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Abstract An ensemble of twenty four coupled ocean-
atmosphere models has been compared with respect to
their performance in the tropical Pacific. The coupled
models span a large portion of the parameter space and
differ in many respects. The intercomparison includes
TOGA (Tropical Ocean Global Atmosphere)-type
models consisting of high-resolution tropical ocean
models and coarse-resolution global atmosphere models,
coarse-resolution global coupled models, and a few
global coupled models with high resolution in the
equatorial region in their ocean components. The per-

formance of the annual mean state, the seasonal cycle
and the interannual variability are investigated. The
primary quantity analysed is sea surface temperature
(SST). Additionally, the evolution of interannual heat
content variations in the tropical Pacific and the rela-
tionship between the interannual SST variations in the
equatorial Pacific to fluctuations in the strength of the
Indian summer monsoon are investigated. The results
can be summarised as follows: almost all models (even
those employing flux corrections) still have problems
in simulating the SST climatology, although some
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improvements are found relative to earlier intercom-
parison studies. Only a few of the coupled models sim-
ulate the El Nifio/Southern Oscillation (ENSO) in terms
of gross equatorial SST anomalies realistically. In par-
ticular, many models overestimate the variability in the
western equatorial Pacific and underestimate the SST
variability in the east. The evolution of interannual heat
content variations is similar to that observed in almost
all models. Finally, the majority of the models show a
strong connection between ENSO and the strength of
the Indian summer monsoon.

1 Introduction

The El Nifio/Southern Oscillation (ENSO) phenomenon
is the most prominent interannual climate fluctuation in
the tropical Pacific (see Philander 1990 for an intro-
duction to ENSO). Although ENSO originates in the
tropics, it affects not only regional but also global cli-
mate, the ecology of the tropical Pacific and the econ-
omies of many countries. ENSO is a classical example
of large-scale air-sea interactions and it has become a
good test-bed for coupled ocean-atmosphere models.
Although ENSO modelling has advanced considerably
during the last decade (see the special issue of the
Journal of Geophysical Research on the TOGA period
by Anderson et al. 1998), several aspects of the simu-
lated climatology and ENSO are not well captured by
present-day coupled models, as described below.

Here, we present an intercomparison of coupled
models that focuses on the simulation of ENSO. How-
ever, since the annual mean state and the seasonal cycle
in the equatorial Pacific also involve air-sea interactions,
and since ENSO is influenced by the underlying back-
ground conditions, we also discuss the annual mean
state and the seasonal cycle simulated by the coupled
models. Furthermore, the response of the tropical cli-
mate system to external forcing (such as greenhouse
warming) may critically depend on the simulation of the
climatology. Tropical feedbacks may even influence the
stability of thermohaline circulation, as recently shown
by Latif et al. (2000) and Latif (2001). Our intercom-
parison study is a follow-up of earlier intercomparison
studies, namely those of Neelin et al. (1992) who focused
on the interannual variability and Mechoso et al. (1995)
who concentrated on the simulation of the annual mean
state and the seasonal cycle. Here, we investigate also the
relationships between equatorial Pacific SST anomalies
and upper ocean heat content anomalies and provide
correlations between equatorial Pacific SST anomalies
and the strength of the Indian summer monsoon.

The models included in our intercomparison cover a
large part of the parameter space. Some models are
TOGA (Tropical Ocean Global Atmosphere)-type
models with high resolution tropical Pacific ocean
models coupled to global atmosphere models, while
other models are global in both the ocean and the
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atmosphere but run at coarse resolution. A few of the
global coupled models, however, employ high resolution
in the equatorial region. For comparison we include also
the intermediate coupled model of Zebiak and Cane
(1987), the LAMONT model. Some models are flux-
corrected (using either annual mean or monthly varying
corrections), others are not, and some models employ
anomaly coupling, while one model prescribes the
clouds. The models also differ considerably in the ver-
tical and horizontal resolutions. This model diversity
makes it difficult to stratify the models, and we therefore
decided to refrain from doing so.

This work is a spin-off of the Coupled Model Inter-
comparison Project (CMIP, Meehl et al. 2000a) and was
performed under the auspices of the CLIVAR/GOALS
Numerical Experimentation Group (NEG-1, now
WGSIP). A companion paper describing the variability
in all three tropical oceans (STOIC: Study of Tropical
Oceans In Coupled models, also undertaken under the
auspices of the CLIVAR-WGSIP) is in preparation.
Additionally, AchutaRao and Sperber (2000) analyse
other aspects of ENSO variability in the CMIP models.
Section 2 provides brief model descriptions. The simu-
lation of the annual mean equatorial Pacific SST is de-
scribed in Sect. 3, while the simulation of the annual
cycle in equatorial Pacific SST is discussed in Sect. 4.
Section 5 deals with the simulation of the interannual
variability in the equatorial Pacific, while we explore in
Sect. 6 the interaction of ENSO with the Indian summer
monsoon. A brief summary and discussion of the major
findings follows in Sect. 7.

2 Model descriptions

We present only very brief model descriptions. A summary is given
in Table 1. The reader is referred to the referenced papers for more
information about the coupled models. Some of the coupled
models also participated in CMIP, and some additional informa-
tion on these can be obtained from the relevant Internet page
(http://www-pcmdi.llnl.gov/modeldoc/cmip). It should be noted
that the resolutions correspond to the ocean components and are
those used in the equatorial region, which we concentrate on. Some
models, such as the DKRZ-OPYC and MPI models, have high
oceanic resolution in the equatorial region only. Upper ocean heat
content was not provided directly for all models, but alternative
measures of upper ocean heat content were given, as indicated in
Table 1. Sea level, for instance, is a very good approximation of the
upper ocean heat content in the tropical regions. Since we com-
puted correlations only, the choice of the measure of the upper
ocean heat content should not have a strong impact on the results.
The requested minimum length of the integrations is 20 years, but
some groups provided much longer records such as GFDL-R15
and CCC. We provide a brief description of each model. The
horizontal resolutions are expressed as degrees longitude/latitude.
Please note that some models use enhanced resolution near the
equator, which is indicated by giving the range of the meridional
resolution used.

BMRC

The coupled model described by Power et al. (1998) is a global
climate model. The atmosphere model is a low-order spectral
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model run at R21 (3.2° x 5.6°) resolution and with nine vertical
levels, while the ocean model is MOM (the GFDL primitive
equation model described by Pacanowski 1995) run at a hori-

Table 1 Models used and some of their characteristics

correction.
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zontal resolution of 2.0° x 0.5-5.9° and with 25 vertical levels
(Power et al. 1995). The coupled model does not employ flux

Model Eq. resolution in Heat content Flux References
the ocean depth range (m) adjustment
(longitude, latitude)
(BMRC) Bureau of 2°,0.5° 300 None Power et al.
Meteorology Research (1995, 1998)
Centre Melbourne, Australia Pacanowski (1995)
(CCCMA) Canadian Centre 1.8°,1.8° 330 Heat, P-E Flato et al. (2000)
for Climate Modelling
and Analysis Victoria, BC Canada
(CCSR) Center for Climate 2.5°,0.5° 360 SST relaxed Kimoto (1998)
System Research Tokyo, Japan poleward of 55°N Watanabe et al.
(1998) Kimoto and
Shen (1997)
(CEA-DSM SACLAY) 4°, 1° Information None Braconnot et al. (1997)
Laboratoire de Modelisation pending
du Climat et de ‘I'Environnement
Saclay, France
(CERFACS) Centre Europeen 0.8°, 0.3° Depth of None Terray (1998) Delecluse
de Recherche et de Formation 20° isotherm et al. (1993)
Avancee en Calcu Scientifique
Toulouse, France
COLA Center for 3°,1° 375 None DeWitt and
Ocean-Land- Atmosphere Studies Schneider (1998)
Calverton, MD USA
DKRZ-OPYC Deutsches 2.8°,0.5° 350 Heat, P-F Roeckner et al. (1996)
Kilmarechenzentrum Bacher et al. (1998)
Hamburg, Germany Oberhuber (1993)
(DKRZ-LSG) Deutsches 4°, 4° 300 Heat, P-E, Voss et al. (1998)
Kilmarechenzentrum momentum Timmermann et al.
Hamburg, Germany (1998) Maier-Reimer
et al. (1993)
(GFDL-R15) Geophysical 3.8°, 4.5° 400 Heat, P-E Manabe et al. (1991)
Fluid Dynamics Laboratory Bryan and Lewis
Princeton, NJ USA (1979)
(GFDL-R30) Geophysical 1.9°,2.2° 400 Heat, P-E Knutson and Manabe
Fluid Dynamics Laboratory (1998)
Princeton, NJ USA
(HAWALII) University of Hawaii 2°,1° Thermocline depth Prescribed cloud Wang and Fang (1999)
Honolulu, HI USA
(JMA) Japan Meteorological 2.5°,0.5° 360 None Yoshikawa et al. (1995)
Agency Tokyo, Japan Kimoto et al. (1997)
(LAMONT) Lamont Doherty 2.0°, 0.5° Sea level Anomaly coupling Zebiak and Cane (1987)
Earth Observatory
Palisades, NY USA
(LMD/LODYC-2.5) Laboratoire 0.8°, 0.3° 350 None Sirven and Vintzileos
de Meteorologie Dynamique (1999) Sirven (1996)
Paris, France
(LMD/LODYC-TOGA) 0.8°, 0.3° 350 None Vintzileos et al.
Laboratoire de Meteorologie (1999a, b)
Dynamique Paris, France
(LMD/LODYC-GLOBAL) 2°,0.5° 364 None Laurent et al. (1998)
Laboratoire de Meteorologie
Dynamique Paris, France
MPI Max-Planck-Institut fiir 2.8°,0.5° Sea level None Frey et al. (1997)
Meteorologie Hamburg, Germany Venzke et al. (2000)
Wolff et al. (1996)
MRI Meteorological Research 2.5°,0.5° 300 Heat, P-E Yukimoto et al. (1996)
Institute Tsukuba, Japan Nagai et al. (1992)
NAVAL (NRL) Naval 2°,0.5° 320 Heat Li and Hogan (1998)
Research Laboratory
Monterey, CA USA
NCAR-CSM National Center 2.4°,1.2° 353 None Boville and Gent (1999)

for Atmospheric Research
Boulder, CO USA
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Table 1 Continued
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Model Eq. resolution in Heat content Flux References

the ocean depth range (m) adjustment
(longitude, latitude)

NCAR-WM National Center 1°, 1° 360 None Meehl and Washington
for Atmospheric Research Boulder, (1996) Washington
CO USA and Meehl (1996)

Washington et al.
(1994)

NCEP National Centers 1.5°,0.3° 360 One-way Jiet al. (1998)
for Environmental Prediction anomaly coupling
Camp Springs, MD USA

UCLA University of California 1°, 0.3° 316 None Mechoso et al. (1998)
at Los Angeles Los Angeles,

CA USA

UKMO United Kingdom 1.3°,1.3° 360 None Gordon et al. (2000)

Meteorological

Office Bracknell, UK

CCC

The coupled model described by Flato et al. (2000) is a global
climate model. The atmosphere model is a low-order spectral model
run at T32 (3.8° x 3.8°) resolution and with ten vertical levels, while
the ocean model is MOM run with a horizontal resolution of
1.8° x 1.8° and with 29 vertical levels. The coupled model employs
monthly varying flux corrections for heat and fresh water.

CCSR

The coupled model described by Kimoto (2001) and Watanabe
et al. (1998) is a global climate model without interactive sea ice.
The atmosphere model is a low-order spectral model run at T21
(5.6° x 5.6°) resolution and with 20 vertical levels, while the ocean
model described by Kimoto and Shen (1997) is based on the dy-
namical framework of Bryan (1969) run at a horizontal resolution
of 2.5° x 0.5-2.0° and with 20 vertical levels. The coupled model
does not employ flux correction.

CEA-DSM (SACLAY)

The coupled model described by Braconnot et al. (1997) is a global
climate model. The atmosphere model is basically the same model
as used in LMD-Global but run at a coarser resolution. It is a
gridpoint model with a zonal resolution of 5.6°, 50 latitude grid-
points evenly spaced in the sine of latitude and 11 vertical levels.
The ocean model is OPA (the French primitive equation model
described by Delecluse et al. 1993) run at a horizontal resolution of
4.0° x 1.0-13.0° and with 31 vertical levels. The coupled model
does not employ flux corrections.

CERFACS

The coupled model described by Terray (1998) is a TOGA-type
model. The atmosphere model is a low-order spectral model run at
T42 (2.8° x 2.8°) resolution and with 31 vertical levels, while the
ocean model is OPA run at a horizontal resolution of
0.75° x 0.33—1.5° and with 28 vertical levels. The coupled model
does not employ flux correction.

COLA

The coupled model described by DeWitt and Schneider (1998) is a
global climate model. The atmosphere model is a low-order spec-
tral model run at T30 (3.75° x 3.75°) and with 18 vertical levels,

while the ocean model is MOM run at a horizontal resolution of
3.0° x 1.0-3.0° and with 20 vertical levels. The coupled model does
not employ flux correction.

DKRZ-OPYC

The coupled model described by Roeckner et al. (1996) and Bacher
et al. (1998) is a global climate model. The atmosphere model is a
low-order spectral model run at T42 (2.8° x 2.8°) resolution and
with 19 vertical levels, while the ocean model is OPYC (a primitive
equation ocean model formulated in isopycnal coordinates de-
scribed by Oberhuber (1993)) run at a horizontal resolution of
2.8° % 0.5-2.8° and with 11 layers. The coupled model employs
annual mean flux corrections for heat and fresh water.

DKRZ-LSG

The coupled model described by Voss et al. (1998) and Timmer-
mann et al. (1998) is a global climate model. The atmosphere
model is a low-order spectral model run at T21 (5.6° x 5.6°) reso-
lution and with 19 vertical levels, while the ocean model is LSG (a
primitive equation ocean model neglecting the momentum advec-
tion described by Maier-Reimer et al. 1993) run at a horizontal
resolution of 4.0° x 4.0° and with 11 vertical levels. The coupled
model employs monthly varying flux corrections for momentum,
heat and fresh water.

GFDL-R15

The coupled model described by Manabe et al. (1991) is a global
climate model. The atmosphere model is a low-order spectral
model run at R15 (4.5° x 7.5°) resolution and with nine vertical
levels, while the ocean model is the original GFDL primitive
equation model (Bryan and Lewis 1979) run at a horizontal reso-
lution of 3.8° x 4.5° and with 12 vertical levels. The coupled model
employs monthly varying flux corrections for heat and fresh water.

GFDL-R30

The coupled model described by Knutson and Manabe (1998) is
similar to the GFDL-R15 model already described. The main dif-
ference is the higher resolution. The atmosphere model is run at
R30 (2.25° x 3.75°) and with 14 vertical levels, while the ocean
model is run at a horizontal resolution of 1.88° x 2.24° and with 18
vertical levels. The coupled model employs monthly varying flux
corrections for heat and fresh water.
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HAWAII

The coupled model described by Wang and Fang (2000) is a
tropical model covering the entire tropics from 30°N-30°S.
Realistic coast lines are used but without mass exchange between the
Pacific and other ocean basins. Only the tropical Pacific Ocean
actively interacts with the atmosphere. The surface temperature
outside the tropical Pacific is specified from climatology. Both the
atmosphere and ocean models have a resolution of 2° x 1°. Both
component models are grid point primitive equation models, with
2.5 levels in the vertical. No flux correction is applied, but cli-
matological cloud cover is prescribed from observations.

JMA

The coupled model described by Yoshikawa et al. (1995) is a
global climate model without interactive sea ice. The atmosphere
model is a low-order spectral model run at T42 (2.8° x 2.8°)
resolution and with 21 vertical levels, while the ocean model de-
scribed by Kimoto et al. (1997) is based on the dynamical
framework of Bryan (1969) run at a horizontal resolution of
2.5° % 0.5-2.0° and with 20 vertical levels. The coupled model
does not employ flux correction.

LAMONT

The coupled model described by Zebiak and Cane (1987) is an
intermediate coupled model of the tropical Pacific. The atmosphere
model is a gridpoint model and has zonal resolution of
5.625° x 2.0°. The ocean model is run at a horizontal resolution of
2.0° x 0.5°. Both the atmosphere and ocean model are based on
shallow water dynamics and carry one baroclinic mode. The La-
mont model is an anomaly model, and the climatology is prescribed
from observations.

LMD-2.5 layer

The coupled model described by Sirven and Vintzileos (1999) is a
TOGA-type model. The atmosphere model is a gridpoint model
and has zonal resolution of 5.625°, 50 gridpoints evenly spaced in
the sine of latitude and 11 vertical levels. The ocean model de-
scribed by Sirven (1996) is a 2.5 layer reduced gravity model of
the tropical Pacific run at a horizontal resolution of 0.75° x 0.33—
1.5° and with 20 vertical levels. The coupled model does not
employ flux corrections.

LMD-TOGA

The coupled model described by Vintzileos et al. (1999a, b) is a
TOGA-type model. The atmosphere model is a gridpoint model
and has zonal resolution of 5.625°, 50 gridpoints evenly spaced in
the sine of latitude and 11 vertical levels, while the ocean model is a
tropical Pacific version of OPA run at a horizontal resolution of
0.75° x 0.33-1.5° and with 28 vertical levels. The coupling is based
on the technique of delocalised physics and the coupled model does
not employ flux correction.

LMD-GLOBAL

The coupled model described by Laurent et al. (1998) is a global
climate model. The atmosphere model is a gridpoint model with a
zonal resolution of 3.75°, 72 latitude gridpoints evenly spaced in the
sine of latitude and 15 vertical levels. The ocean model is a version
of OPA (OPA7G?2) run at a horizontal resolution of 2.0° x 0.5-1.5°
and with 31 vertical levels. The coupled model does not employ flux
corrections.
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MPI

The coupled model described by Frey et al. (1997) and Venzke
et al. (2000) is a global climate model without interactive sea ice.
The atmosphere model is a low-order spectral model run at T42
(2.8° x 2.8°) resolution and with 19 vertical levels, while the ocean
model is HOPE (Hamburg Ocean model in primitive equations
described by Wolff et al. 1996) run at a horizontal resolution of
2.8° x 0.5-2.8° and with 20 vertical levels. The coupled model does
not employ flux corrections.

MRI

The coupled model described by Yukimoto et al. (1996) is a global
climate model. The atmosphere model is a gridpoint model run at a
resolution of 5.0° x 4.0° and with 15 vertical levels, while the ocean
model is a primitive equation model described by Nagai et al.
(1992) run at a horizontal resolution of 2.5° x 0.5-2.0° and with 21
vertical levels. The coupled model employs monthly varying flux
corrections for heat and fresh water.

NAVAL (NRL)

The coupled model described by Li and Hogan (1999) is a TOGA-
type model. The atmosphere model is the NAVAL Operational
Global Atmospheric Predictions System (NOGAPS) model run at
T39 (2.8° x 2.8°) resolution and with 12 vertical levels, while the
ocean model is MOM run at a horizontal resolution of 2.0° x 0.5—
2.0° and 25 vertical levels.

NCAR-CSM

The coupled model described by Boville and Gent (1998) is a global
climate model. The atmosphere model is a low-order spectral
model run at T42 (2.8° x 2.8°) resolution and with 18 vertical
levels, while the ocean model is run at a horizontal resolution of
2.4° x 1.2° and with 45 vertical levels. The coupled model does not
employ flux corrections.

NCAR-WM

The coupled model described by Meehl and Washington (1996) and
Washington and Meehl (1996) is a global climate model. The at-
mosphere model is a low-order spectral model run at RI15
(7.5° x 4.5°) resolution and with nine vertical levels, while the
ocean model is one of the NCAR primitive equation models de-
scribed by Washington et al. (1994) and run at a horizontal reso-
lution of 1.0° x 1.0° and with 20 vertical levels. The coupled model
does not employ flux corrections.

NCEP

The coupled model described by Ji et al. (1998) is a TOGA-type
model. The atmosphere model is a low-order spectral model run
at T40 (2.8° x 2.8°) resolution and with 18 vertical levels, while
the ocean model is a Pacific version of MOM run at a horizontal
resolution of 1.5°x 0.33—-1.0° and with 28 vertical levels. The
coupling is based on a one-way anomaly coupling, i. e. atmo-
spheric fluxes are coupled only by their anomalies, while the SST
is coupled fully.

UCLA

The coupled model described by Mechoso et al. (2000) is a TOGA-
type model. The atmosphere model is a gridpoint model run at a
horizontal resolution of 5.0° x 4.0° resolution and with 15 vertical
levels, while the ocean model is a tropical Pacific version of MOM
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run at a horizontal resolution of 1.0° x 0.33-3.0° and with 27
vertical levels. The coupled model does not employ flux corrections.

UKMO

The coupled model described by Gordon et al. (2000) is a global
climate model. The atmosphere model is a gridpoint model run at
horizontal resolution of 3.75° x 2.5° and with 19 vertical levels,
while the ocean model is a GFDL-type primitive equation model
run at a horizontal resolution of 1.25° x 1.25° and with 20 vertical
levels. The coupled model does not employ flux corrections.

3 Annual mean SST

We used the first twenty years of the model datasets to
compute the annual mean and the seasonal cycle. The full
length of the integrations were used in the investigation of
the interannual variability. Several authors noted that the
climatology in the equatorial Pacific results partly from
air-sea interactions (e.g. Neelin and Dijkstra 1995; Dijk-
stra and Neelin 1995). It is therefore of interest to examine
how the coupled models simulate the warm pool-cold
tongue structure along the equator. In a recent inter-
comparison paper Mechoso et al. (1995) discuss the an-
nual mean and seasonal cycle of SST as simulated by
several coupled GCMs. Their results are basically con-
firmed by our study, so that we describe both aspects only
briefly. We show the observed and simulated equatorial
SSTs (averaged over the region 2°N-2°S) as function of
longitude in Fig. 1, which is similar to the figure presented
by Mechoso et al. (1995). Our study confirms their finding
that most models have a cold bias (10 models are at least

Latif et al.: ENSIP: the El Nifio simulation intercomparison project

1 °C too cold near 150°W), although there are also some
models which are too warm (five models are at least 1 °C
too warm near 150°W). The range in the simulated SSTs
amounts to about 6 °C near 150°W. The gradient in the
central part of the basin, however, is simulated reasonably
well by all models, which was not the case for models
utilised in the early 1990s (Neelin et al. 1992). Another
feature noted by Mechoso et al. (1995) is also evident in
Fig. 1, namely some poor performance near the bound-
aries. Many models simulate much too warm SSTs near
the eastern boundary, which may be related to problems
in simulating low-level stratus clouds and resolving the
steep orography near the coast and the narrow coastal
upwelling. The models perform generally better near the
western boundary, although some models also show large
SST errors in this region. As expected, flux-corrected
models perform generally reasonably well in simulating
equatorial Pacific SSTs, although there are a few excep-
tions. In summary, simulating the correct warm pool-cold
tongue structure in the equatorial Pacific is still a chal-
lenge for coupled models, and even flux correction does
not guarantee a good simulation. The latter is plausible,
since small initial errors can be amplified by unstable air-
sea interactions in the equatorial Pacific. A few models
that run without flux correction, however, simulate the
SSTs along the equator relatively successfully.

4 Seasonal cycle of SST

The seasonal cycle of SST in the eastern equatorial
Pacific has proven very difficult to simulate by coupled
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Fig. 1 Simulated and observed annual mean SSTs (°C) along the equator (2°N-2°S)
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models, as described by Mechoso et al. (1995). Since the
Sun crosses the equator twice, one would not necessarily
expect the dominant time scale to be annual. As can be
inferred from Fig. 2, showing the seasonal cycle in SST
(averaged over the region 2°N-2°S) as deviations from
the annual mean, the observations indicate a predomi-
nance of the annual cycle in the region of the cold ton-
gue in the eastern equatorial Pacific, while a semi-annual
cycle is observed in the west. Furthermore, a pro-
nounced westward propagation in the eastern and cen-
tral equatorial Pacific is found in the observations.
Many physical processes both in the ocean and atmo-
sphere and coupled feedbacks contribute to the genera-
tion of the annual cycle in the east. One of the main
factors controlling the quality of the simulation of the
annual cycle is the amount of low-level stratus clouds in
the atmosphere models. However, dynamical processes
in the ocean and land surface processes are also of great
importance in generating the annual cycle. Thus, the
annual cycle is a welcome test-case for coupled models,
since it involves complex dynamical and physical inter-
actions between the three climate subsystems ocean,
atmosphere and land. Please note the annual cycle is
prescribed from observations in the LAMONT model.
One of the major findings of our study is that many
coupled models appear to still have problems in simu-
lating the annual cycle of the SST in the eastern equa-
torial Pacific. A summary of the performance is given in
Table 2, in which we provide the range of the annual
cycle and some specific features of the annual cycle
simulations. Many models exhibit a much too weak
annual cycle in the eastern Pacific. This is also true for
flux-corrected models which were not included in the
study by Mechoso et al. (1995). For instance, the
GFDL-R15 and DKRZ-LSG models employ both sea-
sonally varying flux corrections, but they fail to simulate
a realistic annual cycle. In particular, the amplitude of
the annual cycle is much too weak in these two models.
This may be related at least partly to the coarse reso-
lution, as demonstrated by the higher-resolution GFDL-
R30 model, which simulates a much stronger annual
cycle. Other problems that occur are: a too strong an-
nual cycle (e.g. NAVAL), a phase shift in the annual
cycle (e.g. BMRC), the simulation of a semi-annual cycle
instead of an annual cycle (e.g. CEA-DSM, NCAR-
CSM), and a westward displacement of the annual cycle
(e.g2. NCAR-WM), standing rather than westward
propagating signals (e.g. COLA). A few models
(CERFACS, HAWALII, NCEP) simulate the SST annual
cycle relatively well. All these models employ relatively
high meridional resolution (at least 1°) in their ocean
components, which indicates strongly that the equatorial
and coastal upwellings need to be resolved properly to
simulate a realistic annual cycle. However, not all cou-
pled models that employ high resolution in their ocean
components simulate a realistic annual cycle (e.g.
DKRZ-OPYC, MPI), which indicates that high resolu-
tion is a necessary but not sufficient condition for a good
annual cycle simulation. As pointed out by Mechoso
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et al. (1995) the quality of the simulation of the low-level
stratus clouds is another very important factor. The
warm SST biasces (Fig. 1) near the eastern boundary
simulated by almost all models indicate that the stratus
clouds are not well represented in current models.

5 Interannual variability
5.1 SST
5.1.1 Hovmoeller diagrams

We turn now to the overall simulation of equatorial
SST, as visualised by longitude-time sections (Hovm®éller
diagrams) of anomalous SST (Fig. 3) over a 20 year
segment. The simulation of the SST anomalies differs in
many respects: some models simulate relatively regular
ENSO cycles, while other models exhibit a large amount
of irregularity. The CERFACS model, for instance,
simulates very strong interannual variability during the
first ten years and much weaker variability during the
second ten year period. Some models simulate
the strongest variability correctly in the east, while other
models incorrectly simulate the strongest variability in
the central or western part of the basin. Some models do
not simulate much variability at all, while other models
simulate too strong variability. Furthermore, the level of
high-frequency variability or “noise” is very different
between the coupled models.

As pointed out by Neelin et al. (1992) propagation of
SST anomalies may point towards the dominance of
surface layer processes relative to subsurface processes,
while stationary SST anomalies may indicate a domi-
nance of subsurface processes. The latter, which are
often associated with wave processes, are important
within the “delayed action oscillator” scenario (Schopf
and Suarez 1988; Battisti and Hirst 1989) by providing a
delayed negative feedback. The Hovmoeller diagrams
presented in Fig. 3 may help to identify the propagation
characteristics. The observations obtained from the
GISST dataset show some quite different propagation
characteristics, but as shown in many studies (e.g. Latif
et al. 1993), the standing component is dominant. As
can be inferred from Fig. 3, the distinction between
propagating and standing SST anomalies is difficult to
realise, especially in models with weak interannual
variability. However, one can separate the models
roughly into two classes, those which simulate westward
propagating and those that simulate standing SST
anomalies: fourteen models simulate standing SST
anomalies, while ten models simulate westward propa-
gating SST anomalies. Most (eight) of the models sim-
ulating westward propagating SST anomalies have a
relative coarse-resolution in the meridional direction
near the equator, i.e. a north-south resolution of one
degree or a coarser resolution. One exception is the
LAMONT model which employs a resolution of 0.5°.
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Nevertheless, the results indicate that for a realistic
simulation of ENSO a meridional resolution higher than
one degree is needed. This is confirmed by a visual in-
spection of the Hovmoeller diagrams: those models that
simulate the evolution of the equatorial SST anomalies
reasonably well employ meridional resolutions of at
least 0.5° in their ocean components.

5.1.2 Nirio-3 and Nino-4 indices

The interannual variability simulated by the different
coupled models was further analysed by computing in-
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dices of equatorial SST anomalies (Table 3). We provide
two observational estimates of the Nifo-3 index
(150°W-90°W, 5°N-5°S) and the Nino-4 index (160°E-
150°W, 5°N-5°S) from the Kaplan et al. (1998) and
GISST (Parker et al. 1995) datasets. As can be inferred
from the two Niflo-3 estimates, there is some uncertainty
regarding the strength of the observed interannual
variability.

In order to categorise the coupled models, we intro-
duce arbitrary limits for too weak and too strong
interannual variability. We consider a model as one that
simulates too weak interannual variability, when its
standard deviation in the Nifio-3 index is less or equal to
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Table 2 Simulation of the

annual cycle of equatorial Model Range of annual Comments
SST (20N*ZOS) cycle in the east (OC)

GISST (obs) 4.0 Annual cycle in the east, semi-annual
cycle in the west

BMRC 3.0 Phase shift in the east and the west

CCC 2.5 Too weak annual cycle in the east

CSSR 2.5 Too weak annual cycle in the east

CEA-DSM SACLAY 1.0 Too weak annual cycle in the east

CERFACS 4.5 Realistic

COLA 4.0 No westward phase propagation

DKRZ-OPYC 1.5 Too weak annual cycle in the east

DKRZ-LSG 1.0 Too weak annual cycle in the east

GFDL-R15 1.5 Too weak annual cycle in the east

GFDL-R30 3.5 Annual cycle extends too far to the west

HAWAII 5.0 Too strong annual cycle

IMA 2.5 Too weak annual cycle in the east

LAMONT Annual cycle prescribed

LMD/LODYC-2.5 1.5 Too weak annual cycle in the east

LMD/LODYC-TOGA 2.0 Too weak annual cycle in the east

LMD/LODYC-GLOBAL Semi-annual cycle

MPI 2.5 Too weak annual cycle in the east

MRI 4.0 Annual cycle extends too far to the west

NAVAL (NRL) 6.0 Too strong annual cycle

NCAR-CSM Semi-annual cycle

NCAR-WM 2.0 Annual cycle extends too far to the west

NCEP 4.0 Too weak semi-annual cycle in the west

UCLA 6.0 Too strong annual cycle near the east coast

UKMO 2.5 Too weak annual cycle in the east

0.5 °C, while a model is considered to exhibit too strong
variability, when its standard deviation in the Nifio-3
index is greater or equal to 1.0 °C. According to these
limits, about half of the models (11) are characterised by
too weak interannual variability. We note, however, that
the range of interannual variability is still relatively large
within the “weak-variability” category: we found mod-
els with almost no discernible variability (e.g. CCC) and
models with obvious variability (e.g. GFDL-R15), as
can be inferred also from Fig. 3. Four models simulate
too strong variability, while nine models are realistic
given our weak/strong threshold. We note, however,
that the strength of the interannual SST variability may
vary from decade to decade and from century to cen-
tury, as discussed by Latif (1998). As shown in his
Fig. 2, the LAMONT model, for instance, which ex-
hibits the strongest variability in our intercomparison,
undergoes very strong interdecadal and centennial
variability in the strength of its interannual SST vari-
ability.

The coupled models simulate a wide range of
behaviours also with respect to the Nifio-4 index. We
define again limits for a “realistic”” simulation: a model
is considered to have too weak variability in the Nifio-4
region, if its standard deviation is less or equal to 0.3 °C,
while a model is considered to have too strong vari-
ability if its standard deviation is equal or greater than
0.7 °C. Seven coupled models underestimate the vari-
ability in the Nifio-4 region, while three models simulate
too strong variability, and fourteen models are “‘realis-
tic”. However, the SST variability in eight models is
stronger in the western relative to the eastern equatorial

Pacific, and the variabilities in the two regions are about
the same in ten models (see also Fig. 3), which is highly
unrealistic. This problem may be related to the cold
tongue problem shown in Fig. 1. Thus, the correct
simulation of the interannual SST variability appears
still to be a problem in most coupled models. There are
only five coupled models (CCSR, COLA, DKRZ-
OPYC, MPI, UCLA) which simulate the SST variability
(as expressed by the two indices) realistically. However,
there are other problems in the simulation of the inter-
annual variability, which are also found in these models,
as shown below. We note also that a realistic simulation
of the strength of the interannual SST variability does
not depend on a realistic SST annual cycle simulation,
since all the five models mentioned show some defi-
ciencies in their annual cycle simulations (see Table 2).
This result is consistent with the findings of Meehl et al.
(2000D).

5.1.3 Phase locking to the annual cycle

We analysed next the phase locking of the simulated
ENSO variability to the annual cycle. In order to in-
vestigate the phase locking, we computed the standard
deviations of the simulated Nifio-3 SST anomalies as a
function of the calendar month (Fig. 4). The observa-
tions (GISST) show the well-known dependence of the
eastern equatorial SST variability on the annual cycle,
with weakest variability in April and strongest vari-
ability in December. Fifteen models show almost no
detectable phase locking to the annual cycle, and all of
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these models are characterised by an overall weak vari-
ability. Two models (COLA, UCLA) simulate strongest
variability in summer, while another model (UKMO)
simulates two variability maxima. Another two models
(HAWAII, LAMONT) simulate the strongest variabil-
ity in fall. Only four models (CERFACS, CSSR,
DKRZ-OPYC, MPI) simulate the phase locking to the
annual cycle reasonably well. Out of these four models,
only CERFACS simulates a realistic annual cycle. Thus,
there does not exist a systematic relationship between
the success of simulating a realistic annual cycle and the
simulation of the correct ENSO annual cycle-phase
locking.

In summary, the simulation of the interannual SST
variability is far from being perfect in most coupled
models analysed, even if one considers gross SST indi-
ces. Thus, there is substantial potential for model im-
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Table 3 Simulated standard deviations of the Nifio-3 and Nifo-4
SST anomalies

Model Nifio-3 (°C)  Nifio-4 (°C)
BMRC 0.4 0.4
ccc 0.2 0.3
CSSR 0.8 0.6
CEA-DSM SACLAY 0.3 0.2
CERFACS 1.0 0.6
COLA 0.7 0.5
DKRZ-OPYC 0.8 0.5
DKRZ-LSG 0.2 0.3
GFDL-R15 0.5 0.4
GFDL-R30 0.4 0.6
HAWAII 1.0 1.0
IMA 0.3 0.4
LAMONT 1.4 0.6
LMD/LODYC-2.5 0.5 0.2
LMD/LODYC-TOGA 0.3 0.3
LMD/LODYC-GLOBAL 0.4 0.3
MPI 0.8 0.6
MRI 0.4 0.7
NAVAL (NRL) 0.3 0.6
NCAR-CSM 0.5 0.5
NCAR-WM 0.5 0.4
NCEP 0.4 0.3
UCLA 0.6 0.4
UKMO 1.1 1.0
OBS (GISST) 0.7 0.5
OBS (KAPLAN) 0.8 0.6

provement, as can be seen from this simple observation/
model comparison.

5.2 SST versus t*

The zonal wind stress component t* is the most impor-
tant forcing function for equatorial oceans. In particu-
lar, the spatial phase relationship between the zonal
wind stress and SST anomalies is one important aspect
in determining the type of interannual variability simu-
lated. We investigated the relationship between the zonal
wind stress anomalies in the western Pacific (Nino-4
region) and the SST anomalies in the eastern Pacific
(Nifo-3 region) by computing the linear regression co-
efficient between the two quantities (Table 4). We pro-
vide the SST/t* regression derived from the observations
(COADS dataset) for comparison. It should be noted
that some models may not simulate the wind stress
anomalies in the correct place (e.g. too far east), so that
the regression may be rather weak. In other models,
especially the coarse-resolution models, the SST vari-
ability is relatively weak, which could lead to a too large
regression coefficient. We found a large range of
regression coefficients, with values between 0.001
(N/m?)/°C (CCC, NCAR-WM) and 0.016 (N/m?)/°C
(DKRZ-LSG). Only six models (BMRC, GFDL-R30,
LAMONT, LMD-TOGA, MPI, UKMO) are within
20% of the value derived from COADS. Interesting is
the comparison between the two coarse-resolution
global models DKRZ-LSG and GFDL-R15, which
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Fig. 4 Observed and simulated standard deviations of the Nifio-3 SST
anomalies (°C) as function of the calendar month

Table 4 Simulated regression coefficients between zonal wind stress
anomalies in the Nifio-4 region and SST anomalies in the Nifio-3
region

Model Regression [(N/m?)/°C]
BMRC 0.007
CCC 0.015
CSSR 0.003
CEA-DSM SCALAY 0.006
CERFACS 0.001
COLA 0.006
DKRZ-OPYC 0.012
DKRZ-LSG 0.016
GFDL-R15 0.003
GFDL-R30 0.007
HAWAII 0.006
IMA 0.005
LAMONT 0.011
LMD/LODYC-2.5 0.013
LMD/LODYC-TOGA 0.009
LMD/LODYC-GLOBAL 0.002
MPI 0.007
MRI 0.014
NAVAL (NRL) Stress not available
NCAR-CSM 0.005
NCAR-WM 0.001
NCEP 0.015
UCLA 0.005
UKMO 0.008
OBS (COADS) 0.009

yield very different regression coefficients. In the case of
the DKRZ-LSG model, it is likely that the weak SST
variability (see Table 3) leads to the rather large re-
gression coefficient. The GFDL-R15, on the other hand,

is also characterised by relatively weak SST variability
but yields a small regression coefficient. The reason is
probably that the GFDL-R15 model simulates westward
propagating SST (see Fig. 3) and zonal wind stress
anomalies (not shown), which destroys the regression. It
is beyond our scope to discuss the failures of the models
in further detail. It is, however, obvious that many
models do not simulate the correct relationship between
the zonal wind stress anomalies in the western equatorial
Pacific and the SST anomalies in the eastern equatorial
Pacific.

5.3 SST versus heat content

As known from ENSO theory (e.g. Neelin et al. 1994),
the subsurface memory of the equatorial ocean is an
important component in the ENSO mechanism. In order
to compare the subsurface behaviour of the coupled
models, we computed correlations between eastern
equatorial (Nifio-3) SST anomalies and upper ocean
heat content as function of longitude along the equator
and time lag (Fig. 5). The observed heat contents were
obtained from the dataset of White (1995). The eastern
equatorial SST anomalies are highly correlated with the
upper ocean content anomalies at zero lag in the eastern
part of the basin. This reflects the fact that the eastern
equatorial SST anomalies are strongly linked to per-
turbations in the local thermocline depth. The temporal
evolution of upper ocean heat content in the observa-
tions is characterised by a slow eastward propagation of
the anomalies from the western Pacific to the eastern
Pacific, which is consistent with the delayed action os-
cillator scenario. We note, however, that the propaga-
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tion speed is considerably smaller than that expected
from the free wave speed of the first baroclinic mode,
which is likely due to the fact that the ocean response to
low-frequency forcing involves many wave modes that
are superimposed on each other (Cane and Sarachik
1981). Furthermore, the observations indicate an oscil-
latory behaviour with a main period of approximately
four years, which has been confirmed by analysing
longer datasets.

Almost all models reproduce the high zero-lag cor-
relation between eastern equatorial SST and upper
ocean heat content anomalies. Only one model (NCAR-
WM) fails to reproduce this relationship, exhibiting only
a correlation of about 0.3 in a relatively small region.
Furthermore, almost all models show some indications
of eastward propagation in the heat content. Thus, at
least this important aspect of the interannual variability
is simulated well by almost all models. The only excep-
tion is again the NCAR-WM model. However, the
simulations differ in many respects. The periods are
rather different within the ensemble of models, ranging
from about two years (seven models) to longer than four
years (three models), while oscillatory behaviour is
hardly detectable at all in four models. In some models
the propagation is too fast or too slow, which is reflected
in the different oscillation periods. The region of the
most pronounced propagation is also different to that
observed in many simulations. This was expected, since
most models fail to simulate the correct spatial rela-
tionship between western equatorial zonal wind stress
and eastern equatorial SST anomalies (see Table 4). It is
likely that the position of the zonal wind stress anoma-
lies will determine the region of the most pronounced
propagation in the heat content.

We note another model shortcoming. Many models
(10) simulate a quite strong anti-correlation in the
eastern equatorial Pacific at lags of about 10-20 months.
Although the observations reveal an anti-correlation at
these time lags, indicating the oscillatory nature of
ENSO, many models overestimate this anti-correlation
considerably (CERFACS, COLA, DKRZ-OPYC,
GFDL-R15, HAWAII, JIMA, LAMONT, MPI, UCLA,
UKMO). Thus, the variability in these models is too
regular, although the reason for this is unclear. One
problem may be a too low noise level in the atmospheric
component, which may lead to too regular behaviour in
SST as shown by Eckert and Latif (1997). Another po-
tential problem may be related to the phase locking of
ENSO to the annual cycle, as discussed, for instance, by
Chang et al. (1994). They show that depending on the
strength of the annual cycle a simulation may be in a
chaotic or strongly phase-locked regime.

Interestingly, two of the coarse-resolution global cli-
mate models (DKRZ-LSG and GFDL-R15) show a
quite realistic heat content evolution. As shown, these
two models simulate too weak SST variability, but they
simulate the space-time structure of upper ocean heat
content much better than some high-resolution models.
The GFDL-R15 model, for instance, reproduces the
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evolution of upper ocean heat content relatively suc-
cessfully. This result is surprising, but it indicates that
the net effect of the equatorial wave propagation is
somehow included in the coarse-resolution models, al-
though these models cannot resolve the waves properly.
Thus, some part of the ENSO dynamics seems to be not
necessarily distorted in coarse-resolution models.

5.4 Monsoon teleconnections

The last question that we address is the relationship be-
tween the equatorial Pacific SST anomalies and the
strength of the Indian summer monsoon. We collected
two monsoon indices from the coupled models, one dy-
namical monsoon index (DMI) and one rainfall index
(MRI). The DMI is a wind shear index defined by
Webster and Yang (1992), while the MRI is based on the
rainfall averaged over the region 70°E-100°E and 10°N—
25°N. Both indices are averaged over the four months
June-September. Monsoon indices were not available
from six coupled models (BMRC, HAWAII, LAMONT,
NAVAL, NCEP, UKMO). The correlations between
both the Nifio-3 and Nifio-4 SST indices and the two
monsoon indices are given in Table 5. The observational
estimates are taken from Sperber et al. (2000) who used
the NCEP reanalysis to calculate the DMI and observed
Indian MRI. Another observational estimate of the
Nino-3/MRI correlation for the period 1871-1994 is
given by Slingo (1999) and amounts to —0.57.

There is a general tendency for most models to sim-
ulate an out-of-phase relationship between equatorial
Pacific SST anomalies and the monsoon indices.
Regarding the correlations between the equatorial SST
anomalies and the two monsoon indices we note the
following additional points: most models simulate
stronger SST/monsoon correlations if DMI is used
rather than MRI. There are only two exceptions
(CERFACS, SACLAY) with respect to Niflo-3 and
three exceptions (CERFACS, CSSR, NCAR-WM) with
respect to Nifio-4. Eleven models exhibit correlations of
Nifio-3 SSTA with DMI larger than 0.25, while eight
models exhibit correlations of Niflo-3 SSTA with MRI
larger than 0.25. Thirteen models exhibit correlations of
Nifio-4 SSTA with DMI larger than 0.25, while seven
models exhibit correlations of Nifio-3 SSTA with MRI
larger than 0.25. Thus, most models simulate a rather
strong connection between the equatorial Pacific SST
anomalies and the strength of the Indian summer
monsoon. This relationship is more pronounced when a
monsoon circulation index (DMI) is used and less pro-
nounced when a rainfall index (MRI) is used. This is
consistent with the findings of Sperber and Palmer
(1996) who found that the AMIP models were more
adept at simulating the DMI as opposed to MRIL
Overall, the ensemble of coupled models implies a quite
consistent ENSO/monsoon relationship that is found
also in the observations. We note, however, that the
ENSO/monsoon correlations may undergo substantial
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Table 5 ENSO/monsoon tele-

connections as expressed by Institute Nino-3/ Nino-3/ Nino-4/ Nino-4/ N@ﬁo-3/

correlations between equatorial MRI DMI MRI DMI Nifio-4

Pacific SST anomalies (Nifo-3

and Nifno-4 SST) and a rainfall BMRC 0.85

(MRI) and a dynamical (DMI) CCC -0.05 -0.41 -0.08 -0.38 0.88

monsoon index CSSR -0.17 -0.27 -0.23 -0.09 0.80
CEA-DSM SACLAY 0.11 —-0.06 0.20 0.01 0.49
CERFACS -0.64 -0.12 -0.78 -0.24 0.87
COLA -0.48 -0.81 -0.16 -0.47 0.72
DKRZ-OPYC -0.51 -0.77 -0.45 —-0.63 0.89
DKRZ-LSG -0.17 —-0.60 -0.06 -0.57 0.87
GFDL-R15 -0.14 -0.52 -0.21 -0.37 0.76
GFDL-R30 0.23 -0.33 —-0.09 -0.29 0.62
HAWAII 0.53
IMA -0.09 0.04 0.00 0.17 0.83
LAMONT 0.88
LMD/LODYC-2.5 -0.37 -0.18 -0.01 -0.02 0.41
LMD/LODYC-TOGA -0.22 -0.09 -0.19 -0.25 0.42
LMD/LODYC-GLOBAL 0.00 -0.10 -0.03 0.35 0.54
MPI —-0.44 —-0.60 -0.45 -0.51 0.80
MRI —-0.09 -0.53 —-0.30 —-0.36 0.85
NAVAL (NRL) 0.95
NCAR-CSM -0.37 -0.67 -0.57 -0.64 0.81
NCAR-WM -0.30 -0.06 -0.31 -0.13 0.90
NCEP 0.89
UCLA —-0.40 -0.73 -0.38 -0.65 0.89
UKMO 0.87
Observations -0.46 -0.58 -0.39 -0.34 0.70

interdecadal variations, as shown in the observational
paper by Kumar et al. (1999).

6 Summary and discussion

We have intercompared an ensemble of 24 coupled
models with respect to their performance in the equa-
torial Pacific region. Our study concentrates on the
interannual variability, but we investigated also aspects
of the climatologies simulated.The following conclusions
can be drawn:

1. Many models have still problems in simulating the
climatology in the equatorial Pacific. Both the simu-
lated annual mean SSTs and the SST annual cycles
can be seriously flawed in the models.

2. Only a few coupled models simulate the interannual
SST variability in the equatorial Pacific reasonably
well. No model has been found that simulates real-
istically all aspects of the interannual SST variability
considered. Only five models simulate the level of the
interannual SST variability, as expressed by the
Nifio-3 and Nifo-4 indices, realistically, while only
four models simulate a realistic phase locking of
ENSO to the annual cycle. Only three models simu-
late both aspects of the interannual variability
(strength and phase locking) realistically.

3. Most coupled models show a quite strong connection
between the equatorial Pacific SST anomalies and the
strength of the Indian summer monsoon.

Another interesting result that emerged from this study
is that the quality of simulating the climatology does not

necessarily determine the quality of simulating the
interannual variability. The strength of the interannual
variability can be simulated realistically, even when the
climatology is simulated less successfully. Likewise, the
phase locking of ENSO to the annual cycle can be
simulated reasonably well in a few models despite large
errors in the simulation of the annual cycle.

We tried to assess the performance of the coupled
models in a rather critical way. The equatorial Pacific is
a key region which affects many regions on the globe
and which may also be of great importance within the
framework of global change. If, for instance, the mean
state of the equatorial Pacific and/or the ENSO statistics
will change in response to global warming, this will have
severe impacts on the climates of many regions. Like-
wise, the equatorial Pacific is a key region for seasonal
forecasting. However, as we have shown, many models
are seriously flawed with respect to the simulation of
both the climatology and the interannual variability, and
it is likely that these errors will affect the ENSO forecast
skill. Resolution is one important factor controlling the
quality of the simulations, but high resolution, especially
the meridional one, is not sufficient to guarantee a good
simulation. Thus, there appears to be a large potential to
improve the coupled models, even if very basic diag-
nostics are considered. In conclusion, coupled model
development and improvement are still major issues.
Both simulations concerning anthropogenic climate
change and short-range climate forecasts will benefit
from those improvements.
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