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Abstract

The El Nifio Southern Oscillation (ENSO) simulations of 17 global coupled ocean-atmo-
sphere general circulation models (CGCMs) from the Coupled Model Intercomparison Project
(CMIP) are analyzed. Monthly mean values of surface air temperature, sealevel pressure and pre-
cipitation for 80 years are analyzed from control runs. Nearly half of the models studied do not
employ any form of flux correction. Flux-corrected CGCMs were better at simulating the base
state and annual cycle of the temperature field in the equatorial Pacific but not necessarily better
at smulating ENSO variability. While a subset of the models produce realistic amplitudes of
NINO3 and the Southern Oscillation Index (SOI), ENSO often tends to occur at a higher than
observed frequency. A few models also capture the teleconnection between NINO3 temperature
anomalies, SOI, and the global surface air temperature, sealevel pressure and precipitation. Only
afew models simulate phase locking of ENSO with the seasonal cycle. Most models have prob-
lemsin simulating the ENSO related sea-level pressure variations over the eastern Pacific and this
is associated with errorsin the precipitation response. The modelsfall into 3 distinct categories
based on their ability to ssimulate large-scale ENSO related patterns of sea-level pressure, surface
air temperature and precipitation. Group 1 consists of modelsthat represent well the Walker circu-
lation anomalies, the warming and enhanced rainfall in the central/east Pacific. Modelsin Group
2 exhibit a westward displacement and/or have weak responses, while Group 3 models have the
weakest ENSO signatures.



1. Introduction

The El Nifio Southern Oscillation (ENSO) - a phenomenon driven by coupled processesis
one of the most important sources of interannual variability in the natural climate system (Philan-
der (1990)). El Nifio events, characterized by increased sea surface temperaturesin the central and
eastern tropical Pacific, have a periodicity of between two and seven years. The early 1990s, char-
acterized by prolonged El Nifio conditions, and the strong event of 1997-98 (see M cPhaden
(1999)) have been unusual compared with past ENSO variability. The extended duration and
apparent increase in the frequency of these events have further heightened interest in studying
ENSO. The apparent climate shift in the tropical Pacific around 1976 (Trenberth (1990), Nicholls
et a. (1996), Trenberth and Hoar (1996, 1997)) was preceded by a period of reduced variability
between 1920-1960 indicating an interdecadal modulation of ENSO.

The effects of ENSO events are felt outside of the tropical Pacific Ocean (Trenberth et al.
(1998), Rasmusson and Carpenter (1982), Bradley et al. (1987), Ropelewski and Halpert (1987,
1989)) including a modulation of temperatures globally (Jones (1988), Angell (1990, 2000),
Boden et a. (1990, 1992), Privalsky and Jensen (1995), Wigley (2000)). Transient CO, CGCM

experiments (e.g., Meehl et al. (1993), Knutson and Manabe (1994, 1995), Tett (1995) and Tim-
mermann et al.(1999)) have raised some concerns over the possible changesin ENSO under
enhanced greenhouse conditions. Therefore, the role of global warming in altering the strength
and periodicity of ENSO and the extent of ENSO’s effect on global temperatures are questions of
foremost importance (Angell 2000). These issues can be addressed with the help of CGCMs as
they provide controlled experiments to assess separately the natural variability of the climate sys-
tem and the variability caused by anthropogenic influences. The ability of these global models to
simulate natural variability like ENSO istherefore of vital importance.

Tropical Pacific variability, and specifically the smulation of ENSO in CGCMs has previ-
ously been assessed in many studies, including McCreary and Anderson (1991), Neelin et al.
(1992), Mechoso et al. (1995), and more recently through the EI Nifio Simulation Intercomparison
Project (ENSIP, Latif et al. (2001)) and the Study of Tropical Oceansin Coupled models (STOIC,
Davey et a. (2001)). Delecluse et d. (1998) provide a comprehensive review of the development
of coupled models as they relate to ENSO behavior. The present study compares “fully global”



coupled ocean-atmosphere models that include (either prognostic or diagnostic) sea-ice. The
objectivein this study is not to rank each model’s performance, but to describe their relative
strengths and weaknesses in simulating the mean state, annual cycle and ENSO variability in

order to explore possible causes for the quality of their ENSO simulations.

Individual CGCMs included in the present study have also been studied by other authors

under control and enhanced CO, conditions and have been found to have varying capabilities for

simulating ENSO. For example, Knutson et al. (1997) discuss the ENSO simulation and its sensi-
tivity to CO, in the GFDL R15a model analyzed here. They find that the amplitude of the model

simulated ENSO is weaker than observed but qualitatively captures the delayed oscillator mecha

nism of ENSO despite its coarse ocean resolution. They also found that under CO, doubling and

guadrupling, there is a dlight decrease in amplitude comparable to the magnitude of interdecadal
changes. Lau et al. (1992) using asimilar model that uses annually averaged insolation found that
the model exhibits well-defined fluctuations in the tropical Pacific with a preferred time-scale of
3-4 years. They also found some aspects of the model behaviour during warm and cold episodes
similar to observed ENSO phenomena. The ECHAM4/OPY C3 model is described by Roeckner et
al. (1996) as being able to capture features of the observed interannual SST variability such as
amplitude, lifetime and frequency of occurrence of El Nifio events and aso the phase locking of
SST anomalies to the annual cycle. Bacher et a. (1998) using the same model found pronounced
tropical eastern and central Pacific interannual variability. Although the model captures the essen-
tial dynamics of ENSO, the SST variability represented by a single broadband maximum of
power spectral density centered at 28 months. Oberhuber et al. (1998) used the same model in
predictive mode utilizing data assimilation to generate the subsurface thermal structure to succes-
fully hindcast the 1997-98 El Nifio event with slightly reduced amplitudes. Timmermann et al.
(1999) and Roeckner et a. (1999) discuss the model under various forcing scenarios and the
implications for future climate. The former found that year to year variability becomes more
extreme under enhanced greenhouse conditions with evidence to suggest that strong cold
extremes become more frequent. Yukimoto et al. (1996, 2000) found that the MRI model reveals
interannual variability in the tropical Pacific which has several characteristicstypical of the
observed ENSO and captures the delayed oscillator mechanism of ENSO. Meehl and Arblaster
(1998) found spatial patternsin the NCAR Climate System model (NCAR-CSM) similar to those



associated with the Southern Oscillation. They also found that the model produces about 60% of
the observed variability in the SSTs of the NINO3 region. Another NCAR model (NCAR-WM)
considered in this study has been examined for ENSO behavior under enhanced CO, conditions
(Meehl and Washington (1996)). They found a reduction of east-west or zonal gradient along the
equatorial Pacific similar to that seen during El Nifio events. They however did not find any sig-

nificant changes in El Nifio frequency between control and enhanced CO, experiments. Tett

(1995) found that the HadCM 2 flux-corrected model has an oscillation that is qualitatively similar
to that of the observed ENSO. Tett et al. (1997) found that the same model shows significant spec-
tral peaks at the ENSO time-scales and shows strong regressions with central Pacific temperatures
and near surface temperatures over most of the tropics and similarities to observed EOF patterns

and explained variability. Collins(2000) examined its response to CO, increase and found that no

significant changes in ENSO are seen until those levels approach four times preindustrial values.
Quadrupled CO,, levelsin the model yielded ENSO events of 20% larger amplitude, doubled fre-

guency and phase locking to annual cycle at a different time of year. The newer HadCM 3 model
that does not employ flux corrections has been examined by Collins et a. (2001), finding that the

simulated ENSO has an amplitude within the range of uncertainty in the observations.

These previous studies of ENSO in GCMs have concentrated on SST variations in the tropi-
cal Pacific, and discussions of the atmospheric response have been limited to east- west move-
ments of the convergence zone. In this study, we investigate the range of simulated atmospheric

responses to ENSO events, and apply a uniform method of analysisto all of the models.

The model data are discussed in Section 2, and the validation data are discussed in Section
3. In Section 4.1 the equatorial Pacific climatology and variability isdiscussed, and in Section 4.2
ENSO indices are presented. The relationship between the pressure and temperature indices are
discussed in Section 4.3, and in Section 4.4 phase locking of ENSO to the seasonal cycle, and
tropical and extratropical ENSO behaviour is discussed. Conclusions are given in Section 5.



2. TheModels

Control simulations from 17 global coupled ocean-atmosphere general circulation models
(CGCMs) from CMIP (Meehl et a. (2000)) are studied. These models typically represent a mid-
to-late 1990s vintage and may not represent the capabilities of more recent versions. Here we ana-
lyze 80 years of monthly mean surface air temperature(TAS), sea-level pressure(PSL), and pre-
cipitation(PR), the only variables in the archive for which monthly time series were supplied.
Table 1 shows the coupled models and the salient features of their component ocean and atmo-
sphere models. Ten of the models employed “flux adjustment” (Sausen et al. (1988)). Individual
ocean model horizontal resolutions range from 0.67° x 0.67° to 4° x 5° and from 11 to 45 levelsin
the vertical. The ocean models typically use the primitive equations with a range of assumptions
(of incompressibility and of hydrostatic and Boussinesq approximations, use or neglect of
momentum advection, "rigid-lid" upper boundary or "free surface" condition, etc.). Atmospheric
modelsrange in resolution from R15 (4.5° x 7.5°) with 9 layersin the vertical to T42 (2.8° x 2.8°)
with 19 levels. The reader isreferred to the web site http://www-pcmdi.lInl.gov/cmip/ for more
details. The model data (with the exception of ECHAM4/OPY C3) were gathered under CMIP-2.
The ECHAMA4/OPY C3 datais the first 80-year subset of the 240-year control run data available
from the IPCC Data Distribution Center (http://ipcc-ddc.cru.uea.ac.uk).

A subset of the models studied here were aso used in the ENSIP and STOIC intercompari-
sons (Latif et al. (2001) and Davey et al. (2001), respectively). These include BMRC, CCMA,
ECHAMS3/LSG ECHAM4/OPY C3, GFDL, MRI, LMD/IPSL, NCAR-CSM, NCAR-WM and
HadCM3. The CMIP2 runsfor MRI, BMRC, CCSR and CERFACS use model versions different
from the ENSIP and STOIC analyses. Here, BMRC and CCSR are flux-corrected, and CERFACS
employs agloba ocean model. The CMIP models, CSIRO, IAP/LASG, HadCM2, GISS and
DOE-PCM, were not examined in ENSIP or STOIC. For the remaining models our results com-
plement the ENSIP and STOIC analyses, but some differences in statistics arise since we ana-
lyzed 80 years of data, while they typically analyzed a 20-year segment from each of the coupled

models.



3. Validation Data

To gain a sense of observational uncertainties, we have used severa different data sources.
These include the 50-year NCEP reanalysis (Kalhay et al. (1996)) and the 15-year ECMWF
reanalysis (ERA 15, Gibson et a. (1997)). The NCEP reanalysis covers the period 1949-1998,
while ERA15 covers the shorter period from 1979-1993. A subset of the NCEP reanalysis for the
same years (1979-1993) was also considered (hereafter referred to as NCEPL5) to provide adirect
comparison against ERA15.

The Hadley Ice and Sea Surface Temperature (Hadl SST) version 1.1 dataset (Rayner et al.,
(2000, 2001)) for the 1871-1999 period is used to enable an evaluation of the model runsin the
context of interdecadal ENSO variability. We have also used the observed Darwin and Tahiti sea
level pressures covering the period 1855-2000 (available from Climatic Research Unit (CRU) of
the University of East Anglia). Allan et al. (1991) and Kdnnen et a. (1998) provide details of the

early pressure sources and methods used to compile this timeseries.

4. Results

Numerous authors have suggested the importance of properly simulating the mean clima-
tology of the equatorial Pacific for achieving realistic interannual variability (Zebiak and Cane
(1987), Schopf and Suarez (1988), Battisti and Hirst (1989), and Neelin (1991)). However, inter-
comparison studies by Neelin et al.(1992), Mechoso et al. (1995), and L atif et al.(2001) concluded
that the simulation of ENSO variability in CGCMs seemsto be relatively unaffected by the base
state of the model or by the behavior of the simulated seasonal cycle. We will investigate this
guestion, aswell asthe ability of the modelsto simulate phase locking of ENSO with the seasonal
cycle and their ability to capture global teleconnections associated with ENSO.

4.1 Mean climatology and variability in the equatorial Pacific

Figure 1a shows the climatological mean surface air temperature (TAS) across the equato-

rial Pacific (averaged between 2°N-2°S). The TAS is compared to the sea surface temperature

(SST) from HadISST 1.1. TAS from the reanalyses serves as a good proxy for SST as the month



to month variabilities of these two timeseries are highly correlated (R~0.98). Among the observa-
tional datasets, ERA15 is consistently about 1°C warmer than NCEP, whereas HadlSST 1.1 SST
iscloser to NCEP SST in the east and to ERA15 SST in the west. Overall the observed uncer-
tainty in TASisabout 1°C. Clearly the model spread is outside the observed range of TAS, but the
models are capable of simulating the temperature gradient across the Pacific associated with the
warm pool in the western Pacific and the cold tongue of the eastern Pacific. The spread is much
larger among the models that do not employ flux correction (represented by colored dashed lines
inthisand all line plotsin this study), while the flux-corrected models are clustered closer to the
observed data. The simulated TAS gradients in the portion of the Pacific where the gradient islin-
ear are fairly good, but near the continental edges the differences from the observations are con-
sistent with previous studies (Mechoso et al. (1995), Davey et a. (2001), Latif et al. (2001)).

The standard deviations of the simulated and observed TAS (SST in the HadISST 1.1 data)

were calculated after removing the climatological annual cycle from the 2°N-2°S average
monthly values. The values thus obtained are plotted in Fig. 1b. The observations all show mini-
mum variance over the western Pacific, with maximum variance in the eastern portion of the
basin. In the eastern Pacific, ERA 15 significantly overestimates the TAS variability relative to the
NCEP reanalysis, with the NCEP reanalysis being more consistent with satellite based Micro-
wave Sounding Unit (MSU) data, especialy in the tropics (Trenberth et a. 2001). A complete
analysis of the differences|eading to this discrepancy and their causesis needed, but isbeyond the
scope of this study. While the observations show increasing variability to the east, most of the
model s systematically underestimate the variability in the eastern Pacific. With the exception of
ECHAMA4/OPY C3, the models with the most redlistic variability in the eastern Pacific (HadCM 3,
CERFACS, and DOE- PCM) do not employ flux correction. The mgjority of these models have

maximum standard deviation near 120°W. However, their variability decreases towards the east-
ern edge of the Pacific Ocean unlike the observations. HadCM 3 tends to be overactive across the
whole basin. The models other than the ones listed above with the exception of LMD/IPSL show
peak variability in the central Pacific, and in the case of NCAR- CSM in the western Pacific.

Figure 2 shows the seasonal cycle of TAS for observations (SST in the case of HadlSST

1.1) and models averaged over the region 2°N-2°S (shown as deviations from the annual mean

valuesin Figure 1(a)). Flux corrected models are generally able to simulate the amplitude and
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phase of the seasonal cycle well except in the case of GFDL-R15a and IAP/LASG where the
westward propagation is not captured. In ECHAM4/OPY C3 the strongest anomalies appear too
far west, however it must be noted that flux-correction was applied annually rather than monthly.
Non-flux-corrected models exhibit weaker amplitudes and have more problems achieving the cor-
rect phasing. Among the non-flux-corrected models, HadCM 3 and CERFACS do a good job of
capturing the timing of the annual cyclein the eastern and central Pacific. CERFACS is better at
capturing the semi-annual cycle in the western Pacific. DOE-PCM and NCAR-CSM incorrectly
have semi-anual cyclesin the eastern Pacific, and do not properly capture the phase of the west-
ward propagation. In the NCAR-WM model, the phasing is delayed and the westward propaga-
tion rate istoo fast, with anomalies penetrating too far to the west. LMD/IPSL failsto capture the
strong cooling observed in the eastern Pacific in August and September. The GISS model per-
forms best in the eastern Pacific, though the cold anomalies do not persist late into the calendar
year, and the model does not capture the semi-annual cycle in the western Pacific, instead having
unrealisitc warm anomalies early in the calendar year. Mechoso et al. (1995) and Latif et al.
(2001) have noted coupled models’ difficulties in simulating the seasonal cycle in the eastern

tropical pacific and our findings corroborate them.
4.2 ENSO Indices

Observational studies of the El Nifio Southern Oscillation phenomenon over the last few
decades have employed simple indices. These indices are representative of the spatially extensive
dynamic features of ENSO and are particularly useful at the peak of the ENSO events when tele-
connections are strongest. Table 2 shows the climatological mean temperature (TASin all cases
except Hadl SST, which represents SST) and the standard deviation of the TASA (monthly anom-
alies with the climatological annual cycle removed) for the NINO3 (5°N-5°S, 150°W-90°W),
NINO3.4 (5°N-5°S, 170°W-120°W) and NINO4 (5°N-5°S, 160°E-150°W) regions for the simu-
lations and the observational data. As previously seen in Fig. 1a, the model-simulated mean TAS
are as much as 3°C away from observations, and even the models that employed flux correction
exhibit substantial biases. A few models (CCCMA, ECHAMS3/L SG, and ECHAM4/OPY C3) sim-
ul ate reasonable mean temperatures across the three NINO regions considered, while BMRC,
CERFACS and NCAR-WM tend to be too warm across the Pacific. The remaining models have a

cold bias.



Table 2 reveals that few models are successful in simulating the observed variability in
these regions. The peak variability in the observationsisin the NINO3 region; afeature that is
simulated by only two of the flux- corrected models (ECHAM4/OPY C3 and HadCM2). Most of
the non-flux-corrected models have peak variability in the NINO3 region with the exception of
NCAR-CSM which peaks in the NINO4 region, while HadCM 3 has high variability in the
NINO3.4 and NINO3 regions. In general, the model variability seems to not depend on the mean
value of TASin the region.

Latif et al. (1997) have discussed ENSO variations on decadal and century timescales.
Figure 3(a) showsinterdecadal changes in the standard deviationsin the NINO3 region for the
HadISST 1.1 and NCEP data. For both datasets the anomalies relative to the climatological
annual cycle for the period of common coverage (1949-1999) were computed and the standard
deviation of the monthly anomalies cal culated over amoving window of 15 years length. The plot
shows significant temporal changes in the standard deviation with a pronounced increase in

ENSO variability from the late 1960's onwards. The early part of the SST record is characterized

by decreasing NINO3 variability with an increasing trend in the latter portion of the 20th century.
For the NCEP reanalysis, the quality of thefirst few years of datais questionable (Kistler et a.
(2001)). Importantly, thereafter the NCEP Reanalysis surface air temperature variations follow
closely theinterdecadal SST variability and as such the NCEP reanalysis air temperature gives
reasonable bounds within which to evaluate the model surface air temperature variations. Thus,
there is awide range of observed NINO3 variability within which amodel could be considered
realistic.

Figure 3(b) shows the standard deviation of model anomalies from climatology based on the
full dataset with amoving 15 year window. Even relative to the period of weakest NINO3 vari-
ability in the observations, standard deviation o = 0.45°C (Fig. 3(a)), only four of the flux- cor-
rected models (BMRC, CCSR, ECHAM4/OPY C and HadCM2) have redlistic variability in the
NINO3 region, whereas most of the non-flux-corrected models (with the exception of GISS) have
reasonable variability. The models that have redlistic values of the NINO3 variability also exhibit
periods of higher variability on multi-decadal time scales, whereas the models that show consis-
tently low values of NINO3 variability do not adequately simulate low frequency variability in
the NINO3 region. Here again, HadCM2 and ECHAM4/OPY C3, and to a lesser degree CCSR



and BMRC, are the only flux-corrected models that show realistic variability, whereas among
non-flux- corrected models CERFACS, DOE-PCM, and HadCM 3 show interdecadal variations of
the magnitude observed in the HadISST 1.1 and NCEP datasets.

An important feature of ENSO is the frequency with which it occurs. The power spectra (com-
puted using the maximum entropy method of Burg (1967) as implemented in the SSA Toolkit
described in Dettinger et al. (1995)) of the observed and model simulated NINO3 TASA are plot-
ted in Fig. 4. The observed NINO3 TASA show a broad peak near a period of 40-50 months. Of
the non-flux corrected models, HadCM 3 has arealistic peak at about 40 months while peak power
from CERFACS, LMD/IPSL and DOE-PCM occurs at shorter time periods than observed. The
spectraof GISS, NCAR-CSM and NCAR-WM are essentially red within the ENSO band, and
thus they do not have a strongly preferred interannual time-scale. Among the flux-corrected mod-
els, only the HadCM 2 has peak power at observed ENSO time-scales, while ECHAM4/OPY C3
and BMRC exhibit peaks close to a 2 year period.

The Southern Oscillation Index (SOI) is the large-scale atmospheric ENSO related sea-level
pressure variation. Thisis a basic measure of ENSO variability that models should simulate with
fidelity. Following the method given by Ropelewski and Jones (1987), the SOI is calculated asthe
difference of standardized pressure anomalies at Tahiti and Darwin. The observed SOI is calcu-
lated using station data from Darwin and Tahiti based on the data from CRU. However, for the
reanalyses and models areal averages of mean sea-level pressure over 125°E-135°E, 17°S-7°S
and 155°W-145°W, 22°S-12°S (10° x 10° areas centered close to the actual locations) are used.
Note, for smplicity, these regional averages will be referred to as Darwin and Tahiti respectively
in this paper.

The SOI standard deviation (not shown) has an interdecadal signature similar to that of the
NINO3 TASA standard deviations. These long term variations have been addressed in numerous
studies. For example, Trenberth and Hurrell (1994) and Trenberth and Hoar (1996, 1997) discuss
changesin the SOI. Evidence of changing relationships between the SOI and other variables for
different periodsis discussed by Elliott and Angell (1988). The present study does not address the
SOI and its relationships to other variables on interdecadal time scales.



4.3 SOl and NINO3 teleconnections

Since Bjerknes (1966, 1969) recognized that the Southern Oscillation is connected to the
warming in the eastern equatorial Pacific and provided the first plausible explanation of the
dynamical phenomenon, numerous studies have shown the teleconnections or effects of the tropi-
cal Pacific warming in remote areas. The relationship between the pressure variationsin the
Pacific region and the warming in the NINO3 region have been documented in Rasmusson and
Carpenter (1982). The simulation of ENSO in models (for the right reasons) and its influence in

regions away from the equatorial Pacific are also important features to achieve.

Figure 5 shows the lagged correl ations between the SOI and NINO3 TAS anomalies from
the models and observations. The HadISST 1.1 SST and the CRU SOI data for the period 1871-
1999 (the period of common coverage with no missing data) were used to compute the observed
lagged correlations. The negative correlation indicates a negative SOI corresponding to warmer
NINO3 temperatures. The SOI from CRU and the NINO3 SST from HadI SST 1.1 do not exhibit
asystematic lag relationship, but the reanalyses show the SOI leading the peak temperatures by
up to 2 months. The peak correlation varies between the observed datasets, ranging from -0.55 to
-0.7. At lag times of +20 months the correlations exhibit their peak positive values (~0.25), signi-
fying acomposite life cycle of about 40 months, consistent with the power spectrum in Fig. 4. For
the models, the link between the SOI and NINO3 is weaker than observed, with all failing to
achieve the strong negative correlation near zero lag seen in the observations. HadCM 2,
HadCM 3, ECHAMA4/OPY C3 and CERFACS are most consistent in representing the observed
lead/lag relation. However, the lifetime of an ENSO event in the ECHAM4/OPY C3 and CER-
FACS modelsis shorter than observed, with the peak positive correlation occurring at approxi-
mately £13 months. The CCCMA and CCSR models both have their most negative correlations
near lag zero, but fail to capture the positive correlations, even at lags of +24 months. All of the
other models have very weak or a consistently negative correlation at all lags indicating aweaker
than observed SOI/NINO3 relationship. This error can be due to weak coupling between the
ocean and atmosphere and/or displacements in the teleconnection patterns associated with errors

in the mean state.
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4.4 Composites of ENSO events
a) Seasonal cycle phase locking

While the NINO3 standard deviations provide an indication of the amplitudes of ENSO
events, and the lagged correlations presented in the previous section reveal the nature of the rela-
tionship between the SOI and the NINO3 index, they do not provide any information regarding
the phase locking of ENSO with the seasonal cycle. This similarity in phasing of individual
events, as described in Rasmusson and Carpenter (1982), shows that while the amplitudes of El
Nifio episodes vary, their phasing can be remarkably similar in that the peak SST anomalies occur

in the boreal winter.

The phase-locking with the seasonal cycle can be seen by plotting the standard deviation of
TASA for each calendar month. As seenin Fig. 6, the observed peak interannual activity occurs
during the boreal winter. However, most models do not capture the proper seasonality in their
ENSO cycle. Only ECHAM4/OPY C3, HadCM 2, and HadCM 3 capture the pronounced winter
maximum, though the latter model tends to overestimate the overall level of variability. CER-
FACS aso has strong variability in the boreal winter, but it overestimates the variability during
summer and autumn. LMD/IPSL has a tendency for awinter maxima, but the variance isrela-
tively weak. Most of the remaining models exhibit little seasonal preference, but BMRC, CCSR
and DOE/PCM exhibit a summer/late summer maximum, though they have secondary winter

maxima.

To clearly depict the El Nifio and La Nifia events we require a consistent ocean/atmosphere
response. Since phase-locking with the seasonal cycleis abasic feature of observed ENSO (Fig.
6) we will composite ENSO events based on DJF seasonal anomalies of NINO3 TAS and SOI. To
be classified as awarm (cold) event, it isrequired that the standardized NINO3 TASA be > 0.6 (<
-0.6) and the standardized SOI be< -0.6 (= 0.6).

Following Rasmusson and Carpenter (1982), the year preceding the anomalous DJF season
is denoted “year 0”. The time evolution of monthly NINO3 TASA composites are plotted sepa-
rately for warm and cold eventsin Figs. 7 (a) and (b), where we have used the HadISST 1.1 data
and the CRU SOl to form the observed composites. The shaded area in each figure denotes the

11



one standard deviation envelope of the observed NINO3 SSTA evolution from the HadI SST 1.1
dataset. The phase locking of the warm and cold events with the seasonal cycleisreadily seenin
the observations. The peak of the event occurs in winter of year(+1), with the initial warming
occurring in the boreal spring of year(0), and the decay of the warm event well underway by sum-

mer of year(+1).

Many of the models do not show pronounced phase locking in the temperature evolution,
and they tend to lie outside the envelope of observed eventsin the boreal winter of year(+1).
These models also do not show the transition from negative to positive anomalies seen in the
observed datasets. The models that are most consistent with the observations are BMRC, CCSR,
ECHAM4/OPY C3, HadCM2 (flux-corrected models) and CERFACS, DOE- PCM, HadCM 3
(non-flux-corrected models). The CCSR composite event shows arealistic positive temperature
anomaly for the winter months, but does not show the negative anomalies that occur during the
early and late stages of the composite event. The same models that show the most realistic warm
event evolutions also show cold events that compare best with observations (Fig. 7b). These are
the models that showed the most realistic phase-locking with the seasonal cycle (Fig. 6). The
remaining models poorly represent the growth and decay of the warm and cold events, consi stent

with their lack of ability to phase-lock with the seasonal cycle.
b) El Nifio Response

To examine the global atmospheric response at the peak of ENSO the DJF seasonal anomalies
of the TAS, PSL and PR fields for individual warm and cold events were computed over the entire
globe based on the events used to generate the composites in Fig. 7a. The composite of warm
events for the NCEP reanalysisisshownin Fig. 8. (Spatial composites of El Nifio events and DJF
season climatologies for all the reanalyses and models analyzed here can be found at http://www-
pcmdi.lInl.gov/krishn e/ CMIP_ENSO). The three panels show the spatial fields for which warm-
event composites were constructed. Hoerling et al. (1997) have discussed the nonlinear nature of

the response due to El Nifio and La Nifia events which is not addressed here.

Figure 8 shows the salient features of the composite warm event anomalies for the DJF sea-
son, the period of maximum ENSO forcing (Fig. 6). The NCEP patterns of TAS and PSL over the
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Pacific and Indian Oceans are similar to ERA 15 and NCEP15, but with reduced amplitude dueto

the longer record employed and the associated interdecadal ENSO variations seen in Fig. 3a.

The dramatic perturbation to the Walker circulation and the warm TAS anomaliesin the
tropical Pacific give rise to large-scale changes in the distribution of rainfall, especialy in the
tropics. The positive anomaly of precipitation over the tropical Pacific extends from the dateline
to the coast of South America, although the magnitude of the enhanced rainfall varies among the
reanalyses. Additionally, there is evidence of an eastward displacement of the South Pacific Con-
vergence Zone (SPCZ). Other features common to all reanalyses are the positive rainfall anoma-
liesinthetropical Indian Ocean and in the extratropics adjacent to the west coast of North

America. However, discrepancies exist in the west Pacific and elsewhere.

In the Pacific Ocean, the dateline is a key region for the anomalies of TAS, PSL and PR. Spe-
cifically, thisisthe location of transition for Walker circulation anomalies; to the east of the date-
line the largest positive TAS and PR anomalies are found. With these robust features of ENSO in
mind, we find that the simulated warm event composites can be categorized into three groups
based upon common features in the composites. A representative model from each group is
shown in Figs. 9-11.

Group 1: ECHAM4/OPY C3, HadCM2(shown in Fig. 9), CERFACS, DOE-PCM, and
HadCM 3 are most consistent with observations. Notably, they have well defined Walker circula-
tion anomalies, with enhanced TAS anomalies extending from the tropical central Pacific to the
west coast of South America. As seen in Table 2 these models aso have reasonable variability of
the NINO3, NINO3.4, and NINO4 TAS anomalies. These models also simulate well the associ-
ated El Nifio rainfall in the tropical Pacific, although HadCM 3 exhibits a westward extension of
the rainfall and TAS to 150°E in conjunction with its westward equatorial extension of negative

PSL anomalies near the equator (not shown).

Group 2: BMRC (shownin Fig. 10), CCSR, NCAR-CSM, and NCAR-WM are characterized
by awestward displacement of the Walker circulation anomalies. CCSR is an exception in that
although the location and magnitude of the positive PSL anomalies are more realistic, the maxi-
mim TAS anomalies are in the central/western Pacific. In the remaining models, positive PSL

anomalies >0.5hPa extend to only ~150°E in the tropical Pacific. The maximum TAS warming is
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located in the tropical central Pacific Ocean, while the anomalies closer to South America are
decidedly weaker than observed. Consistent with enhanced surface temperatures in the central

Pacific is the presence of positive rainfall anomalies. Unlike the observations, the enhanced rain-

fall of >0.5mm day ™ fails to extend to the eastern equatorial Pacific, consistent with the westward

displacement of temperature and the Walker circulation anomalies.

Group 3: CCCMA (shown in Fig. 11), CSIRO, ECHAM3/LSG, GFDL, GISS, IAP/LASG,
LMD/IPSL, and MRI underestimate positive PSL anomalies in the western Pacific. The positive
TAS anomaliesin the central/eastern tropical Pacific are severely underestimated in all of these
models except MRI and LMD/IPSL. These models have their strongest positive rainfall anoma-
lies at/or west of the dateline.

We find that modelsin thefirst group have the most realistic TASA standard deviationsin the
three NINO regions considered, that is maximum in NINO3 and wesker to the west (except
HadCM 3-same in NINO3 as NINO3.4) and overall the most realistic amplitudes. Models exhibit-
ing the westward shift of the PSL Walker circulation anomalies (Groups 2 and 3) have the weak-
est TAS anomaliesin NINO3. Only 3 models in either group has peak variability in the NINO3
region, but it is much weaker than observed. In examining the precipitation climatologies for the
DJF season (not shown here; please refer to http://www-pcmdi.lInl.gov/krishnadl CMIP_ENSO),
the models with the most realistic precipitation response (models of Group 1) also have the most
realistic climatology. However, other models with realistic climatological DJF precipitation do
not show arealistic response to warm events. If we examine Fig. 2 in this context, it can be seen
that the ability of modelsto simulate the annual cycle of TASin the equatorial Pacific does not
affect the models' ability to simulate arealistic ENSO response. Thisis consistent with the find-
ings of Neelin et al. (1992), Mechoso et al. (1995) and Latif et al. (2001).

c) Extratropical Teleconnections

The displacement of warm surface temperature anomalies into the central Pacific, and the
associated diabatic heating are known to excite the Tropical-Northern Hemisphere (TNH) tele-
connection mode (Barnston and Livezey (1987), Trenberth and Caron (2000), S. Nigam (personal
communication, 2000)). With respect to surface temperature, the extratropical response is charac-

terized by warming over Canada, extending to the Great L akes and into the northeastern United
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States (Fig. 8 a). Interestingly, The models with the most realistic El Nifio rainfall anomaliesin
the central Pacific (CERFACS, ECHAM4/OPY C3, HadCM2, DOE-PCM, and HadCM3) fail to
capture the location of observed warming over North America. In CERFACS and ECHAM4/
OPY C3 thewarming is displaced farther to the northeast over Hudson Bay and Greenland,
whereas the other 3 modelsin Group 1 have cooling over much of North America. CCSR,
NCAR-CSM, NCAR-WM, ECHAM3/LSG, and MRI displace the extratropical warming to the
west over northwestern Canada and Alaska, consistent with their main center of diabatic heating
being located to the west of dateline. The remaining models tend to simulate cooling over north-
ern North America. Possible reasons for this dramatic shortcoming of the bulk of the models
include incorrectly simulating the vertical profile of the diabatic heating in the tropics and/or sys-
tematic error of the base state climatol ogies of the upper-level flow which would preclude the

propagation of the signal into the extratropics.

5. Conclusions

The CMIP models seem to be quite reasonable in simulating the TAS gradient across the
equatorial Pacific, athough problems near the continental margins noted in previous model stud-
ies persist. While the flux-corrected models are better at simulating the mean and annual cycle of
temperature in the equatorial Pacific, they tend to underestimate the interannual variability in the
NINO3 region, whereas non-flux corrected models seem to be better at simulating the variability.
However, therole of flux-correction in simulating the interannual variability in the equatorial
Pacific TASA is not clear, as numerous other factors including the convective and cloud parame-

terizations may also play important roles in determining the simulated variability.

The variability in selected index regions (NINO3, NINO3.4 and NINO4) also seems not
to be affected by the climatological TAS valuesin those regions, indicating that the variability is
not strongly dependent on the base state of the tropical Pacific SST in the models. Power spectra
of the NINO3 TASA indicate that only afew models exhibit the observed peak near 40-50
months. These models also exhibit alarge range of interdecadal variability. The models that do
well in simulating NINO3 TASA variations also exhibit reasonable power spectrafor the SOI,
albeit weaker than observed.
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The models with realistic variability in the NINO3 region also demonstrate phase locking
with the seasonal cycle as seen in the seasonality of the peak variability of TAS anomalies. How-
ever, there are only afew models that have amplitudes for ENSO events within the observed

range as shown by composite warm and cold events.

Composites of warm events also show the inadequacies of the modelsin simulating the
observed spatial patterns of ENSO events. There are few models that generate realistic atmo-
spheric responses of TAS, PSL and PR. Most models are unable to simulate realistic PSL anoma-
lies, this being associated with problemsin the location and magnitude of the ENSO related
precipitation. The lack of an adequate PSL responseis also the likely reason for the | ess-than-ade-
quate simulation of the SOI. The simulation of the climatol ogical seasonal mean precipitation was
found to be a necessary but not sufficient condition for arealistic pattern of the precipitation
response. Of the 5 models that had the most redlistic global patterns of TAS, PSL and PR, four
had oceanic horizontal resolutions of 1° or finer in the tropical Pacific. However, high oceanic
resolution is not a sufficient condition for the proper simulation of the Pacific and/or global ENSO
signal, since other models with fine oceanic horizontal resolution performed poorly in this
respect. Furthermore, as discussed in Latif et al. (2001), even models with coarse horizontal reso-
lution are capable of ssmulating delayed-oscillator physics.

Further studies with data not currently available from CMIP, such as wind speed/stress, sea
surface temperature and ocean thermocline depth at monthly or shorter timescales, are necessary
to diagnose the causes and rel ationships involved in the simulation of ENSO. Efforts are under-
way to collect these and other data from the CMIP runs under an augmentation of the CMI1P2
database.
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List of Tables

Table 1. The modelsin CMIP |1 and resolution of their component atmospheric and oceanic mod-
els and flux corrections used. Horizontal resolution is expressed as degrees latitude x longitude,

while the vertical resolution is expressed as "L mm", where mm is the number of vertical levels.

Table 2. The climatological mean values of temperature and the standard deviations of monthly
temperature anomalies in the NINO3, NINO3.4 and NINOA4 regions for all models, reanalyses
and observed data from Hadl SST 1.1. It should be noted that “temperature” refersto TAS for the
models and reanalyses, and SST in the case of Hadl SST. Numbersin bold represent the region
with peak variability.
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Table 1.

Atmosphere Ocean

Model Name Resolution Resolution Flux Adjustment
BMRC R21(3.2x5.6) L19 (5.85x 2.0) L25* | Sdlt, Heat (Surface Shortwave)
CCCMA T32(3.8x3.8L10 (1.8x1.8)L29 Heat, Water 1
CCSR T21 (5.6 x5.6) L20 (28x2.8) L17 Heat, Water
CSIRO R21(3.2x5.6) L9 (32x56)L21 Heat, Water, Momentum
ECHAM3+LSG T21(5.6x5.6)L19 (28x28)L11 Heat, Water, Momentum
ECHAM4+OPYC3 | T42(2.8x2.8)L19 (28x28)L11* Heat, Water 2
GFDL R15a R15(45x7.5) L9 (45x3.7)L12 Heat, Water
IAPILASG R15(4.5x7.5) L9 (4.0x5.00L20 Heat, Water, Momentum
MRI (4.0x5.0)0L15 (20x25) L21* Heat, Water
HadCM2 (25x3.75) L19 (25x3.75) L24 Heat, Water
CERFACS T31(3.9x3.9)L19 (20x2.0) L31** | None
GISS (4.0x5.0L9 (4.0x5.0)L13 None
LMD/IPSL (1.6x38)L15 (1.0x2.0) L31** | None
NCAR (CSM) T42 (2.8x2.8)L18 (1.2x24)L45 None
NCAR (WM) R15(45x7.5) L9 (1.0x1.0)L20 None
DOE (PCM) T42(2.8x2.8)L18 (0.67x0.67) L32 | None
HadCM3 (25x3.75) L19 (1.25x1.25) L20 | None

* indicates enhanced horizontal resolution near the equator.

** indicates data has been regridded to coarser than original grid.

L Correction varies by calendar month.

2 Correction applied annually. (In al other cases, fixed monthly corrections are

applied.)
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Table 2.

Standar d Deviation of monthly
Mean Temperature (°C) Temperature Anomaly (°C)
M odel/Obs NINO4 | NINO3.4 | NINO3 | NINO4 | NINO3.4 | NINO3
BMRC 28.8 274 26.2 0.53 0.57 0.49
CCCMA 28.2 26.8 25.8 0.28 0.25 0.19
CCSR 27.1 25.7 24.5 0.75 0.72 0.57
CSIRO 26.8 26.0 25.0 0.22 0.26 0.24
ECHAM3+LSG 27.9 26.7 25.6 0.27 0.30 0.26
ECHAM4+0OPYC3 28.3 26.8 25.4 0.45 0.79 0.84
GFDL R15a 24.7 23.7 22.7 0.31 0.37 0.34
IAP/ILASG 24.8 23.6 231 0.31 0.28 0.27
MRI 27.3 25.9 25.1 0.39 0.33 0.34
HadCM2 26.4 254 245 0.59 0.71 0.72
CERFACS 29.1 28.8 28.1 0.32 0.56 0.74
GISS 26.5 26.2 26.0 0.19 0.24 0.27
LMD/IPSL 26.0 25.2 24.8 0.41 0.47 0.52
NCAR (CSM) 25.1 24.3 23.7 0.47 0.44 0.40
NCAR (WM) 30.3 29.4 28.2 0.47 0.48 0.52
DOE-PCM 245 23.2 225 0.62 0.82 0.85
HadCM3 26.7 25.6 254 0.80 1.07 1.06
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List of Figures

1 (a). The climatological mean surface air temperature in the equatorial Pacific (2°N-2°S) for the

model control run plotted with reanalysis values and sea surface temperature from HadlSST 1.1.

1 (b). The standard deviation of surface air temperature anomalies from monthly mean climatol -
ogy in the equatorial Pacific (2°N-2°S) over the length of the control run plotted with reanalysis

values and sea surface temperature from HadlSST 1.1.

2. Observed and simulated annual cycle (°C) of surface air temperature (sea surface temperature
in the case of HadI SST 1.1) along the equator (2°N-2°S). Shown are the deviations from the

annua means.

3 (a). Standard deviation with a 15-year moving window for NINO3 monthly anomalies of sea

surface temperature in HadI SST 1.1 and surface air temperature in the NCEP reanalysis.

3 (b). Standard deviation with a 15-year moving window for simulated NINO3 monthly anoma-

lies of surface air temperature.

4. The maximum entropy power calculated for the surface air temperature anomalies (sea surface
temperature anomalies from Hadl SST 1.1) from monthly mean climatology for the NINO3 region
(5°S-5°N, 150°W-90°W). The vertical linesrepresent 2 and 7 year periods.

5. The lag correlation between surface air temperature anomaliesin the NINO3 region and the
SOI as defined above plotted for all models, and reanalyses and between the Hadl SST 1.1 sea sur-
face temperature and CRU SOI datasets.

6. Monthly standard deviations of NINO3 surface air temperature anomalies.

7 (8). The evolution of the surface air temperature anomaly in the NINO3 region for a composite
“warm” event in models, reanalyses and the HadlSST 1.1 dataset. The shaded area represents the
one standard deviation envelope of the observed NINO3 sea surface temperature anomaly for
“warm” eventsin the Hadl SST 1.1 dataset.

7 (b). The evolution of the surface air temperature anomaly in the NINO3 region for a composite
“cold” event in models, reanalyses and the Hadl SST 1.1 dataset. The shaded area represents the
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one standard deviation envelope of the observed NINO3 sea surface temperature anomaly for
“cold” eventsin the HadI SST 1.1 dataset.

8. December-February warm event composites of (a) Surface air temperature, (b) Sea-level pres-

sure, (c) Precipitation from NCEP Reanalysis.
9. AsFig. 8 but for HadCM 2.
10. AsFig. 8 but for BMRC.

11. AsFig. 8 but for CCCMA.
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Figure8

NCEP Reanalysis. Warm event anomalies for DJF
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Figure9

HadCM2. Control Run. Warm event anomalies for DJF

90N
(a) TAS o=
30S=j

60S=}

| I 1 | | | |
30E 60E 90E 1208 1506 180 150w 120w 90w 60w 30w 0

(b) PSL

(c) PR




(a) TAS

(b) PSL

(c) PR

B6ON==]

30N™=

30S™

60S™=

60S™==|

T T T
0 30E 60E 90E 120E 150E 180 150w 120w gow 60W 30w 0

Figure 10

BMRC. Control Run. Warm event anomalies for DJF
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Figure 11

CCCMA. Control Run. Warm event anomalies for DJF
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