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Fig. 6a-d. Heterogeneous correlations pattern of super-ensemble OM_ in: a) DIF; b) MAM; ¢) JJA; d) SON,
The values indicate the linear correlation between the observed seasonal rainfall anomalies {from the Hulme data
set) and the cross-validated first OM,, score (the mean of the 9 runs is considered).
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ble experiment: pattern correlations between the
four OM, modes exceeds 0.98 so only the OM,
pattern of the super-ensemble is displayed
(fig.6a). The spatial pattern matches almost per-
fectly the first observed rainfall mode studied
by Dai et al. (1997). There is an out-of-phase
pattern between the Central Pacific islands and
almost the remaining tropical belt, except equato-
rial East Africa, tropical margins of South and
Central America. The weights are also in-phase
with the Central Pacific. Note also that the ex-
plained variance (see Ward and Navarra, 1997)
by the first mode is almost equal between the
four SVDAs (8.0 to 8.3%).

There are some differences between the OM,,
pattern amongst the three models, reflecting the
fact that they each have a different response to
ENSO forcing. Pattern correlations between the
three models range between 0.49 (EC4-LMD)
and 0.60 (EC4-EC3). The super-ensemble is log-
ically strongly correlated (over 0.81) with the
three models. The Pacific correlations are al-
most zonally oriented in EC4 and LMD with an
out-of-phase dipole contrasting the equatorial
area from the Eastern Indian ocean to the Gala-
pagos archipelago with the subtropical Pacific
(fig. 7b,c). There are also negative correlations
over the Western Indian Ocean in the EC4 pat-
tern. The EC3 pattern matches better the ob-
served pattern with a zonal out-of-phase dipole
between the Western Pacific-Maritime continent
and the Central-Oriental Pacific. Other areas are
usually out-of-phase with the Central Pacific (.e.
below normal rainfall in El Nifio years), except
for the tropical margins of South and Central
America. All models have the wrong sign of
anomaly over tropical Africa, relative to the ob-
served pattern with misrepresentation of the well-
known in-phase evolution between El Nifio and
equatorial East Africa, and out-of-phase with
Southern Africa (fig. 7a-d). The super-ensemble
pattern is dominated by the ones of EC4 and
LMD and reflects basically the previously dis-
cussed meridional dipole in the tropical Pacific.

Mean skill for the modes is always over
0.8 (except for LMD) and the time-series
are, as found in MNWR98, dominated by El
Nifio - La Nifia (hereafter EN - LN) alternations
(not shown). Positive (resp. negative) values
occur during EN (resp. LN). This can be con-
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firmed by computing the cross-correlations be-
tween the cross-validated time expansion coef-
ficients of OM_ and OM,, (the mean of the nine
runs) of the super-ensemble analysis with the
SST field which served to force the three mod-
els. The SST correlation pattern with the
OM_and OM  coefficients are highly similar
for DJF (not shown, but see figure 12 of
MNWRO8), and reflects mainly the well-known
ENSO signature in DIF SST (i.e. Moron ef al.,
1998b).

5.2. MAM

The OM, are less consistent amongst the
models than in DJF, but pattern correlations are
still always higher than 0.84 (between EC4 and
LMD) and the correlations with the super-en-
semble pattern are over 0.95 (fig. 6b). The su-
per-ensemble spatial pattern has evolved some-
what from the DIF one (pattern correlation =
0.46), indicating some changes in the model’s
response to ENSO as the annual cycle progress-
es. The highest positive correlations remain lo-
cated between the Central Pacific and coastal
Ecuador. The negative correlations increase rel-
ative to DIF over Nordeste, and negative corre-
Jations are also now clear of Cambodia and
Malaysia (fig. 6b). Their intensily decreases over
tropical Southern Africa. Note also an in-phase
behavior between the Central Pacific and South-
ern China (fig. 6b), already observed by Rope-
lewski and Halpert (1987, 1996) and Halpert
and Ropelewski (1992).

The OM,, patterns for the three models cor-
relate with each other in the range 0.54 to 0.57,
while the super-ensemble pattern is always cor-
related above 0.82 with the three models (fig.
8a-d). The main dipole over the Indo-Pacific
basin remains largely meridional for EC4 and
LMD, and zonal for EC3, which is more con-
sistent with observations. A new feature of MAM
is the strong meridional dipole between the trop-
ical North Atlantic (and Northern South Amer-
ica) and the equatorial Atlantic (and bordering
areas of Nordeste and the Gulf of Guinea re-
gion). The first area is in-phase with Central
Pacific. The positive correlations over the trop-
ical North Atlantic are weak for LMD, and large
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Fig. 7a-d. Heterogeneous correlations pattern in DIF for OM, of: a) EC3: b) EC4; ¢) LMD; d) super-ensemble.
The values indicate the linear correlation between the cross-validated first OM, score and the simulated mean
seasonal rainfall anomalies (from the 3 runs of one model for (). (b) and (c) and from the 9 runs for (d)).
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Fig, 8a-d. Sume us fig. 7a-d except for MAM.
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for EC3 (fig. 8a,c). The pattern is weak over the
remainder of Africa (fig. 8a-d). Time series are
again dominated by alternation of EN and LN
(not shown). The correlations between OM, and
OM  time series and the basic SST field reveal

n

almost the same features as in DJF (not shown),

except an increase of positive correlations over

the tropical North Atlantic (positively related to
equatorial Eastern and Central Pacific) and neg-
ative correlations over equatorial and Southern
Atlantic.

5.3. JJA

There are strong changes relative to MAM in
the first observed mode, indicating strong evo-
[ution in the nature of the leading mode of trop-
ical rainfall (pattern correlations between MAM
and JJA super-ensemble OM, pattern is just
0.35). Amongst the different analyses for JJA,
the observed mode changes very little (e.g., pat-
tern correlation is 0.85 between EC3 and LMD
and 0.97 between super-ensemble and EC4).
The observed mode is almost identical to the
pattern already described by Mivakoda er al.
(1999) and Navarra et al. (1999) (fig .6¢). There
is a clear out-of-phase contrast between the
Central and Eastern Pacific plus the Northwest-
ern Pacific around the Philippines and Micro-
nesia on the one hand, and the remaining trop-
ical belt (except Eastern China and Eastern
Australia) on the other hand. It implies that
when rainfall is anomalously high in the Central
and Eastern Pacific, it tends to be anomalously
low over the whole domain of the boreal sum-
mer monsoon (fig. 6¢).

The correlations between the different OM
patterns are the weakest of all seasons, indicat-
ing that this is the season in which the models
most greatly differ in their repesentation of the
leading SST-forced teleconnection structure:
pattern correlations range from 0.38 (hetween
EC3 and LMD) to 0.61 (between EC4 and EC3)
and between 0.77 1o 0.82 for the correlations
between each model and the super-ensemble.
There are also some dramatic changes relative
to the MAM patterns, with pattern correlations
ranging between 0.16 (MAM EC4 versus JJIA
EC4) and 0.47 (MAM EC3 versus JJA EC3).
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The main change for EC4 and LMD is the
gradual transformation (seen in individual
monthly analyses, not shown) from the meridi-
onal dipole in the Indo-Pacific region during
MAM to a zonal one in JJA (fig. 9a-d). LMD
exhibits a clear zonal out-of-phase dipole be-
tween the New Guinea - Salomon Islands area
and the Central and Eastern Pacific (fig. 9a-d),
with the Indian peninsula also out of phase with
the Central Pacific. This pattern agrees with the
observed mode, and indicates that the LMD
teleconnection structure response to SST is in
accord with observations over these regions.
However, over the Atlantic and Africa, all mod-
els have problems in capturing the observed
teleconnection structure. The EC4 and LMD
models are, in particular, both wrong (relative to
the observed mode) in developing an in-phase
evolution between the Sahelian belt and the
Central Pacific. EC3 is somewhat better in this
region, but the near-zero weights through the
Sahel still suggest a failure to capture the Sahel-
ENSO teleconnection. The explained variance
and the skill (fig. 9a-d) are lower than in DJF.
This season appears to have a strong SST-forced
component, but its representation in GCMs ap-
pears still to be problematical. The correlation
of the modes with SST are very consistent (not
shown), again confirming that the different tel-
econnection structures in the three models all
derive from the same SST forcing patterns. The
patterns show a strong decrease in correlation
over the Indian Ocean (MNWR98), Weak neg-
ative correlations now exist over the equatorial
Atlantic.

5.4. SON

The OM, patterns are very consistent amongst
the models, like in DIF (pattern correlations
over 0.97). The patterns are more similar to the
DIJF one (pattern correlation between the super-
ensemble OM in SON and DIF = 0.41) than the
JJA ones (fig. 6a-d). Nonetheless, there are still
substantial differences with DJE. For example,
the negative correlations over Northern South
America are weaker than in DIE. A particular
feature of SON (e.g., Ogallo, 1988; Beltrando,
1990; Beltrando and Camberlin, 1993) are the
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Fig. 9a-d. Same as fig. 7a-d except for JJA
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Fig. 10a-d. Same as fig. 7a-d except for SON.
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in-phase rainfall anomalies between the Central
Pacific and eastern equatorial Africa and Sri
Lanka, These anomalies accompany the in phase
SST variability between these regions, that is, a
particularly warmer Western Indian Ocean in
this season during EN years (i.¢ Moron et al.,
1998b).

Relative to JJA, the OM  patterns are more
consistent between cach other, with pattern cor-
relations ranging from 0.54 (between EC3 and
LMD) to Q.70 (between EC3 and EC4) (fig.
10d). The pattern correlations with the super-
ensemble OM, are over 0.83. Compared to ob-
servations, the spatial behavior is rather similar
to that of JJIA (pattern correlations from 0.560
(EC4) 10 0.68 (super-ensemble)), suggesting that
these models do not alter their teleconnection
structures sufficiently in response to changes in
the background annual cycle (fig. 10a-d). There
is a clear zonal out-ol-phase between the Cen-
tral Pacific on the one hand and the Western
Pacific and the maritime continent on the other
hand (fig. 10a-d). There are also positive corre-
lations over the Western Indian Ocean. Howev-
er. these positive correlations do not extend suf-
ficiently west into East Africa, such that all
maodels are not skilful in reproducing the in-
phase behavior between the Central Pacific and
East Africa. As for JJA, all models specifiy in-
phase relationship between the Central Pacific
and the Sahelian area, which is wrong if we
consider observations (see fig. 6d, the result is
dominated by September, since much less rain
falls in October and November in the Sahel).
The negative correlations observed over the
whole of tropical America, and positive correla-
tions over subtropical edges (La Plata, Carib-
bean Islands) are present for all models and
quite consistent with the observations. The cor-
relations with SST reveal almost the same fea-
tures as JJA, except for the stronger in phase
variability between the Central Pacific and West-
ern Indian Ocean (not shown).

6. Conclusions
The response of three different AGCMs (EC4

at T30 resolution; EC3 at T21 resolution; LMD
at 96x72 grid-points resolution) to prescribed
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SST over the period 1961-1993 has been stud-
ted. focusing on tropical circulation. Three runs
of each model have been made, only differing by
their initial conditions. The SST-forced compo-
nents amongst the runs of one model and amongst
all the runs has been analysed for various indices
(SOL, regional rainfall indices, wind-shear mon-
soon index). The most skilful and the most re-
producible modes of tropical rainfall have been
extracted through multivariate analyses (SVD)
as in Ward and Navarra (1997), MNRWOS, Fed-
dersen ef al. (1999) and Moron et al. (2001a).
The mean annual cycle in the tropics was
first compared amongst the models and with
observations. The main problems in these mod-
els are the weakness of the Atlantic ITCZ in
boreal winter {(especially of EC4) and the dis-
placement and intensity of highest rainfall in SE
Asia in boreal summer. The highest rainfall to-
tals are displaced southward from the equatorial
[ndian Ocean to the tropical Northwestern Pa-
cific for EC3 and EC4, relative to observations.
These and other errors can be expected to con-
tribute to the discrepancies between model and
observed teleconnection responses to SST. as
identified in Sections 4 and 5 of the paper.
The model response to SST was first ana-
lysed using well-known large-scale tropical in-
dices (SOIL, wind-shear monsoon index and three
regional rainfall indices of the Sahel, India and
Nordeste). The performance of these models is
quite consistent with other studies (e.g., Sperber
and Palmer, 1996). We have here begun to as-
sess issues concerning how to combine the pre-
dictions from the different runs. For the regional
indices, our optimum combination of the super-
ensemble, as estimated using cross-validated
multiple regression, yields more skill than any
of the individual models (Krihsnamurti er al.,
2000). However, the super-ensemble contains a
contribution from more runs, and it is possible
that the increase in skill is merely attributable to
an increased ensemble size, increasing the sig-
nal to noise ratio. To try and remove this effect,
the skill of indices generated by combining one
run from each of the three models was assessed.
The mean skill of these indices was usually
greater than the mean skill of the three individ-
val models. providing evidence that the combi-
nation of models is adding some extra skill
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(Krishnamurti et al., 2000). The situation is less
clear for the monsoonal wind-shear indices of
West Africa and the tropical rainfall indices of
India and the Sahel. For these generally lower
skill indices, the skill of each model is very
different. The optimum way to generate a pre-
diction may be to give zero weight to the lowest
skill models, but even if this is the case, the
results suggest the need for a number of opera-
tional models, since all these models are superi-
or for at least one of the indices studied. In other
words, each model has its own strengths which
allow it to contribute to the forecast of certain
indices, even if it is rejected for other indices.
For the low skill indices, it appears that some
years are correctly specified by almost the whole
set of runs, suggesting an inter-annual variabil-
ity of skill-reproducibility. that provides an av-
enue for more detailed investigation.

As found in MNWRYS for one model. the
leading patterns of the most skilful model modes
are almost identical to the model modes maxim-
ising reproducibility amongst the runs. The glo-
bal-scale features of the leading OM_modes are
very similar between models, and largely de-
scribe the observed ENSO signal in each sea-
son. However, the OM,, modes do have consid-
erable differences between models. The differ-
ences in the OM, modes define the different
ways in which each model responds to ENSO
forcing. Thus, the model differences, such as
the different parametrization schemes and reso-
lution, give rise to ditferent teleconnection struc-
tures. The differences are least in the tropical
Pacific where there is strong local SST forcing,
but even here, substantial differences amongst
the model responses cun be found. In particular,
there is a strong meridional rainfall dipole over
the Pacific in DJF and MAM for both EC4 and
LMD models, whereas the dipole remains zonal
for all seasons in the EC3 model.

Another major issue is the extension through-
out the tropics of the anomalies associated with
the ENSO-LNSO events. The leading mode is
generally characterised by an out-of-phase pat-
tern between the central and castern equatorial
Pacific and equatorial Indian Ocean on the one
hand and almost the remaining tropical belt on
the other hand with largest weights often over
the SPCZ area, the northwestern tropical Pacific
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around Micronesia and Northern South Ameri-
ca. However, considerable differences are [ound
by season, as we have quantified by calculating
pattern correlations between the patterns for con-
secutive seasons, For example, in observations,
there is a very strong contrast in the observed
mode pattern from MAM to JIA, and from JJA
to SON. The models also displayed strong evo-
lution season-by-season of the leading telecon-
nection structure. One general deficiency was
that the models” SON teleconnection mode was
rather too similar to the JJA mode. If we consid-
er the total variance explained by the OM modes.,
the influence of ENSO-LNSO events in the nmod-
els is strongest in DJF and SON and weakest in
MAM and JJA. The weak results for JIA may
represent problems with the models™ ability to
correctly capture the IJA teleconnections dur-
ing the boreal summer monsoon scason. The
known observed teleconnections during ENSO
that generally lead to negative rainfall anoma-
lies over Southern Africa (DJF) and positive ones
over equatorial East Africa (SON) are not really
simulated by any of the models. Likewise. for
the Sahelian belt, which experiences negative
anomalies in JJA during ENSQ (especially since
1970) actually experiences positive anomalies
in EC4 and LMD, and near zero anomalies in
EC3. 1t is possible in all cases that the models
displace the real teleconnections, creating anom-
alies over the Western Indian Ocean (instead of
Southern Africa in DJF), Central Indian Ocean
{(instead of equatorial East Africa in SON) and
the Gulf of Guinea area (instead of the Sahel in
JIA). The exact location of the displacement is
model specific, as revealed by the relatively low
pattern correlations between each of the mod-
el's OM, pattern. Thus the results endorse the
combination of the models taking account of
each model’s spatial teleconnection structures.
such as could be done with a super-ensemble
extended SVDA or CCA approach. Indeed, we
have confirmed here that the leading base pat-
terns identified by the individual OM analyses
will indeed be almost identical (pattern correla-
tions ot about 0.98) to super ensemble extended
base patterns that can be used as the basis for a
combination of the models. This should repre-
sent a further advance beyond the combination
of indices using multiple regression.
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