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ABSTRACT

Multicentury integrations from two global coupled ocean—atmosphere-land—ice models [Climate Model
versions 2.0 (CM2.0) and 2.1 (CM2.1), developed at the Geophysical Fluid Dynamics Laboratory] are
described in terms of their tropical Pacific climate and El Nifio-Southern Oscillation (ENSO). The inte-
grations are run without flux adjustments and provide generally realistic simulations of tropical Pacific
climate. The observed annual-mean trade winds and precipitation, sea surface temperature, surface heat
fluxes, surface currents, Equatorial Undercurrent, and subsurface thermal structure are well captured by the
models. Some biases are evident, including a cold SST bias along the equator, a warm bias along the coast
of South America, and a westward extension of the trade winds relative to observations. Along the equator,
the models exhibit a robust, westward-propagating annual cycle of SST and zonal winds. During boreal
spring, excessive rainfall south of the equator is linked to an unrealistic reversal of the simulated meridional
winds in the east, and a stronger-than-observed semiannual signal is evident in the zonal winds and Equa-
torial Undercurrent.

Both CM2.0 and CM2.1 have a robust ENSO with multidecadal fluctuations in amplitude, an irregular
period between 2 and 5 yr, and a distribution of SST anomalies that is skewed toward warm events as
observed. The evolution of subsurface temperature and current anomalies is also quite realistic. However,
the simulated SST anomalies are too strong, too weakly damped by surface heat fluxes, and not as clearly
phase locked to the end of the calendar year as in observations. The simulated patterns of tropical Pacific
SST, wind stress, and precipitation variability are displaced 20°-30° west of the observed patterns, as are the
simulated ENSO teleconnections to wintertime 200-hPa heights over Canada and the northeastern Pacific
Ocean. Despite this, the impacts of ENSO on summertime and wintertime precipitation outside the tropical
Pacific appear to be well simulated. Impacts of the annual-mean biases on the simulated variability are
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discussed.

1. Introduction

The tropical Pacific is a key region for understanding
and predicting global climate variations. With its in-
tense precipitation and enormous size, this region di-
rectly and indirectly affects weather, ecosystems, agri-
culture, and human populations around the globe (Diaz
and Markgraf 2000; Hsu and Moura 2001; Alexander et
al. 2002; Barsugli and Sardeshmukh 2002). In particular
the El Nifio-Southern Oscillation (ENSO), which pa-
leorecords suggest has existed for at least 10° yr (Cole
2001; Tudhope et al. 2001), is the earth’s dominant cli-
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mate fluctuation on interannual time scales [see special
issue of the Journal of Geophysical Research (1998,
Vol. 103, No. 7)]. Routine observations of the tropical
Pacific (McPhaden et al. 1998), operational forecasts of
ENSO and its global impacts (Latif et al. 1998; God-
dard et al. 2001), and projections of future climate
change (Easterling et al. 2000; Houghton et al. 2001) all
underscore the importance of ENSO for climate moni-
toring, climate forecasting, and climate change. Thus a
key test of a comprehensive global coupled general cir-
culation model (CGCM) is whether it provides accurate
simulations of tropical Pacific climate and ENSO.

Yet realistic CGCM simulations of the tropical Pa-
cific have proved elusive. Strong ocean—atmosphere in-
teractions in this region, which lend predictability to the
atmosphere, also make the climate system highly sen-
sitive to errors in the component models. Air-sea feed-
backs can amplify small biases and generate sizable
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drifts away from the observed mean state (Dijkstra and
Neelin 1995; Philander et al. 1996). These drifts, in com-
bination with approximations in the model physics, can
then affect the simulation of ENSO (Moore 1995; Fe-
dorov and Philander 2000; Wittenberg 2002), as well as
the phenomena that perturb ENSO—such as the Mad-
den—Julian oscillation and westerly wind bursts in the
west Pacific. Climate drifts can also change how ENSO
influences tropical precipitation, altering the atmo-
spheric teleconnections that carry the ENSO signal
around the globe.

As documented in recent intercomparison studies
(AchutaRao et al. 2000; Latif et al. 2001; AchutaRao
and Sperber 2002; Davey et al. 2000, 2002; Hannachi et
al. 2003), common problems in CGCMs include 1) a
cold sea surface temperature (SST) bias in the equato-
rial central Pacific; 2) a warm SST bias near the coast of
South America; 3) an overly strong (“double”) inter-
tropical convergence zone (ITCZ) south of the equator
in the eastern Pacific; 4) a diffuse oceanic thermocline;
5) a weak Equatorial Undercurrent (EUC); 6) a weak
annual cycle of SST and winds in the eastern Pacific, or
a semiannual cycle instead of annual; 7) a westward
shift of ENSO anomaly patterns relative to observa-
tions; 8) a weak ENSO with a period that is too short
and too regular in time; 9) ENSO SST anomalies that
are not skewed strongly enough toward warm events;
and 10) a lack of adequate phase locking of ENSO to
the annual cycle.

Development of the latest Geophysical Fluid Dy-
namics Laboratory (GFDL) CGCMs, Climate Model
versions 2.0 (CM2.0) and 2.1 (CM2.1), represents a sig-
nificant effort toward addressing these problems—
subject to the constraints of a global approach that also
demands accurate simulations outside the tropical Pa-
cific. A rather unusual aspect of this development has
been the dedication of the component modelers to for-
mulating a realistic fully coupled system, capable of
simulating climate on time scales ranging from weeks to
centuries (Delworth et al. 2006; Stouffer et al. 20006).
The result is a unified model framework with significant
utility for seasonal-to-interannual forecasts as well as
projections of future climate change. The purpose of
this paper is to evaluate the tropical Pacific climate,
ENSO, and ENSO teleconnections in multicentury
control integrations of these two new models, subject to
1990 radiative conditions. Results are shown from both
models, because of their relevance to the community
[both models are being used for the 2007 Intergovern-
mental Panel on Climate Change (IPCC) Assessment,
and for operational ENSO forecasts; hindcast evalua-
tion metrics and real-time forecasts are available online
at http://www.gfdl.noaa.gov/~rgg/si_workdir/
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Forecasts.html], for comparison (important differences
between the models lend insight into the climate of the
tropical Pacific), and for continuity (the models repre-
sent a bridge between past and future climate modeling
at GFDL). The ENSO forecast skill of the models and
the tropical Pacific response to future radiative forcings
will be covered in future papers.

2. Models and observational datasets

a. Model description

The model formulations are described in detail by
Delworth et al. (2006), so we need only comment here
on a few aspects of particular relevance to the tropical
Pacific.

The ocean components of CM2.0 and CM2.1 are
known as Ocean Model versions 3.0 (OM3.0) and 3.1
(OM3.1; Gnanadesikan et al. 2006; Griffies et al. 2005).
Both are based on Modular Ocean Model version 4
(MOM4) code, with 50 vertical levels and a 1° X 1°
horizontal B-grid telescoping to 1/3° meridional spacing
near the equator. The vertical grid spacing is a constant
10 m over the top 220 m and gradually increases to a
maximum of roughly 370 m in the deepest parts of the
ocean. Partial bottom cells are used to better represent
the topography of the ocean floor. Subgrid-scale pa-
rameterizations include K-profile parameterization
(KPP) vertical mixing (Large et al. 1994), neutral phys-
ics (Gent and McWilliams 1990; Griffies et al. 1998;
Griffies 1998), and a spatially dependent anisotropic
viscosity (Large et al. 2001). OM3.1 has reduced values
of horizontal viscosity outside the Tropics and has a
constant neutral diffusivity of 600 m?s~!, which is gen-
erally larger than the nonconstant values used in OM3.0.

Air-sea fluxes are computed on the ocean model
time step, which is 1 h in OM3.0 and 2 h in OM3.1.
Insolation varies diurnally, and the shortwave penetra-
tion depth depends on a prescribed spatially varying
climatological ocean color (Morel and Antoine 1994;
Sweeney et al. 2005). Both ocean models have an ex-
plicit free surface, with true freshwater fluxes ex-
changed between the atmosphere and ocean. The sur-
face wind stress is computed using the velocity of the
surface wind relative to the surface currents.

The primary difference between the CGCMs is in the
atmosphere component. CM2.0 uses the AM2p12b at-
mosphere model [GFDL Global Atmospheric Model
Development Team (2004, hereafter GAMDT-04),
with modifications listed in Delworth et al. (2006)],
which consists of a B-grid dynamical core with 24 ver-
tical levels, 2° latitude by 2.5° longitude grid spacing, a
K-profile planetary boundary layer scheme (Lock et al.
2000), relaxed Arakawa—Schubert convection (Moorthi
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TABLE 1. Observations and reanalysis datasets used in this paper.
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Abbreviation Name References Providers Epochs used
CMAP.v2 Climate Prediction Center (CPC) Xie and Arkin (1996, 1997) NCEP, CPC, IRI 1979-2003
Merged Analysis of Precipitation
ER.v2 NOAA Extended Reconstructed Smith and Reynolds (2003) NCDC, CDC, IRI 1880/1954-2003,
SST, version 2 1980-99
ERA-40 ECMWEF 40-Year Reanalysis Simmons and Gibson (2000) ECMWF 1979-2001, 1980-99
ERBE/NCEP  Earth Radiation Budget Trenberth et al. (2001) K. Trenberth and Mar 1985-Feb 1989
Expt/NCEP fluxes, dated Mar D. Stepaniak
2003
FSU2 The Florida State University/Center Bourassa et al. (2001) FSU/COAPS 1979-2001
for Ocean—Atmospheric and Smith et al. (2004)
Prediction Studies In Situ
Objective Research Quality
Tropical Pacific Pseudostress
Analysis, version 1.1
GFDL/ARCs  GFDL/Applied Research Centers Derber and Rosati (1989) GFDL 1980-99
ocean data assimilation
GPCP.v2 Global Precipitation Climatology Adler et al. (2003) GSFC, NCDC, UMD,  1979-2000,
Project, version 2 JISAO 1979-2003
HOAPS-II Hamburg Ocean Atmosphere Grassl et al. (2000) Max Planck Institute 1987-2002
Parameters and Fluxes from
Satellite Data, version 2
J-OFURO Japanese Ocean Fluxes Using Kubota et al. (2002) SMST/Tokai University 1990-2001
Remote Sensing Observations
NCEP1 NCEP-NCAR reanalysis Kistler et al. (2001) CPC, IRI 1951-2000
NCEP2 NCEP-DOE AMIP-II reanalysis Kanamitsu et al. (2002) NCEP, CDC 1979-2001
NCEP ODA NCEP Pacific Ocean Data Behringer et al. (1998) NCEP/CMB, IRI 1980-99
Assimilation
OLv2 NOAA Optimum Interpolation Reynolds et al. (2002) CPC, NCEP/CMB, IRI  1982-2004
SST, version 2
OSCAR Ocean Surface Current Analyses Bonjean and Lagerloef NOAA, ESR Nov 1992-Oct 2004
Real Time (2002)
QuikSCAT SeaWinds/QuikSCAT level 3.0 IFREMER/CERSAT IFREMER/CERSAT  Dec 1999-Nov 2004
(2002)
SOC Southampton Oceanography Centre Josey et al. (1998) SOC 1980-97
fluxes
SOCa Southampton Oceanography Centre Grist and Josey (2003) SOC 1980-93
adjusted fluxes, solution 3
TAO ADCP Tropical Atmosphere Ocean McPhaden et al. (1998) PMEL/TAO Office May 1988-Nov 2003
acoustic Doppler current
profilers
TAO FD Tropical Atmosphere Ocean McPhaden et al. (1998) PMEL/TAO Office Mar 1980-Aug 2001
fixed-depth mechanical current
meters
UWM/COADS University of Wisconsin—Madison  da Silva et al. (1994) UWM, NODC, IRI 1979-93

revised Comprehensive Ocean
Atmosphere Data Set

and Suarez 1992), and a simple local parameterization
of the vertical momentum transport by cumulus con-
vection. CM2.1 uses the AM2p13 atmosphere model,
which has essentially the same spatial resolution and
physical packages as AM2p12b, but substitutes a finite-
volume dynamical core (Lin 2004). Other differences
between the atmospheric models include a retuning of
the cloud scheme and changes in the land model (Del-
worth et al. 2006).

The two coupled control simulations are initialized at

year 1 as described in Delworth et al. (2006) and then
integrated forward in time subject to 1990 values of
trace gases, insolation, aerosols, and land cover. No flux
adjustments are employed. In what follows, model sta-
tistics are computed using the first 300 yr of each run.

b. Observational datasets

Table 1 lists the observational datasets used in this
study. The abbreviations listed in the first column de-
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