a tendency for positive
SST errors in the high latitudes of the Southern Hemi-
sphere. This is consistent with a known characteristic of
both AM2.0/LM2.0 and AM2.1/LM2.1, in which exces-
sive shortwave radiation is incident upon the sea sur-
face (see Fig. 10 of GFDL_GAMDT, as well as Fig. 15
of this paper). Both models have a tendency for nega-
tive errors in the extratropics of the Northern Hemi-
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FiG. 8. Time series of the simulated North Atlantic THC (Sv).
Index is defined for each year as the maximum value of the me-
ridional overturning streamfunction in the Atlantic Basin between
20° and 80°N, and the surface to 5500-m depth. A recent obser-
vational estimate is 18 Sv (Talley et al. 2003). (top) 1990 and
(bottom) 1860 control integrations. The values of the THC index
plotted here depend on the precise definition of the THC index
used. If the index were defined as the maximum value at 20°N
from the surface to 5500-m depth, the mean THC values over
years 101-200 would be 15.2 for the CM2.0 1990 control, 15.1 for
the CM2.0 1860 control, 18.2 for the CM2.1 1990 control, and 18.4
for the CM2.1 1860 control. The differences between the values
plotted in Fig. 8 and the values for 20°N indicate some recircula-
tion within the North Atlantic.

sphere, with larger errors in CM2.0. The midlatitude
cold biases in CM2.0 are related to both an equator-
ward shift of the westerlies and extensive low cloudi-
ness, and low values of shortwave radiation incident
upon the surface. These issues will be explored further
in the next section. Both coupled models have rela-
tively small errors in the Tropics, with a tendency for
negative SST biases along the cold tongue in the tropi-
cal Pacific, and positive biases off the west coasts of the
Americas and Africa. The region with the largest cold
anomaly in the North Atlantic is related to errors in the
location of the Gulf Stream and North Atlantic current.
In these regions of extreme surface temperature gradi-
ents, even modest errors of a few degrees of latitude or
longitude in the position of these currents can generate
very large errors in the SST distribution. The bias pat-
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FiG. 9. Time series of ACC, defined as vertically integrated
mass transport (Sv) across the Drake Passage (68.5°W). (top)
1990 and (bottom) 1860 control integrations of CM2.0 and CM2.1.
Cunningham et al. (2003) provide an observational estimate of
134 Sv, but there is considerable uncertainty in this value.

terns for the 1860 control integration (not shown) are
generally similar, with a cooling of 0.5-1 K relative to
the 1990 control integrations.

The overall error pattern does not vary much
throughout the course of the integrations, as demon-
strated in Fig. 12 by the time series of rmse of 20-yr
low-pass-filtered SST. For both 1990 control integra-
tions, there is an initial increase over the first several
decades in the global rmse associated with an initial
cooling trend (see Fig. 3a). Thereafter, the rmse values
are steady or decline slowly, reflective of the gradual
warming of the models associated with a positive radia-
tive imbalance. The relative stability in time of the er-
rors is encouraging and demonstrates a very stable
simulation of the climate system.

Maps of the errors in the simulation of annual-mean
SSS are shown in Fig. 13 for both CM2.0 and CM2.1.
With the exception of the Arctic, there is a tendency for
a fresh surface bias in CM2.0, with a notable fresh bias
in the northwest part of the North Atlantic. The overall
tendency is considerably reduced in CM2.1, and the
reasons for the improvement were discussed in sec-
tion 3.

Sea ice extent is shown in Fig. 14. In March, there is
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