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ABSTRACT

Improved seasonal prediction of sea surface temperature (SST) anomalies over the global oceans is the
theme of this paper. Using 13 state-of-the-art coupled global atmosphere—ocean models and 13 yr of
seasonal forecasts, the performance of individual models, the ensemble mean, the bias-removed ensemble
mean, and the Florida State University (FSU) superensemble are compared. A total of 23 400 seasonal
forecasts based on 1-month lead times were available for this study. Evaluation metrics include both
deterministic and probabilistic skill measures, such as verification of anomalies based on model and ob-
served climatology, time series of specific climate indices, standard deterministic ensemble mean scores
including anomaly correlations, root-mean-square (RMS) errors, and probabilistic skill measures such as
equitable threat scores for seasonal SST forecasts. This study also illustrates the Nifio-3.4 SST forecast skill
for the equatorial Pacific Ocean and for the dipole index for the Indian Ocean. The relative skills of total
SST fields and of the SST anomalies from the 13 coupled atmosphere—ocean models are presented. Com-
parisons of superensemble-based seasonal forecasts with recent studies on SST anomaly forecasts are also
shown.

Overall it is found that the multimodel superensemble forecasts are characterized by considerable RMS
error reductions and increased accuracy in the spatial distribution of SST. Superensemble SST skill also
persists for El Nifio and La Nifia forecasts since the large comparative skill of the superensemble is retained
across such years. Real-time forecasts of seasonal sea surface temperature anomalies appear to be possible.
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1. Introduction

In recent years, seasonal-to-interannual climate fore-
casts based on ensemble techniques have been shown
to possess somewhat enhanced skill. Both the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) and the U.S. National Weather Service
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(NWS) routinely provide coupled model forecasts using
ensembles, where ensemble members differ in the per-
turbations introduced to the initial conditions. The
value of the ensemble method has been advanced
through hindcasting exercises and comparisons with a
variety of climate markers. In this paper, sea surface
temperature (SST) anomaly prediction by ensemble
techniques, particularly the so-called superensemble
(SupEns) technique, is presented. Motivation for the
general area of SST prediction comes from the desire to
accurately forecast El Nifio events more than a few
seasons in advance. Accurate SST forecasts would also
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assist the so called Tier-1 family of climate models.
These are atmospheric general circulation models
(AGCM) that utilize prescribed SST.

Background

A number of past studies in seasonal SST forecasting
have shown considerable promise. Amongst the com-
monly used techniques are canonical correlation analy-
sis (CCA), hybrid coupled modeling (HCM), linear in-
verse modeling (LIM) and Markov modeling (MM). In
CCA, physical intuition guides the selection of a set of
predictors and predictands, whose correlation is subse-
quently maximized using CCA methods. Predictor
measurements are used to issue forecasts (e.g., Barn-
ston and Ropelewski 1992; Barnston and Smith 1996;
Mo 2003). HCM assumes that detailed atmospheric
structure is unimportant to seasonal SST forecasts;
thus, fully nonlinear ocean general circulation models
(OGCMs) are coupled to simpler, often statistical, at-
mospheric models (see Neelin 1990; Latif and Villwock
1990; Barnett et al. 1993; Syu et al. 1995). The statistical
LIM technique relates forecasts to predictand history.
Principal oscillation pattern (POP) analysis (Hassel-
mann 1988) is used to maximize predictor/predictand
correlations. Penland and collaborators (Penland and
Magorian 1993; Penland 1996; Penland et al. 1998) in
particular have demonstrated skill enhancement in SST
prediction over all the three major ocean basins using
LIM. Markov models seek to exploit SST persistence,
as compared to atmospheric variables, through the use
of linear stochastic models. Examples are found in Xue
et al. (2000), Johnson et al. (2000), and Berliner et al.
(2000).

The above methods apply, in varying degrees, statis-
tical and dynamical concepts to the forecasting of SST.
We continue this approach in the present paper al-
though the mix of dynamical and statistical tools differs
considerably. Specifically, we will exploit the results of
13 state-of-the-art dynamical coupled atmosphere—
ocean models by means of statistical ensemble analyses
for the purpose of SST anomaly forecasting. Our par-
ticular emphasis is on the recently developed superen-
semble method, and we will present a series of deter-
ministic and probabilistic skill tests comparing this
method with other, more classic ensemble predictions.
In addition, comparisons of the superensemble fore-
casts will be made with forecasts derived from some of
the above methods. Special emphasis is given to SST
anomaly forecasts during El Nifio/La Nifia events and
for the different phases of the Indian Ocean dipole
(IOD; Saji et al. 1999).

Section 2 describes the superensemble methodology.
Section 3 provides a brief overview of the member
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models, their datasets, and the use of these datasets in
the superensemble algorithm. Results for the global
oceans and major ocean basins, and during El Nifio/La
Nifia and IOD events, are presented in detail in section
4. This section also compares the results of the super-
ensemble with some of the nonmember model fore-
casts. Section 5 summarizes the major results of this
study with a note toward future development for sea-
sonal SST forecasts.

2. The superensemble methodology

The superensemble methodology (Krishnamurti et
al. 1999) issues a consensus forecast from a set of dy-
namical model forecasts by applying a collective bias
correction in a manner unlike classical bias corrections,
The latter weight every model equally both in bias cal-
culation and forecast construction. In contrast, the su-
perensemble technique considers the past performance
of each model in assigning its relative forecast weight.
This is carried out for each of the models, for each of
the variables and at every grid location. The technique
has been shown to yield superior forecasts when ap-
plied to weather prediction and seasonal climate
(Krishnamurti et al. 2000a,b, 2001, 2002, 2003, 2006).

In constructing a superensemble forecast the time
line is divided into a training phase and a forecast
phase. The relative performances of the models are
computed in the training phase from multiple regres-
sion against the observed reanalysis fields. The out-
comes of the regression are the weights for the model
variable at every model grid point. This can be stated
mathematically as

N
S=0+ > a(F,~F), 1)
i=1

where S is the superensemble forecast, O is the ob-
served climatology, a; is the weight for the ith member
in the ensemble, and F, and F, are the forecasts and
forecast climatological values for the ith model’s fore-
cast. The summation is taken over the N member mod-
els of the ensemble. Note that the two terms at the
right-hand side of Eq. (1) are from two different data
sources: the first term is from observed datasets and the
second term depends on the member model forecasts
and the weights ;. Since summation of the second term
for a particular season over the years of study need not
necessarily equal to zero, the climatology of the super-
ensemble may not equate to the observed climatology if
the superensemble forecast anomalies are far from that
of observed. The weights (a;) are obtained by minimiz-
ing the error term G written as
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Ntrain

Zl (S, — 0, 2)

t

G =

where N, 1S the number of time samples in the train-
ing phase and S; and O; are the superensemble
and observed field anomalies, respectively, at training
time 7.

Our primary method for the construction of a multi-
model superensemble for climate forecasts is somewhat
different. It follows a method described in Yun et al.
(2005), Krishnamurti et al. (2006), and Chakraborty
and Krishnamurti (2006). This study utilizes something
called a synthetic superensemble that generates a proxy
data stream for each of the model forecasts. This entails
an expansion of the forecasts and the analysis (ob-
served) fields using principal component (PC) in time
and empirical orthogonal function (EOF) in space.
Some 50 PCs are used in these expansions to assure that
the final results are not dependent on this number. The
spatial structure of the predicted fields was replaced by
the analysis-based counterparts. It contains the follow-
ing steps.

The observational data are written as a linear com-
bination of the PC and the spatial EOFs:

M
Ox,1) = kE P(0).D(x),
=1

where P (t) is the PC time series, ®,(x) denotes the
EOF component of the kth mode, and M is the number
of modes selected. We choose M such that the EOFs
explain 99% of the variance in the actual dataset.

Similarly, the model datasets can also be expanded in
terms of PC time series and EOFs:

M
Fix,1) = 2 Fyl0)-b,(5),

where i denotes the ith member model in the ensemble,
F;,(t) and ¢, ,(x) are the PC time series and spatial
EOF for the kth mode, and M is the number of modes
selected. Now the kth mode of the PC time series of the
observation is written as a linear combination of the kth
mode of the PC time series of different models with an
error term:

N
Put) = D, ay Fiylt) + 14
=1

where i denotes the ith member in the ensemble, «; , is
the weight to the ith model for mode k, and g;, is the
error term. The as are estimated using a multiple linear
regression that minimizes the error variance E(&?).
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The observational counterpart replaces the spatial
pattern of the forecast dataset. This in effect provides a
space—time smoothing that is better suited for seasonal
climate forecast. After the weights are computed, the
regression-improved PC time series of the kth mode for
the ith model is defined as

FE(t) = o 1 F (1),

and the synthetic data for the ith member model is
defined as

M
Pt = S P00
k=1

where @, (x) are the EOF components of the observa-
tion. Once the synthetic data [F;°®(x, t)] are generated
for every model of the ensemble, these are next passed
on to the conventional superensemble input to con-
struct what is called a synthetic superensemble forecast.

3. Models/datasets and the construction of the
superensemble

The datasets for this study were derived from 13
coupled ocean—atmosphere models. Table 1 provides
an outline of these models, which include 7 European
models [extracted from the Development of a Euro-
pean Multimodel Ensemble System for Seasonal-to-
Interannual Prediction (DEMETER; Palmer et al.
2004) database], the National Center for Atmospheric
Research (NCAR) Community Climate Model version
3 (CCM3), the Predictive Ocean Atmosphere Model
for Australia (POAMA-1), and four Florida State Uni-
versity (FSU) coupled atmosphere—ocean models. As
may be seen, these are diverse models in their physical
parameterizations, horizontal and vertical resolutions,
and dynamics. A common resolution, that is, 2.5° in
latitude by 2.5° in longitude and 14 vertical levels, was
selected for the construction of the superensemble, and
all model results were interpolated to this grid.

The focus of our study is the prediction of SST 1
month in advance. The month immediately followed by
the forecast start date was not included either in train-
ing or in the forecast phase. A time series of seasonal
mean (month 2 to month 4) forecast was thus created
for each model to construct a string of 1-month lead-
time seasonal mean forecasts. All the models had been
applied in this hindcast mode to the interval from 1989
to 2001. The European models each provided nine
separate forecasts differing in their initial conditions
(adjacent days were substituted for the starting date).
Therefore, there were in total 23 400 months of fore-
casts available for this study.
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The 13 yr (equivalent to 52 seasons) of model data
were somewhat short of what experience has shown to
be needed to provide stable superensemble results [72
seasons, according to the Atmospheric Model Inter-
comparison Project (AMIP) study of Krishnamurti et
al. (2000a)]. This problem was addressed by employing
a cross-validation procedure in the spirit of Déqué
(1997). During the training phase of the superensemble
the year (4 seasons) being forecasted was excluded
from the training dataset and superensemble coeffi-
cients were calculated based on the forecasts for the
remaining years (48 seasons). Kharin and Zwiers (2002)
quite correctly pointed out that a multimodel ensemble
can lead to over-fitting of parameters to datasets. We
realize this problem. In the FSU superensemble such a
problem would be reflected if the coefficient matrix
became singular. We did not encounter this problem in
these climate runs.

The training phase and the forecast validation re-
quire the analysis counterparts based on observed
datasets. For all atmospheric variables except precipi-
tation the benchmark analysis that this study uses is the
40-yr ECMWF Re-Analysis (ERA-40) datasets. For
precipitation the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP; Xie and Ar-
kin 1997) datasets were used. For SST the Reynolds
(Reynolds et al. 2002) datasets were taken as the ob-
served counterpart. These datasets are also horizontally
and vertically interpolated to the reference grid of the
superensemble.

4. Performance of the superensemble

a. Global oceans climatologies

The first analysis performed on the model data was
to analyze seasonal SST climatologies from each mem-
ber model. It was found that all the models exhibited
somewhat comparable skills for their SST prediction.
Here, the boreal spring climatology for the months of
March-May is illustrated as an example (Fig. 1). The
observed climatology based on the satellite-derived
SSTs (Reynolds et al. 2002) averaged over the study
interval (1989-2001) is shown in the first panel. The
models exhibit reasonable simulation of the SST clima-
tology: their RMS errors range between roughly 1° and
2°C, for example, U.K.Met: 0.99°C, ECMWEF: 1.07°C,
and POAMA-1: 2.18°C. The RMS error of the en-
semble mean shown in (Fig. 10) is 0.82°C whereas that
of the superensemble is 0.03°C. This significant im-
provement is due largely to a correct geographical dis-
tribution of SST. As shown between Figs. 1a and 1p, the
superensemble could place each SST isotherm almost
on top of the observed SST isotherms. This feature
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appears to significantly enhance SST anomaly fore-
casts. In comparison, the Max Planck Institute (MPI)
model has a reasonable climatology over much of the
equatorial belt, but the warm SSTs (>28°C) south of
India in the near equatorial belt do not extend over the
Bay of Bengal and Arabian Sea as in the observations.
Discrepancies of this nature tend to increase the RMS
errors to >0.5°C. We have not presented the model
climatology for all other seasons, but they were noted
to be equally skillful for the superensemble.

b. Seasonal forecast skill

Here we compare SST seasonal forecast skills ac-
cording to the so-called false alarm ratio (FAR; see
Table 2 for a definition). This measure indicates the
reliability of the model in computing extreme events,
with small values of FAR indicating high reliability.
The results for seasonal forecasts covering the months
March—May for the years 1989 to 2001 are illustrated in
Fig. 2. The thin vertical barbs show the FAR of the 13
member models, for the bias removed ensemble mean,
and for the multimodel superensemble. Overall, the su-
perensemble outperforms all the models and the bias-
removed ensemble mean (BREM) for nearly all values
of the anomaly thresholds. The exception occurs for
SST anomalies very close to zero (i.e., <0 and >0),
where the consequences of issuing a false alarm fore-
cast are minimal. For the important cases of large
anomalies >|0.3|°C, the superensemble generally issues
a more reliable product.

Equitable threat scores (ETSs) for global SST spring
(March-May) forecasts at various thresholds are shown
in Fig. 3 (higher scores are better). For all thresholds
greater than [0.3]°C the superensemble scores higher
than any of the member models and the BREM. For
thresholds less than [0.3]°C, the superensemble ETS
performance was somewhat less relative to the member
models, but remains high enough to be useful. In other
words, the skill of the superensemble is high enough to
signal small anomalies, even though the forecasted
value of the small anomaly is not highly accurate. This
overall skill of the superensemble in predicting SST
anomalies greater than 0.3°C (negative or positive) is
obtained for all seasons over the global oceans. The
positive feature of these computations is clearly that a
better product is generally obtained from the construc-
tion of the superensemble. For most of the thresholds
of SST anomaly >|0.3|°C the ETS achieved by the mul-
timodel superensemble is around 0.2 or less. At the
present stage of coupled modeling this appears to be
the best possible score for SST anomalies. It should be
noted that this is a probabilistic skill score and is very
stringent in its demands. In fact, these same years of
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FiG. 1. Climatology of SST over global Tropics during March-May from observations and forecasts of 13
coupled atmosphere—ocean models, their ensemble mean, and the SupEns.

seemingly low ETS do carry very large values of
anomaly correlations (ACs) in a deterministic sense.
They show that these results are in fact far better than
are implied by the low scores for ETS.

¢. Major ocean basins

In this section the seasonal forecast skills over indi-
vidual ocean basins will be examined. In Fig. 4, the
summer monsoon month (June—-August) forecast skills
are illustrated for the tropical Indian Ocean. Here the
RMS errors (Fig. 4a) and the anomaly correlations (Fig.
4b) for the belt north of 30°S (including the Indian
Ocean, Bay of Bengal, and the Arabian Sea) are shown.
We have assessed statistically if the superensemble
RMS error can be viewed as superior to the other mod-
els and the BREM. The numbers appearing at the top
of each collection indicates the confidence level to

which the null hypothesis (that no distinction exists)
can be rejected, according to a ¢ test. If one per-
forms the RMS computations for the SST fields (rather
than the SST anomalies) one obtains very high skill
scores, the reason for that being that for the SST field
for any one year a large proportion of the variance of
SST is in the climatology of the SST. The superen-
semble in this regard has the ability to replicate the
long-term SST climatology very closely (with an RMS
error of ~0.03°C). That is not the case when one deals
with the SST anomalies that are discussed separately.
The member models carry much larger errors in pre-
dicting the monsoon climate. This is reflected in the
RMS errors of the SST forecasts. The anomaly corre-
lations of the SST fields are shown in Fig. 4b. The
anomaly correlations were computed using the stan-
dard formula,
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SST Climatology (°C), MAM
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where F is the forecast and O is the observation. Here,
F and O are the time-averaged fields over all years that
are permitted by the cross validation. The summation
was taken over all the grid points over the domain of

interest. Figure 4b shows that the anomaly correlations
of the superensemble are always positive (excepting
1990) and are generally higher that those of the mem-
ber models. The only strong exceptions are the years
1990 and 1995 when the skills of the superensemble
were lower. Consistent with the earlier skill analyses,
whenever the predicted anomalies were large the super-
ensemble carried the highest anomaly correlations.

TABLE 2. The definition of ETS and FAR: probabilistic skill scores for categorical forecasts.

. YN

Observation —

FAR YY + YN

Yes No YY-C
ETS =
Forecast Yes YY YN YY+NY+YN-C
(YY + YN)(YN + NY)

No NY NN where, C =

N
and N=YY + YN+ NY + NN
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FAR

<-12 <-09 <-06 <-03

> +0.9

>+0.3 >+0.6 >+1.2

FiG. 2. FAR in global SST forecasts during March-May of 1989-2001. The different groups
of bars along the x axis are for different thresholds of the SST anomaly.

The years 1990 and 1995 were when the predicted SST
over the Indian Ocean was very close to climatology,
that is, the magnitudes of the SST anomalies were quite
small, leading to a reduced superensemble skill.

The results over the tropical Pacific Ocean were very
impressive. Figure 5 shows the RMS errors of the SST
and the anomaly correlation (for the SST anomalies).
The RMS scores between 1989 through 2001 all show
consistently a very marked reduction of the RMS error
for the superensemble (~0.3°C) compared to the en-
semble mean and all of the individual member models
(~1°C). The anomaly correlations over the tropical Pa-
cific Ocean were above 0.6 for most of the years. It is
also interesting to see the very high skills during El
Nifio years 1991-92, 1997, 1998, and 1999. An excep-
tional year was 1995 when the anomaly correlations for
the member models were very low. Even during this
year the superensemble carried a value close to 0.4.
Overall these results from the superensemble suggest
that both SST and SST anomalies in the tropical Pacific
are computed much more accurately relative to any of
the single coupled ocean—atmosphere models.

Equitable Threat Score for Global SST Forecasts, MAM 1989-2001
1 1 1 1 ! 1 1 1

In this period, El Nifio events occurred during 1991-
92 and 1997-98. It appears that the model skills of RMS
errors (Fig. 5a) were not adversely affected by the oc-
currence of El Nifio events. However we did note that
the anomaly correlations (Fig. 5b) showed slightly
lower skill for the multimodel superensemble com-
pared to the best model during the El Nifo years of
1992 and 1997-98. Much higher values for these
anomaly correlations during these El Nifio events were
also noted.

Tropical Atlantic SST forecasts are important for as-
sessing potential hurricane activity. These are pre-
sented in Fig. 6. Here again the RMS seasonal SST
forecast errors of the superensemble are consistently
smaller, at levels near 0.3° to 0.4°C, than those of the
member models (RMS errors 1°C). SST anomaly
correlations (Fig. 6b) show that there were only two
years, 1989 and 2000, when the superensemble per-
formed poorly. Both were years of very weak SST
anomaly. During most of the other years the superen-
semble provided either the best or close to the best
results compared to the member models. This is valu-
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FiG. 3. ETS in global SST forecasts during March-May of 1989-2001. The different groups
of bars along the x axis are for different thresholds of the SST anomaly. The larger the value
of ETS, the better the forecast (possible values of ETS range from 0 to 1). It should be noted
that SupEns outperforms all the models and the BREM in all the thresholds of the anomaly
forecasts except near-normal (<0 and >0) cases.
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able information because when forecasts are first made,
which model’s forecast will be optimal from a collection
of forecasts is unknown. It is in that sense that reliance
on the superensemble is useful since it is consistently a
better product. In the El Nifio year of 1992 the SST
anomalies from the superensemble carried an anomaly
correlation close to 0.9 for the tropical Atlantic Ocean.
Results during the years 1991, 1997, and 1998 were also
equally impressive. The La Nifia years in this sequence
include 1989, 1995-96, and 1998-2001 (based on the
Oceanic Nifio Index).

It is of interest to compare SST anomaly spatial struc-
ture from the various forecast products as compared to
observations; we focus here on periods when the

1996 1997 1998 1999 2000 2001 Ave: 89 01

forecasts over the tropical Indian Ocean.

anomaly correlations are high. We show here examples
from the Pacific and Atlantic Oceans from 1999, when
the anomaly correlations were quite high (~0.85). Fig-
ure 7a shows the seasonal mean June-August 1999
forecast from the best model in the suite (blue con-
tours) against observations (green contours). The SST
anomaly during the same season from the superen-
semble (red contour) is compared with observations in
Fig. 7b. Clearly, the spatial patterns of the SST anomaly
over the entire tropical Pacific Ocean are well captured
by the superensemble. In comparison, the best model
(correlation skill of 0.6) yields spatial structures that in
places depart notably from the data. In Figs. 7c,d, com-
parisons from the Atlantic Ocean summer of 1992 are

RMS Errors and Anomaly Correlauons in SST Forecasts JUA, Troplcal Paclflc Ocean
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shown. Again, the spatial SST anomaly patterns are

well represented in the superensemble forecast, espe-
cially in comparison to that of the best ensemble mem-
ber model. These of course are specific selected ex-
amples of the highest forecast skills for the SST anoma-
lies over the Pacific and Atlantic Oceans.

It appears that the skill of the superensemble during

La Nifa years is around 0.3 or higher. The lowest values
of the anomaly correlation clearly were during years
when the observed SST anomalies were very small.
This knowledge is important because as soon as such
forecasts are completed one has the knowledge as to

SST Anomaly (°C)
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F1G. 7. Anomaly SST forecast (in °C) from observations (green contours), best model in the suite (blue con-
tours), and SupEns (red contours) during (left) June-August 1999 over Pacific Ocean and (right) June-August
1992 over Atlantic Ocean. In both of these cases the isopleths from the SupEns are very similar in pattern and
intensity to the observed counterparts. On the other hand, the best model in the suite shows higher magnitudes and
different patterns in the SST anomaly forecasts as compared to the observations.
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FiG. 8. Time series of forecast skills from SupEns, BREM, and the 13 member models in the suite
over the Nifio-3 region: (a) RMS errors and (b) ACs.

whether the superensemble carries very small SST
anomalies in its forecasts. If so, it is plausible, based on
those forecasts, to anticipate weak SST anomalies.

d. Performance over the Niiio regions

The seasonal forecasts for the Nifio-3 region, over
the equatorial Pacific Ocean, are shown in Fig. 8. The
top panel shows the RMS errors for the 13 yr of sea-
sonal forecasts for the months March—-May. In these
illustrations, we show the skills for each of the member
models (thin lines), the bias-removed ensemble mean
(black line), and the superensemble (heavy black line).
The strength of the superensemble stands out in both of
these illustrations. The RMS errors are the least for the
superensemble, being of the order of 0.3°C and the
mean anomaly correlation (for 13 yr) of the order of
0.7. It is higher than 0.9 over several years. The SST
anomalies over the Nifio-3 region were predicted to a
very high degree of accuracy over several years, the
exception being the March-May seasons during 1992,
1994, and 1997 when the anomaly correlations for the
superensemble werelow. During these years the perfor-
mances of the member models were also quite low.

The seasonal prediction errors for the coupled mod-

els, the ensemble mean, and the superensemble are il-
lustrated in Fig. 9. These are the values of the seasonal
forecast SST minus the observed over the Nifio-3.4 re-
gion of the Pacific Ocean. Many models exhibit pro-
tracted intervals of cold biases (as large as —3° to
—4°C). As a result, the ensemble mean exhibits a nega-
tive anomaly with mean value of —1°C (not shown).
The superensemble has an error value very close to
zero and clearly provides the best forecasts for the
Nifio-3.4 SST anomalies. The amplitude of the errors of
the superensemble is around 0.5°C generally.

Figure 10 shows comparable superensemble skill in
predicting the SST anomalies of the Nifio-3.4 region, in
comparison to the member models. Here we show a
plot of predicted seasonal anomaly minus the observed
anomaly for the 13 yr. The spread of these differences
with respect to the observed anomalies is indeed quite
large for the member models. The errors of the super-
ensemble based SST anomalies are around =1°C over
the entire period.

These figures (Figs. 9 and 10) show quite clearly that
both the SST and SST anomaly forecasts are much im-
proved for the Nifio-3.4 region when formed by a mul-
timodel superensemble.
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FI1G. 9. Time series of errors in SST forecasts over Nifio-3.4 from the member models and the
SupEns.

e. Performance during positive and negative phases
of Indian Ocean dipole

Saji et al. (1999) first pointed out an east-west seesaw
of SST anomalies of the near-equatorial Indian Ocean.
This phenomenon, often called the Indian Ocean di-
pole, has a time scale of roughly 3-4 yr and SST
anomaly amplitude of a few degrees Centigrade. The
dipole centers are located in the Arabian Sea and in the
eastern Bay of Bengal. When the SST anomaly is posi-

tive over the Arabian Sea (and negative over the east-
ern Bay of Bengal), convection over the Arabian Sea is
generally enhanced and somewhat diminished over the
eastern Bay of Bengal. This is called a positive polarity
of the IOD and a dipole mode index (DMI) is based on
these differences in SST anomaly. The following rela-
tion defines the DMI (after Saji et al. 1999):

DMI = (SST anomaly over 10°S-10°N, 50°~70°E)
— (SST anomaly over 10°S—equator, 90°-110°E).

Error in SST Anomaly Forecasts over Nino3.4
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F1G. 10. Time series of errors in SST anomaly forecasts over Niflo-3.4 from the member models and
the SupEns.
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F1G. 11. Time series of seasonal DMI (Saji et al. 1999) from the observations, best member
model forecasts, and the SupEns forecasts.

Positive DMI is associated with an enhanced lower-
troposphere easterly wind anomaly over the near-
equatorial latitudes, which appears to be correlated to
an enhanced Indian monsoon rainfall activity. Gadgil et
al. (2004) have shown a strong relationship between
both positive and negative phases of the DMI and sea-
sonal monsoon rainfall variability. These relationships
are apparently powerful enough to disrupt connections
between the monsoon and ENSO (Gadgil et al. 2004).
These connections to the monsoon motivate consider-
able interest in the seasonal forecasts of DMI.

Most of the DMI relationships to the monsoon were
carried out at zero lag (in terms of statistics). Within the
framework of seasonal forecasts it is worth asking
whether the coupled models can predict the DMI
across several decades. Given such forecast datasets, we
can also explore possible nonzero monsoon-DMI lag
connections.

Figure 11 shows forecasts of the DMI from the su-
perensemble and the best of the ensemble member
models as compared to the DMI observations. Here
performance was defined in terms of the RMS error of
the forecast relative to the observations for 1-month
lead-time forecasts. This clearly shows that the DMIs
are predicted extremely well by the multimodel super-
ensemble. The superensemble carries similar seasonal
forecasts for the total rains over the Indian monsoon
region (Krishnamurti et al. 2006). That is another
component of our study from the same suite of model
outputs. Overall it was seen that the model implicitly
is handling the monsoon rainfal/JENSO/IOD indices
quite well in these seasonal forecasts. The skill of
the best model for forecasting Nifio-3.4 SST anoma-
lies, DMI, and the Indian rainfall (Krishnamurti et al.
2006) were clearly somewhat lower compared to that
of the multimodel superensemble for seasonal fore-
casts.

f- Case studies over different ocean basins

Covering the summer monsoon months, June, July,
and August for the year 1998, we illustrate the seasonal
SST anomalies in Fig. 12 for the Indian Ocean. Here
the observed SST anomalies are compared with those
of the multimodel superensemble and for the models
with the highest and lowest skills. Clearly the highest
anomaly correlations and the RMS skills are for the
multimodel superensemble (0.78° and 0.46°C, respec-
tively). Those for the best and worst models are 0.67°
(0.41°) and 1.64°C (1.26°C), respectively. The summer
of 1998 was an above-normal rainfall year for the sum-
mer monsoon. That year was characterized by a posi-
tive IOD index (i.e., somewhat warmer SST anomalies
over the western equatorial Indian Ocean compared to
the eastern side). That feature was best predicted dur-
ing 1998 by the multimodel superensemble. The best
model carried an inverse IOD index with the warmer
SST anomalies residing near the Sumatra Coast. The
model with the poorest skill carried very large errors
over the entire Indian Ocean. Even the model with the
best overall skill had a very large RMS error reflecting
errors in its ability to predict the seasonal mean state of
SSTs. Over most years the geographical distributions of
the predicted SST anomalies were quite striking.

Another example, one for the 1998 northern summer
rainfall season over the Pacific Ocean, is illustrated in
Fig. 13. This was a year of below-normal SST for the
tropical Pacific Ocean. The multimodel superensemble
reasonably predicted the observed negative SST
anomalies. The spread of warm SST anomalies over the
entire southern Pacific Ocean in the best model and the
spread of cold SST anomalies in the model with the
lowest skill were noted. Overall the anomaly correla-
tions for the superensemble, the model with the highest
and the lowest skills, were 0.86, 0.68, and 0.40 respec-
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F1G. 14. Same as in Fig. 12, but over the tropical Atlantic Ocean.

tively. The corresponding numbers for the RMS errors
were 0.47°,0.91°, and 2.09°C, respectively. The strength
of the superensemble is seen clearly in these very large
values for the anomaly correlations that are of the or-
der of 0.86.

Figure 14 provides a comparison of the SST anoma-
lies over the tropical Atlantic for the summer season
(June—August) of 1998. Here we show the observed
SST anomalies and those from the superensemble, the
best member model (in terms of RMS skills), and those
of the model with the lowest skill. Also indicated in
each panel are the anomaly correlations (top of each
panel) and the RMS errors (bottom of each panel).
This shows clearly that it is possible to raise the
anomaly correlations for the superensemble above
those of the best models; and the RMS error is also
drastically reduced by the superensemble.

g Comparison with some other current forecast
products

A number of research groups periodically report sea-
sonal forecasts of SST and SST anomalies. Several of
these are not well suited for inclusion in the atmo-
sphere—ocean coupled modeling superensemble for
various reasons. For example, some are ocean-only
models driven by prescribed atmosphere forecasting

and some do not have an unbroken forecast data record
from which training and forecast phases can be con-
structed. Some are purely statistical formulations. It
was noted that several of these are in fact quite prom-
ising for the SST forecasts over different ocean basins.

A comparison of the performance of the FSU super-
ensemble with the Markov model over the tropical Pa-
cific Ocean appears in Fig. 15. Here results for three
successive boreal summers are compared (years 1999,
2000, and 2001). The top panels in this illustration show
the observed SST anomalies, the middle panel shows
the superensemble from 13 coupled models, and the
bottom panel shows the results from the Markov
model. The Markov model’s predicted anomalies lie
mostly within 5° of the equator. Anomalies elsewhere
were mostly much less than 0.5°C. The larger observed
spread of anomalies in the belt 20° latitudes off of the
equator was captured by the superensemble for all of
these years, though not by the Markov model. There
are several specific features where the results from the
superensemble appear quite encouraging in these com-
parisons. In the years 1999 and 2000, south of 10°S and
east of 120°W, robust warm anomalies were noted in
the observed fields that were predicted extremely well
by the superensemble. The cold equatorial SST anoma-
lies of —1.2°C were reasonably predicted by the super-
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ensemble, whereas the Markov model predictions were
closer to ~—1°C. Near 80°W, the pattern and ampli-
tudes of the superensemble-based forecasts matched
those of the observations quite well.

The observed and predicted anomalies during the
summer of 2001 were small (<0.3°C) in magnitude (see
Fig. 15, right), and the anomaly correlations for the
superensemble were not very large. However the super-
ensemble still provided results that where somewhat
closer to observations than did the Markov model,
which carried cold equatorial SST anomalies <—0.3°C
in its forecasts. Overall it appears that the superen-
semble provides somewhat better SST forecasts than
the Markov model.

Another well-known experimental model for SST
forecasts is one by Barnett et al. (1998, 1999, 2000) that
provides HCM forecasts for SST anomalies. Here again
we took an arbitrary sequence of three years of their
seasonal forecasts to compare with the superensemble.
Figure 16 presents observed SST anomaly fields for the
fall months September-November for the years 1998,
1999, and 2000. The equatorial SST anomalies were
cooler by 1°C or larger during 1998 and 1999, whereas
in 2000 they were slightly below normal. The superen-
semble seasonal forecasts for these seasons are shown
in the middle panel. They show a remarkable success in
predicting these equatorial SST anomalies. Even warm
anomalies of the Southern Hemisphere near 90°W in
1998, near the date line during 1999 and near 170°E
during 2000 are reasonably predicted by the superen-
semble. The HCM (bottom panels) carries somewhat
too strong anomalies during 1998, although they are

located quite accurately within the basin. This model
fails to predict any anomalies during the year 1999.
During the year 2000, a few isolated weak pockets of
cold SST anomalies near the equator are predicted well
by this model. Overall the multimodel superensemble
appears to carry a more robust and realistic distribution
of SST anomalies for its seasonal forecasts.

The results from the performance of the LIM of Pen-
land et al. (1998, 1999, 2000) were also examined. Fig-
ure 17 shows the observed, the superensemble, and the
LIM-based seasonal forecasts for the summer months
ofJune—August for the years 1998, 1999, and 2000. Dur-
ing 1998 the Indian Ocean experienced weak warm SST
anomalies reasonably predicted by the superensemble.
The LIM carried somewhat warmer anomalies. Over
the Pacific Ocean, the superensemble described the
cold equatorial water and its north-south extent be-
tween 120°W and 150°E very well. The superensemble
captured the warm lobes around the cold (upwelled)
water near the equator reasonably well. These warm
cores were somewhat amplified (15°S and 120°W) by
the LIM. This model also extended a cold-water
anomaly toward the coast of Mexico and the western
Gulf of Mexico, features not present in the observa-
tions or in the superensemble. Offshore from Peru,
there was a warmed SST anomaly in the east Pacific
observed field that was predicted reasonably by the su-
perensemble but was absent in the LIM forecasts. Dur-
ing 1999 the colder SST anomalies of the Indian Ocean
were somewhat reasonably predicted by the superen-
semble. The LIM carried warmer anomalies on the or-
der of 0.3°C. The pattern of the SST anomaly over the
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entire tropical Pacific Ocean was very reasonably pre-
dicted by the superensemble. The LIM predicted warm
anomalies that were somewhat too strong over the
western Pacific, however it accurately captured the cold
anomalies of the eastern Pacific Ocean. For the year

2000, the forecasts for June—August were again handled
very well by the superensemble. The LIM carried
somewhat too warm SST anomalies for its seasonal
forecasts over the Indian Ocean and the western Pacific
Ocean. The equatorial cold-water anomaly over the
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FiG. 18. Anomaly of seasonal SST forecast (in K) over the tropical Pacific Ocean during December—February
1997/98 from observation, SupEns, and from the models with highest and lowest skills (in terms of RMS error over

this domain).

eastern half of the Pacific Ocean was handled well by
the superensemble, while its cold anomaly was ampli-
fied in the LIM.

It is of interest to examine the performance of the
proposed methodology during specific El Nifio years.
Note that in our data length 1989-2001 there were only
a few El Nino events. Thus the overall statistics from
the training phase of the superensemble carries a mix of
El Ni o, La Nifia, and neutral years. In spite of that, we
found that the proposed methodology does show a su-
perior performance for the superensemble. In Figs. 18
and 19 we show seasonal precipitation forecasts for De-
cember—February of the 1997/98 season and for March—
May of the year 1992. These were two of the major El
Nifio years in our data record. In these illustrations we
show the observed SST anomalies and those predicted
from the superensemble, from the model with a highest
skill and form the model that carried the lowest skill.
The RMS averages for the predicted SST anomalies are
also shown at the top of each panel. The model with the
lowest skill overemphasizes the cold envelope around
the warm equatorial Pacific SST anomaly for both El
Ninos. Both of these (best and the lowest skill) models
predict too warm an SST anomaly off the coasts of
south America. These features are properly corrected
by the superensemble. Overall, the superensemble carries

a lower RMS error for the SST anomaly forecasts com-
pared to all member models. The forecasts for the 1997/98
season El Nifio by the superensemble were exceptional.
The warm equatorial waters of the El Nifio of 1992
were somewhat underestimated by the superensemble,
but the overall spread of errors of the other models still
makes the superensemble a more superior product.

Overall it appears from these comparisons (with
these nonmember models of the superensemble) that
the superensemble has a better horizontal distribution
for seasonal forecasts over the global tropical oceans
than these other current forecast products.

5. Concluding remarks and future work

This study has examined the quality of SST forecasts
issued by a superensemble constructed from 13 state-
of-the-art coupled atmosphere—ocean models. It was
possible to collect forecast datasets from as many as 23
400 seasonal forecast experiments. Both deterministic
and probabilistic measures were used to evaluate the
skills of seasonal forecasts of SST and SST anomalies.
The main result of our analysis is that the superen-
semble is a powerful approach for the reduction of SST
forecast errors. Model biases are sufficiently systematic
and large that it was possible to reduce, on the average,
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FIG. 19. Same as in Fig. 18,

the RMS errors from the superensemble for the SST by
41%, and the SST anomaly correlations were increased
by as much as 46%. The best results were obtained over
the tropical Pacific Ocean where, regardless of El Nifio
or La Nifia years, a marked improvement was noted
(Fig. 5) from the construction of the superensemble.
The reduction of errors for the Atlantic and the Indian
Ocean was also quite large, but the improvements in
the anomaly correlations were not as high as those for
the Pacific Ocean.

The lack of higher frequencies (time scales less than
10 days) in the oceanic SST observations may have
been an important factor for the improved forecasts for
the superensemble. The superensemble reduced the
systematic errors of the member models collectively.
The low-frequency SST changes of the member models
carried signatures of robust systematic errors that were
somewhat easier to correct as compared to atmospheric
superensemble modeling. There were many years when
the anomaly correlations (for the SST anomalies) from
the superensemble had values of the order of 0.8 or
larger. In these seasons the SST spatial structure over
the entire tropical Pacific Ocean matched the observa-
tions very closely. That however is not the case for the
best member model for that season (Fig. 7).

This paper also shows some comparisons on the per-
formance of the superensemble with some well-known
research models that were not part of our member

0S
180

160W 140W 120W 100W 80W
but for March-May 1992.

model suite. These included a Markov model, a hybrid
coupled model, and a linear inverse model. In each of
these cases, an examination of several successive years
of performance against observations and against the
superensemble showed that the latter generally pro-
vides somewhat superior seasonal forecasts.

When a seasonal forecast is completed in real time
with multimodels, a priori it is not clear which among
the models could be relied upon for the best forecast. In
that regard the consistent higher skills of the multimo-
del superensemble appear easier to accept.

It is possible to carry out such an exercise in a true
forecast mode, that is, for the future. The European
suite of models may not be available for this purpose.
However it may be possible to include four versions of
the FSU coupled models (described in this paper) along
with the Australian POAMA model, the NCAR
CCM3, and the U.S. National Weather Service’s Cli-
mate Forecast System (CFS) model to form a suite of
seven models. In the coming year, these will be used to
explore the performance of the superensemble for SST
forecasts in real time.
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