
Linear correlation coefficients are relatively low (c = 0.25

is not significant at the 95 % level) but Spearman rank
correlations are both significant at the 99 % level. This

implies that a mean state close to the observations, i.e.

weaker mean bias and better SST zonal gradient, will be
associated with strong nonlinearities in the shortwave

feedback, i.e. switches from subsident to convective regime

in the eastern Pacific Ocean, which are associated to an
improved ENSO amplitude simulation (Fig. 9).

6 ENSO and atmospheric feedbacks scores

This section provides a synthesis of the ENSO performance

of each CMIP3 and CMIP5 model. In order to characterize

how models represent basic features of ENSO, a sub-set of
four metrics are selected: the Niño-3 SST anomaly vari-

ability (Fig. 1a) to depict the simulated ENSO amplitude; the

percentage of El Niño events peaking in the eastern Pacific
(Fig. 4g) to qualify ENSO spatial structure; the ratio of

power within the 3–8 year and 1–3 year bands (Fig. 2b) to

describe the ENSO spectrum; and the ratio between Niño-3
SST anomaly standard deviation in November-January and

March–May (Fig. 3b) to represent ENSO seasonal phase

locking. For each metric m and each model i, we compute ei,
the absolute value of the error compared to observations that

is normalized by the CMIP3 ? CMIP5 inter-model standard

deviation (rCMIP3?CMIP5) following:

ei ¼
mi " mref

!! !!
rCMIP3þCMIP5

ð1Þ

An overall ENSO score is then defined as the average of
these normalized errors, the lower the ENSO score, the better

the model represents the basic characteristics of ENSO on

the average. Because models can correctly simulate ENSO
via compensating erroneous physical feedbacks (e.g.

Guilyardi et al. 2004), we also use the four process-based

metrics presented in this study (Fig. 7) in order to evaluate
the fidelity of simulated atmospheric feedbacks. The

normalized errors of l, a, aSW and aLH are computed

following (1) and their average defines a ‘‘Feedback score’’
for each model as for the ‘‘ENSO score’’. The normalized

errors for each selected metric and the ENSO and Feedback

(FB) scores are reported on Fig. 13. Note that lower score
values correspond to better performance in representing

ENSO and its atmospheric feedbacks.

Fig. 13 ENSO simulation performances for each model of CMIP3
(upper) and CMIP5 (lower) designated by the name of the modelling
group and a letter (see Table 1; Fig. 1). Four primary scores are used
to depict the ENSO quality: the normalized error (cf. (1), no unit, a
zero value indicating a perfect agreement with observations for that
measure) of the SSTA SD in Niño-3 (Amplitude), of the percentage of
El Niño peak in eastern Pacific (Structure), of the ratio between power
in 3–8 years over 1–3 years (Spectrum) and of the ratio of average
SSTA standard deviation in Niño-3 in NDJ over MAM (Seasonality).

The ENSO score is then defined as the average of these primary
scores. Thus, the lower the ENSO score, the better the model
represents the basic characteristics of ENSO. Four primary scores
depict the atmosphere feedbacks and consist in the normalized error
of l, a and its shortwave and latent heat components. The overall
Feedback score (FB score) is the average of these scores. The grey
squares spot the metrics that could not be calculated because of the
lack of data. The corresponding score is not computed for these
models
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