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ABSTRACT

Results are described from a series of 40 retrospective forecasts of tropical Pacific SST, starting 1 January
and 1 July 1980-99, performed with several coupled ocean—atmosphere general circulation models sharing the
same ocean model—the Modular Ocean Model version 3 (MOM3) OGCM—and the same initial conditions.
The atmospheric components of the coupled models were the Center for Ocean—Land—-Atmosphere Studies
(COLA), ECHAM, and Community Climate Model version 3 (CCM3) models at T42 horizontal resolution, and
no empirical corrections were applied to the coupling. Additionally, the retrospective forecasts using the COLA
and ECHAM atmospheric models were carried out with two resolutions of the OGCM. The high-resolution
version of the OGCM had 1° horizontal resolution (1/3° meridional resolution near the equator) and 40 levels
in the vertical, while the lower-resolution version had 1.5° horizontal resolution (1/2° meridional resolution near
the equator) and 25 levels. The initia states were taken from an ocean data assimilation performed by the
Geophysical Fluid Dynamics Laboratory (GFDL) using the high-resolution OGCM. Initial conditions for the
lower-resol ution retrospective forecasts were obtained by interpolation from the GFDL ocean data assimilation.

The systematic errors of the mean evolution in the coupled models depend strongly on the atmospheric model,
with the COLA versions having a warm bias in tropical Pacific SST, the CCM3 version a cold bias, and the
ECHAM versions a smaller cold bias. Each of the models exhibits similar levels of skill, athough some
statistically significant differences are identified. The models have better retrospective forecast performance from
the 1 July initial conditions, suggesting a spring prediction barrier. A consensus retrospective forecast produced
by taking the ensemble average of the retrospective forecasts from all of the models is generally superior to
any of the individual retrospective forecasts. One reason that averaging across models appears to be successful
is that the averaging reduces the effects of systematic errors in the structure of the ENSO variability of the
different models. The effect of reducing noise by averaging ensembles of forecasts made with the same model
is compared to the effects from multimodel ensembling for a subset of the cases; however, the sample size is
not large enough to clearly distinguish between the multimodel consensus and the single-model ensembles.

There are obvious problems with the retrospective forecasts that can be connected to the various systematic
errors of the coupled models in simulation mode, and which are ultimately due to model error (errors in the
physical parameterizations and numerical truncation). These errors lead to initial shock and a‘* spring variability
barrier” that degrade the retrospective forecasts.
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1. Introduction

In June 1999, groups from several institutions, in-
cluding the Center for Ocean—Land-Atmosphere Stud-
ies (COLA), the Geophysical Fluid Dynamics Labora-
tory (GFDL), the International Research Institute for
Climate Prediction (IRI), and the National Center for
Atmospheric Research (NCAR), met and agreed on a
framework for a baseline comparison of the sensitivity
of coupled GCM (CGCM ) retrospective forecasts (here-
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after referred to as ' forecasts” for brevity) to the choice
of atmospheric GCM (AGCM). A prime motivation for
undertaking these coordinated computations was to de-
termine theimpact of multimodel ensembleson thefore-
cast skill of El Nifio—Southern Oscillation (ENSO) var-
iability in the tropical Pacific. The participants agreed
to use a specific configuration of the GFDL Modular
Ocean Model version 3 (MOM3) OGCM as the ocean
component of their coupled model. Among other fea-
tures, the OGCM would have a near-global domain, 1°
horizontal resolution (1/3° meridional resolution near
the equator), and 40 levels in the vertical. Ocean initia
conditions were to be provided from an ocean data as-
similation (ODA) carried out at GFDL using the agreed-
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on ocean model. Each group would use its own chosen
AGCM. It was also agreed that the AGCM would have
approximately T42 horizontal resolution and 18 levels
and that ad hoc initialization and coupling schemes de-
signed to reduce initial shock and climate drift (e.g.,
anomaly initialization, flux correction, anomaly cou-
pling) would not be used.

There were several reasons for choosing the experi-
mental design for the comparison of coupled models
using the same ocean model and ocean initial conditions
but different AGCMs. One was that it was felt that
sensitivity to choice of AGCM was likely to be large,
based both on understanding of the sensitivity of ENSO
behavior in intermediate coupled models to the strength
of the wind stress coupling (summarized in Neelin et
al. 1998) and on experience with the sensitivity of sim-
ulations of ENSO variability in coupled GCMs to
AGCM parameterizations (e.g., Schneider 2002). Also,
the use of a common ocean model together with initial
conditions generated using that model would allow a
controlled evaluation of the forecast sensitivity to
AGCM, which might then be related to the systematic
errors of the different coupled models and eventually
traced to the different physical parameterizationsin the
AGCMs. Finally, the choice of a common ocean model
and data assimilation system for producing the ocean
initial condition data would be important for practical
reasons, eliminating the duplication of effort that would
have been required to configure and test different ocean
models and to perform separate ocean data assi milations
with different ocean models and data assimilation sys-
tems.

In the course of carrying out the forecasts, it was
realized that the coupled model was placing very high
demands on the computing resources available to sev-
eral of the groups, primarily because of the high reso-
lution of the OGCM. As an aid to making design de-
cisions for future experiments, an evaluation of the ef-
fect on the forecasts due to reducing the OGCM reso-
lution to one that was significantly less resource
intensive was undertaken. A version of the OGCM with
medium resolution and no other changes was construct-
ed, the initial conditions from the GFDL ODA were
interpolated to the new resolution, and the series of
forecasts using two of the AGCMs was repeated.

Results comparing the skill of the forecasts from the
individual models and the consensus forecasts obtained
by simple averaging of all of the forecasts (across
AGCM and OGCM resolution) are presented below. The
expectation is that averaging across ensembles of cases
will raise correlations for two reasons. First, noise pres-
ent in theindividual forecasts will be reduced. Thiswill
occur when the ensemble is performed with a single
model or multiple models. Second, when multiple mod-
els are used, there is the possibility that the effects of
the systematic errors of the different models will be
reduced by the averaging.

There are several major pointsto be noted: 1) forecast
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skill did not depend strongly on the choice of an AGCM,
despite markedly different AGCM-dependent system-
atic errors; 2) there was no apparent degradation of the
forecast skill due to reducing the OGCM resolution; and
3) the multimodel approach can contribute to improve-
ment of skill. We also demonstrate that there is potential
for substantial improvement in coupled-model forecasts
through reduction of the systematic errors of the coupled
models. These systematic errors can be evaluated and
addressed in simulation mode.

2. The coupled models

The coupled models consist of various AGCMs at
similar spatial resolution: COLA version 2 (V2),
ECHAMA4.5 (GCM based on European Centre for Me-
dium-Range Weather Forecasts forecast models, mod-
ified and extended in Hamburg; version 4.5), or NCAR
Community Climate Model version 3.6 (CCM3) cou-
pled to MOM3. The AGCMs are summarized in Table
1. The ocean model (section 2a), coupling (section 2b),
initial conditions (section 2c), cases (section 2d), and
comparison of AGCM surface fluxes when forced by
observed SST (section 2e) are described briefly below.
The coupled models are referred to by their designations
in Table 1: COLA high, COLA medium, CCM medium,
ECHAM high, and ECHAM medium.

a. Ocean model

The ocean model is version 3 of the GFDL MOM
(Pacanowski and Griffies 1998), afinite-differencetreat-
ment of the primitive equations of motion using the
Boussinesq and hydrostatic approximations in spherical
coordinates. The domain is that of the World Ocean
between 74°S and 65°N. The coastline and bottom to-
pography are realistic except that ocean depths lessthan
100 m are set to 100 m, and the maximum depth is set
to 6000 m. The artificial high-latitude meridional bound-
aries are impermeable and insulating. The vertical mix-
ing scheme is the nonlocal K-profile parameterization
of Large et al. (1994). The horizontal mixing of tracers
and momentum is Laplacian. The momentum mixing
uses the space-time-dependent scheme of Smagorinsky
(1963) and the tracer mixing uses Redi (1982) diffusion
along with Gent and McWilliams (1990) quasi-adiabatic
stirring.

The two versions of the ocean model used in this
comparison differ only in resolution and are referred to
in the following as the *“*high”- and **medium’’ -reso-
Iution versions. The medium-resolution version wasalso
used in the coupled simulations described by Kirtman
et al. (2002). The zonal resolution of the high-resolution
version is 1.0°, while that of the medium-resolution ver-
sion is 1.5°. In the high-resolution version, the merid-
ional grid spacing is 1/3° between 10°S and 10°N, grad-
ually increasing to 1.0° at 30°N and 30°S and fixed at
1.0° in the extratropics. In the medium-resolution ver-
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sion, the meridional grid spacing is 0.5° between 10°S
and 10°N, gradually increasing to 1.5° at 30°N and 30°S
and fixed at 1.5° in the extratropics. The high-resolution
version has 40 levels in the vertical, with 27 levelsin
the upper 450 m, while the medium-resolution version
has 25 levelsin the vertical, with 17 levels in the upper
450 m. The diffusivities provided by the Smagorinsky
momentum mixing scheme are functions of the hori-
zontal resolution.

CCM medium
1.5° X 1.5° 25 levels

athan and Downey

(1986)
Zhang and McFarland

(1995)
Hack (1994)
(1993)

diagnostic

1996)
spectral T42 18 levels
Kiehl et al. (1996, 1998)

CCM3.6 (Kiehl et a.
hybrid sigma—pressure
Briegleb (1992); Raman-
Holtslag and Boville

b. Coupling and computational aspects

The atmospheric model provides heat, momentum,
fresh water, and surface solar flux to the ocean model.
The ocean model provides SST to the atmosphere. In-
formation is exchanged between the atmosphere and
ocean once daily. No empirical correctionswere applied
to the fluxes provided by the atmosphere to the ocean.
The COLA and CCM coupled models use the coupling
software provided with MOM3 for interpolation be-
tween the atmosphere and ocean model grids. The
ECHAM coupled model uses the Ocean Atmosphere
Sea Ice Soil (OASIS) coupling software (Terray et al.
1999) that is produced by the European Centre for Re-
search and Advanced Training in Scientific Computation
(CERFACS).

In the COLA coupled model, the SST seen by the
atmosphere is the SST of the ocean model plus a spa-
tially dependent, time-independent term that correctsfor
the spectral truncation error that produces nonzero el-
evation of the lower boundary of the atmosphere over
the ocean and associated unrealistic features in the pre-
cipitation distribution (K. Campana and M. Kanamitsu
1987, personal communication). The correction has the
value (—6.5 X z,.,)°K, where z, is the height of the
atmospheric lower boundary in kilometers. Corrections
are not applied explicitly to the SST in the ECHAM
and CCM coupled models but are included implicitly
in the representation of the topography.

Other CGCM forecast models that do not use em-
pirical corrections at the atmosphere—ocean interface
have been developed at the European Centre for Me-
dium-Range Weather Forecasts (ECMWF; Stockdale
1997; Stockdale et al. 1998) and the Bureau of Mete-
orology Research Centre (BMRC; Wang et al. 2002).

medium

1.5° X 1.5° 25 levels

ECHAM

high

1° X 1°, 40 levels
Fouquart and Bonnel (1980); Morcrette et al.

(1986)
Louis (1979); Brinkop and Roeckner (1995)

ECHAMA4.5 (Roeckner et al. 1996)
Tiedtke (1989); Nordeng (1994)
Rockel et al. (1991); Roeckner (1995)

spectral T42 19 levels
hybrid sigma—pressure

Tiedtke (1989); Nordeng (1994)
prognostic

medium

TABLE 1. Coupled-model configurations.
1.5° X 1.5° 25 levels

Cola

high
1° X 1° 40 levels
vardahn et al. (1987)

Kiehl et al. (1994, 1996); DeWitt and Schneider
(1996)

Lacis and Hansen (1974), Davies (1982); Harsh-
Moorthi and Suarez (1992); DeWitt (1996)
Mellor and Yamada (1982), level 2.0

COLA V2 (Schneider 2002)
spectral T42 18 levels
sigma

Tiedtke (1984)

diagnostic

c. Initial conditions

lar; terrestrial)

levels)
Version

ties

Initial conditions for the high-resolution ocean were
taken from a 1980—99 ocean data assimilation produced
at GFDL using variational optimal interpolation (Derber
and Rosati 1989). The ocean model used for the data
assimilation was identical (except for changes intro-
duced for coupling) to the high-resolution version of
the ocean model used in the forecasts. The OGCM was
spun up for 20 yr using observed climatol ogical bound-
ary conditions to initialize the assimilation. The initial
conditions for the medium-resolution ocean were pro-

Resolution (lat X lon,
Structure

Vertical coordinate
Radiative transfer (so-
Deep convection
Shallow convection
Turbulent diffusion
Cloud water

Cloud radiative proper-

Model

AGCM properties

OGCM
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duced by linear spatial interpolation of the high-reso-
lution initial conditions. All forecasts used the unper-
turbed initial states directly from the analysis.
Atmospheric initial conditions were taken from long
simulations made with the respective AGCMsforced by
the observed time-dependent SST. The upper-ocean heat
content is thought to contain the memory of the coupled
system, at least in the equatorial ocean (e.g., Schneider
et a. 1995), which provides a justification for using
analyses of the ocean, together with a “‘balanced” at-
mosphere, as the initial states for the forecasts.

d. Cases and verification

Forty cases of forecasts were made with each of the
five coupled models with 1 January and 1 July 1980—
99 initial conditions, one 12-month forecast for each
model and initial condition. Since the skill of the pre-
dictions depends strongly on the time of year of the
initial state, results from the 1 January and 1 July initial
conditions are presented separately, as are summary re-
sults for both initial times taken together. Results from
the COLA model forecasts are also described in Schnei-
der et al. (2001).

In addition to the cases described in the previous
paragraph, two additional ensembles of 6-month fore-
casts were generated, one using COLA medium and the
other using ECHAM medium. Each ensemble consisted
of four perturbed initial condition cases for each of the
1 January initial states. The perturbations were in the
atmospheric initial states only, obtained successively by
integrating the AGCM for a day, and then resetting the
internal clock of the AGCM to the initial time. These
additional cases allow comparison of the effects of av-
eraging across five-member multimodel and five-mem-
ber single-model ensembles.

Long simulations were made with each of the me-
dium-resolution coupled models. Multidecadal samples
from these coupled simulations (50 yr for COLA me-
dium, 40 yr for CCM medium, and 20 yr for ECHAM
medium) were used to determine features of the simu-
lated model climates.

The Smith et al. (1996) SST and the GFDL ODA
were used for verification of the forecasts. Anomalies
were calculated relative to the 1980-99 climatology.
Skill was measured by anomaly correlation (correlation
of the time series of observed and forecast anomalies)
and rms error.

e. Atmospheric model surface fluxes

Comparison of the surface heat and momentum fluxes
of the different AGCMs when forced by observed SST
hel ps to understand the different systematic errorsin the
coupled models. Schneider (2002, hisFig. 11) compared
the annual mean surface stresses and net heat fluxes
from simulations with COLA V2 and CCM3 forced by
the climatological annual cycle of SST. COLA V2 pro-
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duced an easterly wind stress on the ocean that was
about 0.1 dyn cm~2 weaker (more westerly) in the cen-
tral and western equatorial Pacific than that produced
by CCM3. The net heat flux into the ocean produced
by COLA V2 was larger than that produced by CCM3
in the eastern equatorial Pacific, with differencesof +40
W m~2 near 120°W, and smaller than CCM3's in the
western equatorial Pacific, with differences of —20 W
m~2 near 160°E. COLA V2 aso produced weaker equa-
torial Pacific easterliesthan the ECHAMA4.5 (not shown)
by about 0.3 dyn cm~2 near 160°W and larger net heat
flux throughout the equatorial Pacific, with differences
reaching +50 W m~2 near 160°W and +20 W m~2 near
160°E. The major differences between CCM3 and
ECHAMA4.5 were stronger easterliesin the central equa-
torial Pacific for ECHAMA4.5 and larger net heat flux
into the western equatorial Pacific for CCM 3. These flux
differences led to several degrees difference between
the equatorial Pacific annual mean SST in the long cou-
pled simulations (COLA medium SST was warm rel-
ative to CCM medium and ECHAM medium), differ-
ences in the mean east—west slope of the equatorial Pa-
cific thermocline (COLA medium slope was weaker
than CCM medium and ECHAM medium), and differ-
ences in the annual cycle of equatorial Pacific SST. Ef-
fects of the flux differences on the simulated ENSO
variability in the long coupled simulations were also
large (see section 4).

3. Results

In this section, the systematic errors (section 3a) and
forecast skill of the SST anomalies (SSTAS) (sections
3b, c) and heat content anomalies (section 3d) from the
different models are described and compared. Addi-
tionally, the skill of a multimodel averaged forecast,
generated as the arithmetic mean of the results from the
five models and referred to as ** Consensus,” isincluded
in the comparisons. Evaluation of more sophisticated
statistical approaches for combining the results from the
different models, such as those described by Krishna-
murti et al. (2000) and Kharin and Zwiers (2002), is
not considered here. The multimodel Consensusiscom-
pared to the ensemble means from five-member single-
model ensembles for two of the models, and these sin-
gle-model ensembles are also used to compare the in-
fluence of the different AGCMs in the two models (sec-
tion 3e).

a. Systematic error of SST

Each coupled model has large systematic SST errors.
These systematic errors are initially zero and evolve
with time. The systematic error behavior also depends
on the date of the initial condition. The average of each
ensemble of forecasts as a function of model and start
day (the average forecast evolution), which is equiva-
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~

Initial Cenditions

Fic. 1. Evolution of the SST in the region 2°S-2°N, 140°-120°W for each of the models and
for observations. (top) Average over the 1 Jan initial condition retrospective forecasts and (bottom)
average over the 1 Jul initial condition retrospective forecasts.

lently the sum of the systematic error and the annual
cycle, is removed to obtain the predicted SSTA.

The average forecast evolutions of SST in a region
in the eastern Pacific near 130°W at the equator (2°S-
2°N, 140°-120°W) are shown in Fig. 1. Thisregion was
chosen because the largest systematic errors occur there
and because the index is representative of the equatorial
SST systematic errors throughout the central and eastern
Pacific for all of the models. The model evolution is
compared to the observed mean evolution over the same
period (i.e., the annual cycle of SST for 1980—99). The
difference of forecast minus observed evolution is in-
terpreted as the systematic error of the model mean.
Figure 1 shows that there is a strong dependence of this
systematic error on AGCMs, but little dependence on
ocean model resolution.

The COLA models have a warm bias in the eastern
Pacific. For 1 January initial conditions, the COLA
models warm throughout the 12-month forecast period,
but the systematic error is small for the first few months
since the observed annual cycle is also an increasing

SST in the eastern Pecific. Later in the year, the COLA
models continue to warm, whilethe observed SST cools,
and the error becomes large. For 1 July initial condi-
tions, both COLA model SSTs peak in the winter, and
then the systematic error begins to decrease. This be-
havior can be simply described as a drift toward the
model’s somewhat weak in amplitude climatol ogical an-
nually varying SST (shown in Kirtman et al. 2002). The
drift has about a 6-month timescale. Contrasting with
the behavior in the Pacific, the average forecasts in the
Indian and Atlantic Oceans (not shown) are phase
locked to the calendar year more or less as observed,
independent of start date. This is consistent with the
smaller Indian and Atlantic Ocean errorsin the coupled
model climatology found in simulation mode (the long
simulation described in section 2e) and consequently
smaller drift in the forecasts.

In contrast to the COLA models, the ECHAM and
CCM coupled models cool initidly relative to obser-
vations and remain cold throughout the forecast period.
After theinitial few months, the ECHAM SSTs roughly
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parallel the observed SST for both the 1 January and 1
July initial conditions, while the average CCM forecast
is not phase locked to the annual cycle, cooling for the
first 6 months and then warming slightly for both sets
of initial conditions.

The spatial structure of the SST systematic error (not
shown) is an El Nifo-like wedge of warm water in the
central and eastern Pacific for the COLA models. The
ECHAM and CCM models have cold errors confined
to a narrow band along the equator, extending from the
eastern Pacific into the western Pacific. The broader
structure of the COLA model errors could be indicative
of errorsin the AGCM heat flux, while the equatorially
confined structure of the ECHAM and CCM errorscould
indicate equatorial easterly wind stresses that are too
strong (Schneider 2002).

The different forecast models have a wide range of
systematic SST errors and systematic error evolution,
with the COLA models having a warm bias, and the
ECHAM and CCM models having cold biases. How-
ever, as will be seen below, after the systematic evo-
lutions are removed, it becomes more difficult to dis-
tinguish the forecasts of the anomalies by the different
coupled models. Drifts occur not only in the mean state
and annual cycle but also in the magnitude of the var-
iability (see section 4).

b. Nifio-3 SSTA retrospective forecasts

Anomaly correlations for the forecast SSTA in the
Nifio-3 region are shown in Fig. 2, and rms errors are
shown in Fig. 3. These scores and others presented be-
low are calculated using monthly mean data, so that
what is referred to as the 1-month lead time forecast is
the prediction of the first-month average. The anomaly
correlations and rms errors for persistence forecasts are
also shown. Persistence forecasts (called ** Persistence”
hereafter) are made from the monthly mean temperature
averaged over the month prior to the date of initiation
of the dynamic model forecast (i.e., December mean
temperatures for 1 January initial conditions and June
mean temperature for 1 July initial conditions). Since
the ENSO variability is quasiperiodic, negative corre-
lations for Persistence at lead times comparable to half
the ENSO period (1-2 yr) contain useful information.
This can be taken into account below by using the ab-
solute value of the Persistence correl ation asthe measure
of Persistence forecast skill against which to test the
dynamical forecasts. However, the issue of negative cor-
relation is not important for the evaluation of thesefore-
casts.

The anomaly correlations show a strong seasonal de-
pendence, with evidence of what has been termed the
“spring prediction barrier’” (Webster 1995; Chen et al.
1995). The anomaly correlations of Nifio-3 SSTA fore-
casts with 1 January initial conditions (Fig. 2b) decay
rapidly, losing ““‘useful’” skill (anomaly correlation de-
creasing below 0.6) in 3-6 months, depending on at-
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mospheric model, whereas the forecasts from 1 July
initial conditions (Fig. 2c) are skillful for al individual
models for more than 9 months.

The forecast performance appears to depend more on
the atmospheric model than the ocean resolution, es-
pecially when stratified by initial conditions. However,
the sample size for the individual initial conditions (20
cases) is small, so that results are statistically distin-
guishable only at relatively weak significance levels.
Detailed results from significance tests are described in
section l1a of appendix A.

As shown in Fig. 2, the Consensus anomaly corre-
lation is always the highest or very close to the highest.
There are some limited time periods when the Consen-
sus anomaly correlation is exceeded slightly by one or
another of the models or by Persistence.

The Nifio-3 SSTA rms errors (Fig. 3) show little to
distinguish one model from another. After the first 3
months, the model forecasts have smaller errors than
the Persistence or Climatol ogy (zero anomaly) statistical
forecasts (choosing whichever has smaller error) for ei-
ther al initial conditionstaken together or for July initial
conditions. However, for January initial conditions the
individual model forecasts have comparable rms errors
to the statistical forecasts at all lead times out to 12
months. The rms error of Consensus is consistently
smaller than that of any of the individual models or
statistical forecasts. Significance tests are described in
section 1b of appendix A.

c. Regional skill for SST anomalies

Point correlations (anomaly correlation with the anal-
ysis evaluated at each point in space, averaged over
time) for SSTAs are described in this subsection (sig-
nificance testsin appendix A, sections 3a,b) and for heat
content in section 3d (significance tests in appendix A,
sections 3d,e). Also, the individual forecasts by each
model for four specific cases at 6-month lead are pre-
sented in appendix B.

The SSTA correlations for al initial conditions, com-
puted as a function of lead time, are shown in Figs. 4
and 5 for 3- and 6-month leads, respectively. Correla-
tions with magnitude >0.3 are significantly different
from zero at the 10% level. Correlations <—0.4 and
>0.4 are shown by colored shading, with negative val-
ues alowed in order to show regions where the forecasts
convey information concerning quasi periodic processes
or mismatch of spatial structure. However, large nega-
tive correlations are rarely found.

The 3-month-lead correlations for the model forecasts
are similar for all model versions (Figs. 4c—g) in both
theregional distribution and magnitude. Correlationsare
above 0.6 for much of the near-equatorial central and
eastern Pacific.

The model forecasts for 6-months lead time (Fig. 5)
have correlations exceeding 0.6 in aregion restricted to
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Anomaly Correlation

All ICs

£
(a)

COLA High
COLA Med
ECHAM High
ECHAM Med
GCM Med
Consensus —— —

Persistence

—0.2,

sep 0-‘3'\
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Foreca

nov dec jan feb mar

st Month

Fic. 2. Nifio-3 SSTA correlations between retrospective forecasts and analysis for the models,
Consensus, and Persistence as a function of lead time: (a) All initial conditions combined, (b) 1
Jan initial conditions, and (c) 1 Jul initial conditions.

the eastern equatorial Pacific and slightly weighted to-
ward the Southern Hemisphere.

The 3- and 6-months-lead January and July initial
state Consensus SSTA correlations are shown in Fig. 6.
All of the models and Persistence have similar patterns
(not shown) for the corresponding initial conditions and
lead times.

While some statistically significant differences are
found for SSTA correlations from models with different
AGCMs, results from models with the same AGCM
(COLA high versus COLA medium and ECHAM high
versus ECHAM medium) are statistically indistinguish-
able.

The significance of a spring prediction barrier for

SSTAs is examined by testing the hypothesis that the
July initial condition Consensus correlation is higher
than the January initial condition Consensus correlation
for equivalent lead times (appendix A, section 2¢). The
statistical test provides support for the notion of aspring
prediction barrier for SST in this set of forecasts.

d. Evaluation of heat content predictions

The evolution of the predicted upper-ocean heat con-
tent (defined here asthe vertically averaged temperature,
a measure of the thermocline depth) is primarily the
response of the ocean to the evolution of the wind stress.
Heat content anomalies were available from the verti-
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COLA High

COLA Med

ECHAM High
ECHAM Med — —

CCM Med

Consensus —— —

Persistence

Climatology ----------

nav dec jan feb mar opr may jun

Fic. 3. Rms errors of retrospective forecasts of Nifio-3 SSTAs for the models, Consensus,
Persistence, and Climatology (zero-anomaly retrospective forecast), as a function of lead time:
(a) All initial conditions combined, (b) 1 Jan initial conditions, and (c) 1 Jul initial conditions.

cally averaged temperature over the top 250 m for
COLA medium, CCM medium, and the GFDL ODA,;
over the top 300 m for COLA high; and over the top
200 m for the ECHAM models. Heat content anomalies
were produced for each by removal of the annual cycle.

Figures 7 and 8 show the correlations of the heat
content anomaly forecasts for all initial conditions at 3-
and 6-months lead, respectively. The individual models
are able to make predictions of the heat content anom-
alies equal to or better than Persistence in similar re-
gions. In the Tropics at 3 and 6 months, these regions
include the tropical Pacific south of the equator, the
eastern equatorial Pacific, the western tropical Pacific
to the north of the equator, the tropical Indian Ocean to

the south of the equator, and the equatorial Atlantic. All
of the models as well as Persistence have difficulty fore-
casting the equatorial Pacific heat content near the date
line; however, the COLA coupled models appear to have
the most difficulty forecasting this quantity at 6-months
lead time. Theregionsof high correlation of heat content
and SST correspond in the far eastern Pacific, but not
in the equatorial central Pacific, where at 3 months for
all models and 6 months for the COLA models, SST
but not heat content correlations are high. The coupling
of heat content and SST anomalies in the far eastern
Pacific is similar to that usually assumed in simple in-
termediate coupled models, while the decoupling of heat
content and SST anomalies in the central equatorial Pa-
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cific is consistent with an important role for zonal ad-
vection in the SSTA budget there (Huang and Schneider
1995; Picaut et al. 2001). As in the case of SST, Con-
sensus provides the best and most coherent heat content
forecast statistics. The 6-month lead time Consensus
forecast (Fig. 7b) has correlations >0.6 over most of
the Pacific within 15° latitude of the equator, with the
region of high correlation centered on the equator to the
east of the date line and in bands flanking the equator
in the western Pacific. This structure also occursin the
separate model forecasts, although it is less coherent.

The 3- and 6-months-lead January and July initial
state Consensus heat content anomaly correlations are
shown in Fig. 9. The models and Persistence have sim-
ilar patterns (not shown) for the corresponding initial
conditions and lead times.

While some statistically significant differencesin heat
content correlations are found from models with dif-
ferent AGCMs, results from models with the same
AGCM (COLA high versus COLA medium and

ECHAM high versus ECHAM medium) are statistically
indistinguishable.

The significance of aspring prediction barrier for heat
content is examined by testing the hypothesis that the
July initial condition Consensus correlation is higher
than the January initial condition correlation for equiv-
alent lead times (appendix A, section 2f). The statistical
test provides support for the notion of a spring predic-
tion barrier for heat content as well as SST in this set
of forecasts.

e. Sngle-model ensembles

Data for a comparison of the effect of single-model
versus multimodel ensembling on forecast skill was pro-
duced by making five-member ensembles out to 6-
months lead time from 1 January initial conditions for
both the ECHAM medium and COLA medium models.
These ensembl es consisted of the original case plusfour
additional forecasts for the respective models. Initial
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state perturbations for the AGCMs were generated as
described in section 2e. The Nifio-3 correlations for the
multimodel consensus and single-model ensemble
means are shown in Fig. 10. Results are described in
detail in appendix C. Only one significant differencein
skill between the five-model multimodel ensemble and
the five-member single-model ensembleswasfound: the
3-month-lead western Pacific heat content was better
predicted by Consensus than the ECHAM ensemble.
The comparison between multimodel and single-model
ensembles demonstrates that both approaches lead to
improvement. Although there is no clear statistical dis-
tinction between the two types of ensembles, perhaps
because of the small sample size, there is a suggestion
that the benefits can occur in different regions for each
approach, as would be expected if the effect of multi-
model ensembling was to reduce the systematic forecast
errors.

4. Relationships between systematic error and
forecast error

An evaluation of the effects of systematic model er-
rors on the forecasts is made from a comparison of

statistical properties of the forecasts with those of long
simulations made with several of the coupled models.

The evolution of the standard deviation of anomalies
from the mean annual cycle in the equatorial Pacific for
analysis, Consensus, and the separate models is shown
in Fig. 11 for SST and in Fig. 12 for heat content. The
results are stratified into January and July initial con-
ditions. This measure of model variability is computed
by averaging the square of the anomalies over the 20
January and July initial condition cases as a function of
lead time (i.e., month of year) and then taking the square
root. Anomalies are calculated by removing the mean
annual cycle as before. If the model and initial condi-
tions were perfect, then this measure of the model var-
iability would have the same annual cycle as the anal-
ysis. Differences between the forecasts and analysis can
be due to either errorsin theinitial conditions or errors
in the model formulation (model error), or both.

For comparison, the annual cycle of the standard de-
viation of SST and heat content anomalies calculated
from multidecadal samples taken from long integrations
with the COLA medium, CCM medium, and ECHAM
medium models are shown in Fig. 13. If the models
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Fic. 10. Asin Fig. 2, but for the five-case single-model and
multimodel ensemble mean retrospective forecasts.

were perfect, then this measure of the model variability
would be close to that of the analysis shown in Figs.
1laand 12a. Large differences between the analysisand
the simulations are presumed to be due only to model
error. When the model is started from observed initial
conditions, which are far from the model’s simulated
climate, the expectation is that there will be an ““initial
shock™ followed by some period of adjustment, after
which the properties of the variability will approach
those found in the long simulations. Exactly how fast
and in what manner this adjustment proceeds will de-
termine in large part how model error evolves and de-
grades forecasts made from analyzed initial conditions.
Comparison of model variability in forecast mode with
variability in simulation mode then gives information
on how model error degrades potential forecast skill but
does not address the role of initial condition error.

None of the model simulations produces particularly
realistic equatorial Pecific variability in simulation
mode. Comparison of the SST variability of Figs. 11a
and 13 (left column) shows that the models' SST var-
iability is weak relative to the analysis, especially for
CCM medium. Also, COLA medium simulates a boreal
summer maximum near 120°W instead of a spring max-
imum near 90°W, as observed. The location and phasing
of the ECHAM variability compares best with the anal-
ysis, but the amplitude is weak. Comparison of Figs.
12a (left) and 13 (right) also shows that the heat content
variability in simulation mode is also unrealistically
weak, especially for CCM medium. Initial SST and heat
content anomalies with the observed magnitude are then
not compatible with the coupled models’ lower level of
equilibrium variability.

All of the models experience an initial shock in SST
to varying degrees for January initial states (Figs. 11c—
0, left). Maximum SSTA variability occurs near the be-
ginning of the forecasts (January—February) and decays
strongly thereafter. Examination of Fig. 13 (left-hand
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column) confirms that thisinitial variability isfar larger
than found in the models’ equilibrium level of internal
variability. The initial shock is particularly prominent
for COLA medium and CCM medium. The effects of
the initial shock extend through at least several-months
lead time. The COLA models forecast SSTA variability
(Figs. 11c,d) beginsto resemblethat from the simulation
(Fig. 13a) after about 6-months lead time, with a sec-
ondary maximum in September—October—November
(SON), which, as is the case in simulation mode, is
weaker, and several months and several tens of degrees
longitude displaced from the analyzed April maximum.
Effects of theinitial shock inthe ECHAM models (Figs.
11e,f) also seem to last several months, and the evo-
lution of variability begins to resemble that in the long
simulation (Fig. 13b) in the latter part of the forecast.
In the case of CCM medium (Fig. 11g), however, the
model does not relax to near its simulated climatol ogy
(Fig. 13c) out to 12-months lead, and an unrealistic
secondary maximum of SST variability developsin the
eastern Pacific at about 6-months lead. Consensus (Fig.
11b) also contains a strong initial shock and does not
resemble the observed variability.

The forecast heat content variability for January ini-
tial conditions (Figs. 12c—g, left) also shows evidence
of initial shock when compared to the variability in
simulation mode (Fig. 13, right). The variability isini-
tialy larger than in simulation mode. The COLA and
ECHAM variability appears to adjust towards the sim-
ulation pattern after about 10-months lead. CCM me-
dium maintains a higher level of variability than in the
simulation out to 12-months lead. Consensus variability
merely decays toward zero.

The July initial condition forecasts appear to suffer
lessinitial shock than the January initial condition cases.
The SST variability (Figs. 11c—g, right) near the July
initial conditionsis not as large as in the January initial
condition cases, although all models still exceed the
observed variability at 1-month lead. The COLA models
(Figs. 11c,d) approach the weaker simulation mode pat-
tern at about 3-months lead, while the ECHAM (Figs.
11ef) and CCM (Fig. 11g) models maintain observed
levels of variability, substantially larger than that in sim-
ulation mode, out to about 8-monthslead. CCM medium
develops spurious variability in the west-central Pacific
at about 5-months lead, similar to the behavior in the
January initial condition case. Consensus variability
also resembles the observed before decaying strongly
at about 8-months lead. The July initial conditions heat
content variability (Figs. 12c—g, right) behaves much
more realistically than that for the January initial con-
ditions out to the following spring, with the models
showing less evidence of initial shock than in the Jan-
uary cases, despite having larger variability thanin sim-
ulation mode and each producing an eastward propa-
gating maximum in the eastern Pacific in boreal winter
of amplitude closeto 2°C. Consensusvariability ismain-
tained out to about 8-months lead.
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Fic. 11. Longitude-time sections of the evolution of the std dev of SST anomalies (°C) in the
equatorial Pacific as a function of month of year for analysis and retrospective forecasts: (a)
analysis 1980-99, (b) Consensus, (c) COLA high, (d) COLA medium, (¢) ECHAM high, (f)
ECHAM medium, (g) CCM medium. Model results in left-hand column are averaged over cases
with Jan initial conditions, and in right-hand column the averages are over the cases with Jul

initial conditions. Time increases upward in ()—(g).

The July initial condition forecasts suffer less from
initial shock than the January initial condition forecasts.
The model climate seems to be more sensitive to initial
imbalances and amplifies them more strongly in January
than July. However, spring appears to be a barrier to
variability aswell asforecast skill, so that the variability
is damped to the simulation amplitude only during that
part of the year. This property of the forecast variability
does not appear not to depend strongly on the sign of
the drift error of the mean state SST.

Another problem that could have implications for
making forecasts with the coupled models is that the 3-

month lead time forecasts (Fig. 4) are inferior to per-
sistence over much the World Ocean (although the num-
ber of cases is not large enough for many of these dif-
ferences to be statistically significant). The persistence
correlations of the observations can be considered to be
an intrinsic statistic of the climate system (e.g., 3-month
lag autocorrelation relative to December and June). The
inferior performance of the models could apriori be due
to either problems with the initial state/initialization or
to errorsin the coupled-model physics that would cause
the models to have different statistical properties than
nature. To examine the latter possibility, the persistence
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Fic. 12. Asin Fig. 11, but for std dev of heat content anomalies (°C).

statistics were calculated from the multidecade simu-
lations with the COLA medium, ECHAM medium, and
CCM medium models. The correlations of persistence
forecasts of SSTAs in the long integration were found
for December and June initial states for 3-month lead
time, using data from the model evolutions (i.e., the
same start and end months asin the Persistenceforecasts
shown in Fig. 4a). This procedure is equivalent to find-
ing the 3-month lag autocorrel ations of the model SSTA.
If the model is correctly simulating the statistical prop-
erties of the natural system, then these lag autocorre-
lations should be the same as those found from evalu-
ation of the observed SST evolution. The results are
shown in Fig. 14. Comparison of Figs. 14 and 4a shows
that the coupled models are less persistent than nature
throughout the Tropics. This is a (statistically signifi-

cant) systematic error in the higher-order statistics of
the model that is probably responsible, at least in part,
for the poor performance of the model predictions with
respect to persistence. We do not know at this time
whether thislack of simulated persistenceisdueto prob-
lems with the AGCM (e.g., too much wind stress or
heat flux variability), the OGCM (e.g., mixed-layer
depth too shallow), or the coupled system.

5. Conclusions

Sets of forty 12-month retrospective forecasts of SST,
20 starting on 1 January 198099 and 20 starting on 1
July 198099, have been performed using severa cou-
pled atmosphere—ocean GCMs differing in the AGCM
or the resolution of the OGCM. The systematic errors
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Fic. 13. Longitude-time sections of the annual cycle of the std dev of (left) SST anomalies
(°C) and (right) heat content anomalies (°C) in the equatorial Pacific from long simulations with
the coupled models: (a) COLA medium, (b) ECHAM medium, (c) CCM medium. Time increases

upward in (a)—(c).

of the coupled predictions are large, seasonally depen-
dent, and clearly a function of the AGCM—the COLA
models have a strong warm bias, CCM a strong cold
bias, and ECHAM a moderate cold bias. Although the
sample size is too small to distinguish between the re-
sults from different models with a high level of signif-

SST CGCM Persistence 3 Month Lead

icance, the skill in predicting the anomalies appears to
depend mostly on the AGCM and not the resolution of
the OGCM. Retrospective forecast results from ensem-
bles made with the same AGCM but different OGCM
resolution are statistically indistinguishable from each
other at the 10% level. Results from ensembles made

04 06

D.E [X]

FiG. 14. Three-month lag autocorrelation for long runs of the coupled GCMs: (2) COLA medium,
(b) ECHAM medium, (¢) CCM medium, for Dec (-Mar) and Jun (-Sep) base (—end) months.
These are the statistics of perfect-model Persistence retrospective forecasts corresponding to

Fig. 4a.
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with different AGCMs, regardless of the OGCM reso-
lution, can be distinguished from each other at the 10%
level in some situations, athough the percentage area
covered by regionally coherent significant differences
is small.

No single model is consistently better than all of the
others—different models perform best, based both on
anomaly correlation and rms error, depending on lead
time, initial time, and location. A summary of significant
differences found between models for SST is that the
ECHAM models tended to be better than the COLA
models in the eastern and central equatorial Pacific,
whereas the COLA models and CCM medium tended
to be better than the ECHAM models in the western
Pacific. For equatorial Pacific heat content, the ECHAM
model s tended to be better than the COLA models (east-
ern and central Pacific) and CCM (eastern and western
Pacific), and there were situations in which CCM was
better than ECHAM or COLA in the central Pacific. If
the number of caseswas extended to order 100 or greater
and the correlation levels found in the extended ensem-
bles remained similar to those found here, statistical
significance would be greatly improved and more pre-
cise and useful conclusions could be made.

The Consensus forecast, defined as the arithmetic av-
erage of thefive separate model forecasts, isconsistently
(but not always) superior to any single model. In many
situations, the improvement over individual models
from the multimodel Consensus is statistically signifi-
cant. The improvements from multimodel averaging are
expected to be due to the reduction of systematic errors
in the variability caused by model deficiencies, as well
as reduction in noise, while improvements from aver-
aging over an ensemble made with a single model are
due to improving the signal-to-noise ratio. A limited
comparison between Consensus and five-member sin-
gle-model ensembles made with two of the models for
January initial conditions yielded some statistically sig-
nificant relationships. However, the sample size was not
large enough to clearly distinguish between the multi-
model Consensus and the single-model ensembles.
While simple averaging is an effective way of combin-
ing forecasts, more sophisticated statistical techniques
could help even more. One obvious approach to pursue
for producing improved forecasts is then to optimally
and intelligently combine ensembles of forecasts made
with different models (e.g., Krishnamurti et al. 2000;
Kharin and Zwiers 2002).

The forecast skill is also seasonally dependent, with
the “spring prediction barrier” playing an important
role. A spring prediction barrier in both SST and heat
content was found to be supported by statistically sig-
nificant differences between point correlationsfrom Jan-
uary and July initial conditions at equivalent lead times.

In any retrospective forecast study, there are several
potential sources of artificial skill because of explicit
and implicit use of dependent data in the forecast eval-
uation. The sources of artificial skill that we are aware
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of in the results described here include 1) prior tuning
of the atmospheric models and ocean models using ob-
served data from the forecast period, 2) computing
anomalies relative to the average of all forecasts inde-
pendently for each model and initial condition date, and
3) verification against the ocean data assimilation in
regions of sparse observational data and, consequently,
comparison of model against model. We feel that the
artificial skill introduced by these proceduresis probably
minor. Real-time prediction and dissemination of the
predictions and verification of a sufficient sample of the
real-time forecasts is the only sure way to eliminate
problems of artificial skill or worse. This approach,
however, will necessarily require a reasonable sample
of future ENSO events to produce definitive results.

There are several problems that stand out in the cou-
pled models. First, the models have severe systematic
errors in the mean SST that develop on the timescale
of months. These systematic errors can lead to errors
in the forecasts in several ways. One possible effect is
that mean state errors in tropical SST can cause erro-
neous coupling between the atmosphere and ocean. For
example, SST errors in key regions will lead to con-
vection occurring in the wrong locations, producing er-
roneous surface wind stress and heat fluxes that will
further amplify the SST errors.

Additional problems appear in higher-order statistics.
The coupled models were shown to produce erroneous
SST and heat content variability (primarily too little) in
the tropical Pacific in simulation mode, as well as SST
lag autocorrelations that were erroneously small. The
coupled system will therefore necessarily be out of bal-
ance when observed initial conditions are used for the
ocean, since thisinitial state is not compatible with the
climate of the coupled model. The coupled model will
then experience an initia shock that could be trans-
mitted rapidly to remote locations by oceanic wave
propagation and lead to degradation of the forecastsboth
locally and remotely through coupled interactions. Ev-
idence was presented from the forecasts that there is a
more severe initial shock for January than July intial
conditions. From this analysis, it is apparent that the
spring predictability barrier is associated with a spring
variability barrier. The adjustment of the modelsto their
own (weak) variability climatology is not uniform, but
rather occurs mostly in the boreal spring. If this asso-
ciation is important for prediction, then reducing model
error has a large potential for reducing the spring pre-
diction barrier effect and improving skill.

Future research will have to address the problems
enumerated above in order to eliminate potential causes
of forecast error. There are some ad hoc fixes that have
already been developed to address the problems of sys-
tematic error of the mean SST and initial shock. The
procedure of anomaly coupling has been used for some
time (Ji et a. 1994; Kirtman et al. 1997) to minimize
mean SST errors, and initial shock has been reduced by
the technique of anomaly initialization (Latif et al. 1993;
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Schneider et al. 1999). However, the problems of the
role of erroneous equilibrium variability and of errors
in the lag autocorrelation of simulated SST and their
relationship to the model predictions have not previ-
ously been emphasized. Consequently, ways of reducing
these errors have not yet been developed.
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APPENDIX A

Statistical Significance Tests

Theresultswere tested for significance using standard
t and F tests, with the number of degrees of freedom
taken to be the number of cases in the sample. Since
the number of cases is small (either 20 or 40), a sig-
nificance level of 10% was used to test the hypotheses
that statistics are different or that one statistic isapriori
larger than another.

1. Significance of Nifio-3 SSTA correlations and
rmserrors

a. Nifio-3 SSTA

Statistical significance tests were applied to the sta-
tistical hypotheses that correlations in Fig. 2 are dif-
ferent from zero, that correlations are different from
each other, that Consensus is higher than other corre-
lations, and that Persistence is lower than other corre-
lations. At 3-months lead for January initial conditions,
the only differences that are significant are between the
ECHAM medium and both COLA models, ECHAM
high and COLA high, and Persistence and COLA high.
Consensus is better than COLA high. At 6-months lead,
none of the models are distinguishable from the others
or Consensus, although Consensusis significantly better
than Persistence. Consensus remains statistically higher
than zero out to 12-months lead time. For the July initial
condition cases, none of the correlations are statistically
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distinguishable from each other at 3-months lead. At 6-
and 9-months lead, the models and Consensus are not
statistically different; however, the Consensus correla-
tion is higher than Persistence. At 12-months lead, only
the Consensus and ECHAM medium correlations are
significantly different from zero. When the ensemble
size is increased to 40 by combining the January and
July initial conditions, ECHAM medium and COLA
high are different at 3-months lead. At 6- and 9-months
lead, the models and Consensus are statistically indis-
tinguishable, and the models and Consensus are better
than Persistence.

b. Nifio-3 rmse

Differences of the rms errors of the Nifio-3 SSTA
predictions shown in Fig. 3 were tested for significance.
For all initial conditions Consensus error is statistically
smaller than that for the other curves in the following
situations: CCM medium and COLA medium 1-5-
months lead and ECHAM high 5-9-months lead. For
January initial conditions, Consensus produces no sig-
nificant improvement. For July initial conditions, Con-
sensus is better than Persistence/Climatology 4-11-
months lead, ECHAM high 2-10-months lead, COLA
high and COLA medium 7-9-months lead, CCM me-
dium 9-11-months lead.

2. Significance of regional skill

a. SSTA: All initial conditions

All initial states are taken together for a sample size
of 40 in significance testing. Results from stratifying
the casesinto 1 January and 1 July initial states (sample
sizes of 20) are also considered. The statistical signif-
icance level of the hypotheses that the correlations differ
between models and that Consensus is better than other
correlations have been evaluated. Comparisons are de-
scribed only when there are subjectively coherent re-
gions significant at the 10% level.

Significant differences in the 3-month-lead correla-
tions (Fig. 4) are as follows: Consensus, COLA high,
COLA medium, and CCM medium correlations are
higher than the ECHAM high or medium correlations
in aregion in the far western Pacific (0°—12°N, 120°—
150°E). Consensus is higher than COLA high in the
eastern equatorial Pacific (5°S-5°N, 170°-110°W).

At 6-months lead (Fig. 5), Consensus has larger cor-
relations than Persistence in the eastern equatorial Pa-
cific, consistent with the higher Nifio-3 anomaly cor-
relations of the models shown in Fig. 2. Consensus is
also better than Persistence in the western Indian Ocean
(40°—60°E near 10°N and 10°S). However, Persistence
is competitive with Consensus, even for 6-months lead
time, in the central equatorial Pacific and the tropical
Atlantic. A small region of significant negative corre-
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lation is found in the far western Pacific in the ECHAM
high forecasts. This results from an SSTA structure that
has equatorial anomalies of the same sign in the western
Pacific as those in the central and eastern Pacific, rather
that of the opposite sign, asin the well-known observed
structure (e.g., Kirtman and Shukla 2002). Consensus
as well as both ECHAM models and CCM medium are
different from (higher than) COLA high and COLA
medium in the equatorial Pacific near the dateline (0°—
7°S, 170°E-160°W). Consensus is superior to ECHAM
medium in the western Pacific (0°-10°N, 140°-160°E).

b. SSTA: January and July initial conditions

For January and July initial conditions separately
(Fig. 6), regions where Consensus gives significant im-
provement and where models are significantly different
from each other are also regions of high correlation in
the relevant Consensus panel of Fig. 6, since differences
between correlationsturn out to be significant only when
at least one of the correlationsis high. At 3-months|ead
for January initial conditions, Consensus (Fig. 6a) is
better than ECHAM high or medium in aregion in the
far western Pacific (0°-12°N, 120°-150°E), and CCM
medium is better than the ECHAM models in these re-
gions. At 6-months lead for January initial conditions,
all cases are statistically indistinguishable. At 3-months
lead for July initial conditions, the COLA models are
better than the ECHAM and CCM modelsin the western
equatorial Pacific (140°-170°E, near 5°N). At 6-months
lead for July initial conditions, Consensus (Fig. 6d) is
better than the COLA models in the central equatorial
Pacific (0°-7°S, 170°E-160°W), the ECHAM and CCM
models are better than the COLA modelsin thisregion,
and Consensus is better than Persistence in the eastern
tropical Pacific.

c. Spring prediction barrier for SSTA

Referring to Fig. 6, at 3-months lead, the July initial
condition correlation (Fig. 6¢) isnot significantly higher
than the January initial condition correlation (Fig. 6a)
in the tropical Pacific. At 6-months lead, the July initial
conditions correlation (Fig. 6d) is significantly higher
than the January initial conditions correlation (Fig. 6b)
throughout much of the eastern equatorial Pacific (date
line—South American coast, 10°S-10°N).

d. Heat content anomalies; All initial conditions

At 3-months lead (Fig. 7), Consensus is better than
Persistence in the bands of high correlation in Fig. 7b
(10°S in the western Indian Ocean, 10°N in the western
Pacific, and the equatorial far eastern Pacific). The
ECHAM models and Consensus are better than the
COLA modelsin the equatorial eastern Pacific (dateline
to South America near the equator). At 6-months lead
(Fig. 8), Consensus is better than Persistence over most
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of the tropical Pacific. All of the other models are better
than the COLA models in the central equatorial Pacific
(5°S-5°N, 170°E-160°W), and Consensus is better than
the COLA modelsin asimilar region that extendsfarther
east—west.

e. Heat content anomalies: January and July initial
conditions

For January and July initial conditions separately
(Fig. 9), regions where Consensus gives significant im-
provement and where models are significantly different
from each other are also areas of high correlation in the
corresponding Consensus panel of Fig. 9. At 3-months
lead for January initial conditions, Consensus (Fig. 9a)
is better than the COLA modelsin the eastern equatorial
Pacific (140°W to the South American coast in anarrow
band near the equator), CCM medium in the eastern and
western Pacific (140°W to the South American coast
and 130°-170°E in narrow bands near 7°N), ECHAM
high in the western Pacific (120°-140°E in a band near
10°N), and Persistence in the Indian Ocean (40°—80°E
in bands near 7°N and 7°S). The ECHAM models are
better than the other models in the respective regions
where correlations for the COLA and CCM models are
lower than Consensus. For January initial conditions at
6-months lead, Consensus (Fig. 9b) is better than Per-
sistence in the central equatorial Pacific (160°E-150°W
at the equator) and in the Indian Ocean (5°S-5°N, 70°—
100°E and African coast—80°E near 10°S). ECHAM me-
dium is better than the COLA models in the central
equatorial Pacific (160°E-140°W in anarrow band along
the equator). For July initial conditionsat 3-monthslead,
Consensus (Fig. 9c) is better than Persistence in the
high-correlation regions of Fig. 9c in the western Pacific
near 10°N, in the eastern Pacific along the central Amer-
ican coast, and in the Indian Ocean near 10°S. At 6-
months lead for July initial conditions, Consensus (Fig.
9d) is better than the COLA models in the central equa-
torial Pacific (5°S-5°N, 180°-120°W), CCM in anarrow
band 130°E-160°W near 10°N, ECHAM medium in the
western equatorial Pacific (5°S-5°N, 140°-160°E), and
Persistence over the regions in the tropical Pacific in
Fig. 9d where Consensus correlation > 0.8. The
ECHAM and CCM models are better than the COLA
models in the central equatorial Pacific region where
Consensus is better than the COLA models. The
ECHAM models are better than CCM medium in the
region where Consensus is better than CCM medium,
and CCM medium is better than ECHAM medium in
the western Pacific region where Consensus is better
than ECHAM medium.

f. Spring prediction barrier for heat content
anomalies

Referring to Fig. 9, at 3-months lead, the July initial
condition correlation (Fig. 9c) is significantly higher
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Fic. B1. (left) Jun 1997 and (right) Jun 1998 SSTAs for (a) analysis of observations and for
6-months-lead retrospective predictions (Jan 1997 and Jan 1998 initial conditions), (b) Persistence,
(c) Consensus, (d) COLA high, (¢) COLA medium, (f) ECHAM high, (g) ECHAM medium, and
(h) CCM medium. Contour levels are at integer values (°C), with additional contours at =0.5°C

and zero contour suppressed.

than the January initial condition correlation (Fig. 9a)
in several regions in the central Pacific between 15°S
and 15°N (regions of correlation >0.8 in Fig. 9c located
150°-180°E and 140°-160°W). At 6-months lead, the
July initial conditions correlation (Fig. 9d) is signifi-
cantly higher than the January initial conditions cor-
relation (Fig. 9b) in bands that extend across the whole
tropical Pacific (following the bands of correlations
>0.8 in Fig. 9d from 120°E-150°W near 7°N and the
band from 180°W to South America along the equator).

APPENDIX B

Case Studies

The 6-month lead time forecast SSTA for 1997 and
1998 are shown in Figs. B1 (1 January initial conditions,
June mean verification) and B2 (1 July initial conditions,

December mean verification). These case studies illus-
trate the spread in the forecasts from the individual mod-
els and show how they combine in the Consensus fore-
casts.

A strong warm event was observed in June 1997 (Fig.
Bla, left) that developed from a negative anomaly 6
months before (Fig. B1b, left). Persistence (Fig. B1b,
left) was not a successful predictor. The multimodel
Consensus (Fig. Blc, left) was for a weak/near-neutral
warm event. Consensus was made up of individual fore-
casts (Figs. B1d-h, left) ranging from moderately strong
warming (two models), weak warming (two models), to
moderate cooling (one model). The event observed in
June 1998 (Fig. Bla, right), with cold SSTAs in the
central equatorial Pacific and moderate warm anomalies
in the far eastern equatorial Pacific, developed from a
strong warm anomaly 6 months before (Fig. B1b, right).
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December 1997
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December 1998

Fic. B2. Asin Fig. B1, but for (left) Dec 1997 and (right) Dec 1998 SSTAS.

Persistence (Fig. B1b, right) was a good predictor for
the far eastern Pacific, but not the central Pacific. Con-
sensus and all of the individual models (Figs. Blc—h,
right) produced central equatorial Pacific SSTAs of the
observed sign and more or less the observed magnitude.
The models produced SSTAs of mixed sign in the far
eastern equatorial Pacific. Several of the models (Figs.
B1f-h, right) produced anomalies that were too strong
in the far western equatorial Pacific. Consensus pro-
duced an intermediate structure that tends to average
out the structural errors in the individual models.

The strong warm event was near peak in December
1997 (Fig. B2a, left). The pattern persisted from 6
months earlier (Fig. B2b, left) and grew slightly in am-
plitude. The forecasts (Figs. B2c-h, left) were all rea-
sonably successful in maintaining and increasing the
warm SSTA in the eastern Pacific. However, the SSTA
was restricted too far to the east in the COLA models
(Figs. B2d,e, left) and extended too far to the west in
the ECHAM and CCM models. Similar comments, but
with the sign reversed, apply to the cold event of De-

cember 1998 (Figs. B2a-h, right). In this case, the fore-
casts were al reasonably successful in maintaining and
increasing the cold SSTA in the eastern Pacific. How-
ever, the SSTA was restricted too far to the east in the
COLA models and extended too far to the west in the
ECHAM and CCM models. Therestriction of the COLA
anomalies to the far eastern Pacific is consistent with
extended coupled simulations (Kirtman et al. 2002).

APPENDIX C

Single-Model Ensembles

At 3- and 6-months lead, the single-model ensemble
mean correl ations shown in Fig. 10 are higher than those
found for the single realizations shown in Fig. 2. The
improvement for the ECHAM medium model is more
than that for the COLA medium model, which seems
to be related to a larger spread in the correlations for
theindividual ECHAM medium forecasts. However, the
stetistical relationship between the individual models
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and Consensus is not changed from that described in
section la of appendix A for the single-model realiza-
tions. At 3-months lead, differences in the correlations
between the ECHAM medium and COLA medium sin-
gle-model ensemble means are significant at the 10%
level, while neither single-model ensemble mean can be
distinguished from the multimodel Consensus. At 6-
months lead, none of the correlations shown in Fig. 10
are statistically different.

Differences in point correlations between the ensem-
ble means were also examined and tested for signifi-
cance at the 10% level. At 3-months lead for SST, Con-
sensus is better than ECHAM medium in the same re-
gion in the western Pacific as was found in section 2b
of appendix A (0°—12°N, 120°-150°E) for the single-
member set of forecasts. At 3-months lead for heat con-
tent, ECHAM medium is different from (higher than)
COLA medium in the same regions, as was the case for
the single-member set of forecasts. No coherent regions
of significant difference are found for SST correlation
at 6-months lead. At 6-months lead for heat content,
ECHAM medium is different from (higher than) COLA
medium in the near-equatorial central South Pacific (0°—
10°S, 180°-140°W).
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