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Abstract

This work presents for the first time a comprehensive exploration of reliability for decadal predic-
tions upon the Atlantic Niflo. Initialized and uninitialized decadal re-forecasts are used to assess
multi-year prediction skill of the ATL3 SST index and to evaluate the oceanic regions, over the
tropical Atlantic, providing that skill. The analysed decadal re-forecasts were carried out with the
UK Met Office Decadal Prediction System (DePreSys) as part of the ENSEMBLES perturbed-
parameter ensemble. Re-forecasts started once every year over 1960-2005 are employed; the
verification period is 1961-2012, and the summer season considered June throughout September.
Model (i.e. HadCM3) SST systematic errors and the impact of the initialization on local SST
variability are described. The forecast quality assessment shows that initialized predictions of the
ATL3 index yield higher correlation skill and lower root mean square error than the uninitialized
counterparts until 2-5 years ahead. The results also indicate that initialization outperforms empirical
predictions based on persistence over this forecast range, suggesting that ocean dynamics play a role
in this near-term predictability of the Atlantic Nifio.
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Prediccidon multianual del Nifo Atlantico:
Una primera aproximacioén desde ENSEMBLES

Resumen

Este trabajo explora, por primera vez, la aplicabilidad de la prediccion decadal sobre el Nifio
Atlantico. Predicciones retrospectivas inicializadas y no-inicializadas han sido usadas para evaluar
el caracter predictivo del indice ATL3 a escalas multi-anuales, asi como para identificar las regiones
oceanicas del Atlantico tropical que contribuyen a esa predictabilidad. Las predicciones retrospecti-
vas usadas en este estudio fueron generadas con el Sistema de Prediccion Decadal (DePreSys) del
UK Met Office, como parte de la contribucion de parametros-perturbados del proyecto
ENSEMBLES. Estas predicciones retrospectivas fueron realizadas cada afio durante el periodo
1960-2005; el periodo de verificacion se extiende desde 1961 a 2012, y la media estacional emplea-
da corresponde a Junio-Septiembre. Primeramente se describen los errores sistematicos del modelo
climatico (HadCM3), asi como el impacto de la inicializacion en la variabilidad local de la tempera-
tura del mar. Posteriormente, otros resultados muestran que las predicciones inicializadas poseen
una mejor habilidad para reproducir la evolucion observada del indice ATL3, que las no-
inicializadas, hasta el rango 2-5 afios, con una mayor correlacion y un menor error cuadratico medio.
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Los resultados también sugieren que la inicializacion mejora las predicciones estadisticas basadas en
persistencia, indicando que la dindmica oceanica juega un papel importante en la predictabilidad del
Niilo Atlantico.

Palabras clave: Nifio Atlantico, prediccion decadal, ENSEMBLES.
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1. Introduction

The Atlantic Nifio is one of the phases of the leading mode of the tropical Atlantic
variability and it consists in an anomalous warming over the eastern equatorial
Atlantic which develops through Bjerknes feedback (Zebiak 1993; Carton et al.
1996; Ruiz-Barradas et al. 2000; Keenlyside and Latif 2007; Polo et al. 2008).
The equatorial warming usually comes together with positive sea surface tem-
perature (SST) anomalies over the Angola/Benguela coast shaping a characteristic
“cold tongue” configuration (Polo et al. 2008). The opposite is true for the Atlan-
tic Nifia or cold equatorial Atlantic events. The Atlantic Nifio can be characterised
with the ATL3 index, which is the result of averaging SST over the region 20°W-
0°E / 3°N-3°S (Zebiak 1993).

State-of-the-art coupled models fail in reproducing the Atlantic Nifio mainly
because they underestimate the annual cycle under an already too warm mean
state (warm SST bias; see also Fig. 1). Much research has focused in the past on
understanding the strong mean bias over the equatorial Atlantic, pointing out at
key processes such as a complex land-sea interaction in the Atlantic basin or the
oceanic coarse resolution for reproducing no enough upwelling. The overall
conclusion is that the air-sea coupling results in a positive feedback that leads to
the development of the SST error: models fail in especial areas where poor simu-
lation of certain atmospheric phenomena such as deep convection over Brazil and
the stratocumulus over Angola coast are driving wrong surface fluxes and winds,
which in turn yield a too deep mean equatorial thermocline and a warm SST bias
(Large and Danabasoglu 2006; Chang et al. 2007; Ritcher and Xie 2008; Ritcher
et al. 2011; Wahl et al. 2011). In addition, some authors have investigated the
processes related to the growth of the SST error in several CMIPS decadal hind-
casts over the south tropical Atlantic, concluding that, in particular, for HadCM3
the ocean integrates the anomalous deep thermocline without advecting the excess
of heat content out (Toniazzo and Woolnough 2013).

However, despite the mean bias over the equatorial Atlantic, most models are
able to simulate some kind of variability over the ATL3 region, although with
smaller amplitude than in the observations (Collins et al. 2001; Breugem et al.
2006; see also Tokinaga and Xie 2011 additional material; Richter et al. 2012) or
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with the wrong seasonality. For instance, the interannual variability peak for the
ATL3 index in HadCM3 occurs in boreal autumn instead of boreal summer as in
the observations (Polo et al. 2013). Capturing the right seasonality of the events is
important in terms of the teleconnections associated with the Atlantic Nifio. The
Atlantic Nifio has an impact on precipitation over the Nordeste Brazil region and
onto the West African monsoon (Garcia-Serrano et al. 2008; Losada et al. 2010),
which are systems phase-locked with the seasonal cycle.

Since the Atlantic Nifio exerts an influence on the rainfall over the Tropics,
where rain-fed agriculture is an important part of the economy, being able to
predict its variability on seasonal to decadal timescales is key for decision-makers
(Rodriguez-Fonseca et al. 2011).

Decadal prediction systems have been developed and many works have been
devoted to evaluate SST predictions over the North Atlantic and tropical Pacific
and its associated impacts (among others, Garcia-Serrano et al. 2012; Robson et al.
2012).

The reliability of SST multi-year ensemble predictions has been evaluated
globally (Doblas-Reyes et al. 2013; Ho et al. 2013) but it has never been specifi-
cally assessed over the equatorial Atlantic. For instance, Ho et al (2013) have
shown that in general terms, the initialization significantly reduces forecast spread,
in agreement with previous studies (Corti et al. 2012). However, overdispersion
within the ensemble, related to an excess of interannual variability of the model
(i.e. HadCM3), make predictions to be not reliable (Ho et al. 2013). Interestingly,
the former authors have shown that over the equatorial Atlantic the spread-error
ratio for short lead times in DePreSys is close to 1 (Figure 1 in Ho et al. 2013),
which suggests that ATL3 region could be promising for future reliable predic-
tions. Recently some authors have also evoked some skill for ATL3 as well as for
the associated rainfall over the Gulf of Guinea (Garcia-Serrano et al. 2013).

This work is the first attempt to comprehensively explore the reliability of de-
cadal predictions upon the Atlantic Nifio; and, to this aim decadal re-forecasts
with yearly start dates have been employed. This work moves forward from
Garcia-Serrano et al. (2013) who analysed the ENSEMBLES decadal re-forecasts
with a five-year interval between start dates. Increasing the start dates frequency
has been recently shown to be of major relevance rather than increasing the en-
semble size (Garcia-Serrano and Doblas-Reyes 2012; Meehl et al. 2013).

2. Data and methods

This study uses the decadal re-forecasts of the perturbed-parameter ensemble
predictions produced with the Met Office Decadal Climate Prediction System
(DePreSys; Smith et al. 2007, 2010) as part of the EU project ENSEMBLES
(Doblas-Reyes et al. 2010). Ten-year long re-forecasts were started on the first of
November once every year over the period 1960-2005 using a nine-member
ensemble of HadCM3 model variants. The set of initialized decadal re-forecasts
used in this study was run explicitly prescribing the contemporaneous state of the
climate system at the start date; these will be referred, simply, to as ASSIM. In
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order to assess the impact of the initialization an additional set of uninitialized re-
forecasts (referred to as NOASSIM) with the same nine model versions was run.

What is unique in these two sets, in comparison with the Coupled Model Inter-
comparison Project phase 5 (CMIPS5) protocol (Taylor et al. 2012), is that they use
information available in a real-time forecast context. For that reason we refer to
these decadal integrations as re-forecasts, not hindcasts. The ENSEMBLES
decadal re-forecasts do not include observed time-dependent variations in solar
activity or volcanic aerosols, but they take into account changes in external forc-
ing such as greenhouse gases, sulphate aerosols, and anthropogenic emissions.
Further description of the experimental design is provided by Doblas-Reyes et al.
(2010).

The study focuses on time-averaged predictions over an extended summer sea-
son, ranging from June to September (hereafter, JJAS). The ASSIM and
NOASSIM model climate is estimated by averaging raw forecasts along the
actual time (the start date dimension) according to availability of observations.
The period for verification covers 1961-2012. All re-forecast anomaly time-series
have been computed, for each model version separately, by removing a model
climate estimate at each forecast time. A four-year forecast average is performed
afterwards upon these drift-corrected anomaly time-series, to retain interannual-
to-decadal predictability (Goddard et al. 2013). Four-year averages are considered
as it represents a compromise between the capability of partially removing the
unpredictable interannual variability in near-term dynamical forecasting (e.g. the
link to ENSO) and the ability to partially represent skill evolution along the
forecast time (Garcia-Serrano and Doblas-Reyes 2012). The NOAA extended
reconstructed SST v3b (ERSST; Smith et al. 2008) has been used as the reference
dataset for verification. The subset of observational data used to estimate the
respective climatology is selected taking into account only years when both
observations and model data are available. In this case, a separate observational
climatology is estimated for each four-year forecast average.

The purpose of this research is to evaluate multi-year forecast quality upon the
Atlantic Nino. Firstly, the skill of the DePreSys decadal predictions of the Atlan-
tic-3 SST (ATL3) index is assessed. The ATL3 index adopted in this study was
defined in Garcia-Serrano et al. (2013), which corresponds to a revised definition
of the one by Zebiak (1993) with the aim of removing long-term trends: SST
anomalies averaged over 20°W-0°E / 3°S-3°N minus global SST anomalies aver-
aged over 60°S-60°N. This definition mimics the approach by Trenberth and Shea
(2006) to revise the AMO index. Two different measures of forecast quality have
been employed to analyse the relative merits of the forecast systems. The skill
scores include the anomaly correlation coefficient (ACC) and root mean square
error (RMSE) of the ensemble mean (Joliffe and Stephenson 2003; Garcia-
Serrano and Doblas-Reyes 2012). The DePreSys decadal predictions are com-
pared against two empirical prediction methods. These methods are based on 1-
year and 4-year persistence; the second one is intended to represent low-
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frequency persistence relevant for the prediction skill assessment (four-year
forecast averages).

The second objective of this study is the identification of regions in the tropi-
cal Atlantic that potentially contribute to improved multi-year ATL3 prediction
skill in ASSIM when compared to NOASSIM. To this aim, grid-point correlation
maps between ensemble-mean detrended re-forecast SST anomalies and the
observed (ERSST) ATL3 index are performed. Detrended anomalies are com-
puted by subtracting global SST anomalies averaged over 60°S-60°N, for consis-
tency with the ATL3 index employed. It is found that linear detrending or regress-
ing out the global SST average yield very similar results (not shown). This
approach, already applied to the AMO index (Garcia-Serrano et al. 2012), pro-
vides a simple, systematic procedure for quantitatively assessing performance in
different forecast systems and complements other initiatives in establishing a
common verification framework for decadal prediction (Goddard et al. 2013;
Meehl et al. 2013).

To avoid getting confidence levels that are too liberal, the computation of an
effective sample size is used to estimate the statistical thresholds. This is tackled
by computing the effective degrees of freedom as described in von Storch and
Zwiers (2001) or Zieba (2010).

3. Results

3.1. Model bias and tropical Atlantic variability

Once initialized using observations, climate prediction models tend to develop,
along the forecast time, systematic errors leading to a drift towards their preferred
climate. This is specially marked when the observed state is prescribed in a fu/l-
field initialization, as in the ENSEMBLES multi-model (e.g. Garcia-Serrano and
Doblas-Reyes 2012). A way to reduce this model drift is prescribing observed
anomalies into the imperfect model climate, which is known as anomaly initiali-
zation (Doblas-Reyes et al. 2010; Hazeleger et al. 2013; Smith et al. 2013). De-
PreSys, and then ASSIM, uses anomaly initialization (Smith et al. 2007, 2010).
However, this initialization strategy does not prevent from having model biases in
the course of the forecast time, since they are inherent of the climate model (i.e.
the forecast system).

Figure 1 illustrates the SST systematic error over the tropical Atlantic in
NOASSIM (a) and ASSIM (b); shown is the ensemble-mean of the nine model
variants of HadCM3 from both ensembles for the forecast average 2-5 years. As
can be seen, the initialization does not play a significant role in the model SST
biases, as the two ensembles show identical patterns. A strong warm bias is
evident over the Angola/Benguela upwelling region, which reaches around
+2.5°C compared to observations. This is accompanied by a weaker warm bias at
equatorial latitudes over the cold tongue region. In the central tropical Atlantic,
offshore Northeastern Brazil, a cold bias of around -1°C is apparent. Likewise,
weaker cold systematic errors are shown at subtropical latitudes of both hemi-
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spheres. This pattern compares well with the one described by Smith et al. (2013)
from a ten-member historical simulation with HadCM3.

Figure 1 also depicts an estimate of the SST model drift in both systems,
NOASSIM (c) and ASSIM (d), computed as the difference in the model climate
between the forecast averages 7-10 and 1-4 years. As expected from the DePreSys
set-up, with re-forecasts released from its model climate, the drift is quite small,
reaching only 0.1-0.2°C. The homogeneous pattern of warming drift in both
systems suggests that the prescribed, varying external forcing is key in phasing
the model response.

SST systematic error 1961-2012 (JJAS)

NOASSIM - ERSST / 2-5yrs ASSIM - ERSST / 2-5yrs

twa s,

265 -1.65 -065  0.65 1.65 2.65
NOASSIM [7-10] minus [1-4]  ASSIM [7-10] minus [1-4]
D

| |

0.1 0.2 0.3 0.4 0.5
Fig. 1. (top) Ensemble-mean SST systematic error (°C), with respect to ERSST, in the
uninitialized (NOASSIM; a) and initialized (ASSIM; b) decadal re-forecasts for the
forecast period 2-5 years. (bottom) Estimate of the SST model drift (°C) in both systems
(NOASSIM, c; ASSIM, d), computed as the difference in model mean-climate between
the forecast periods 7-10 and 1-4 years. Both analyses are performed over the period
1961-2012 and after applying a four-year forecast average.

This attempt to point out some systematic errors of the forecast systems is in-
tended to improve model performance and initialization procedures, which could
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lead to get more skilful predictions over the tropical Atlantic. In the following, an
illustration of the benefits in local SST variability from initialization is presented.

Multi-year prediction of the Atlantic Nifio...
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Fig. 2. (a) Observed and (b-e¢) ensemble-mean re-forecast SST standard deviation (°C)
computed from detrended anomalies over the period 1961-2012; shown for uninitialized
(NOASSIM; b, d) and initialized (ASSIM; c, e) decadal re-forecasts are the forecast
periods 1-4 (middle) and 2-5 years (bottom). Detrended anomalies are computed by
subtracting global SST anomalies averaged over 60°S-60°N. Contours are drawn for 0.15

(thin black) and 0.30 (thick black) °C.

Figure 2 shows the SST standard deviation at each grid-point from ERSST (a),
over the verification period 1961-2012, and from NOASSIM (b,d) and ASSIM
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(c,e) ensembles for the first two forecast averages in which the impact of the
initialization is expected to be maximum, namely 1-4 (middle row) and 2-5 (bot-
tom) years. In the observations, and at tropical latitudes, the SST standard devia-
tion peaks in the easternmost side, over the Angola and Guinea basins, and ex-
tends along the cold tongue region up to the central equatorial Atlantic. In the
forecast systems an overall underestimation of the observed variability is notice-
able. Even so, a clear enhancement of the SST standard deviation is apparent in
ASSIM at equatorial latitudes, from the African coastline towards the central
tropical Atlantic, for both forecast periods. This improvement is linked to the
initialization. The question emerges whether this improvement translates into a
better skill in re-forecasting the Atlantic Nifio. This is addressed in the next sec-
tion.

3.2. Forecast quality assessment

Figure 3 shows the ATL3 forecast skill assessment by means of the ACC (a) and
RMSE (b) scores from the dynamical prediction systems, NOASSIM (pink) and
ASSIM (purple), as well as two empirical models based on persistence, i.e. 1-
(black solid) and 4-year (black dashed) persistence. The latter is considered to
represent interannual-to-decadal predictability coming from low-frequency,
simple damping processes, whereas the former indicates memory of the climate
system due to the initial state. Note that in general 1-year persistence predictions
are even less skilful than the 4-year persistence model, which points that the
Atlantic Nifo effectively has variability at decadal time-scale, as suggested by
Garcia-Serrano et al. (2013) from a power spectrum analysis of the ATL3 index.

Concerning the dynamical forecast systems, there appears that no statistically
significant multi-annual prediction skill is found for the ATL3 index. Nonetheless,
a systematic improvement in the skill scores from initialization can be noticed
early in the forecast range. ASSIM shows correlation coefficients of 0.5 and
seems to outperform predictions based on climatology in terms of RMSE at the
forecast periods 1-4 and 2-5 years. For those forecast times, the initialized predic-
tions (ASSIM) are more skilful than the uninitialized ones (NOASSIM). This
result, using a larger sampling (yearly re-forecasts), reinforces the evidence
shown by Garcia-Serrano et al. (2013), from DePreSys re-forecasts with the
standard 5-year interval between start dates, that initialization may bring skilful
multi-year predictions in the tropical Atlantic Ocean.

To further explore the better performance of ASSIM, compared to NOASSIM,
in re-forecasting the SST variability associated with the Atlantic Nifio, correlation
maps are computed using the observed ATL3 index (see Section 2). Figure 4a
shows the SST correlation map of the ATL3 index in the observations for the first
forecast average, 1-4 years, which represents the target pattern to be captured by
the forecast systems. Note that all forecast averages depict a similar spatial pattern
in the observations (not shown), indicating that the SST variability associated
with the Atlantic Nifio is robust over the verification period. In the climate predic-
tion models, in both the NOASSIM (Fig. 4b) and ASSIM (Fig. 4c) systems, the
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Atlantic Nifio overestimates the observed meridional SST gradient with the north-
ern tropical-subtropical latitudes while the observed second relative maximum in
the southern hemisphere is absent. Besides these systematic errors, both forecast
systems have a well-defined warm tongue extending over the equatorial region
that resembles the observed Atlantic Nifio. All forecast averages in the two en-
sembles show a similar pattern (not shown), which implies that the same dynam-
ics, responsible of the model Atlantic Nifio, is at play independently of the ini-
tialization.

(@) ATL3 forecast skill 1961-2012 (JUAS) ®)  ATL3 forecast skill 1961-2012 (JIAS)
S g 1 ,,———
< |
10 o
c° ey
o e R - o - o - o - —
i Pl
‘6 E g T \/’7
©
2 — ASSIM 4 —— ASSIM
NOASSIM o NOASSIM
— 1-yr persistence — 1yr persistence
o | = = 4-yrpersistence o = = 4-yrpersistence
AL T T T T r T o L - T T T T T
1-4 2-5 3-6 4-7 5-8 6-9 7-10 1-4 2-5 3-6 4-7 5-8 69 7-10
forecast time (yr) forecast time (yr)

Fig. 3. Ensemble-mean anomaly correlation coefficient (a) and root mean square error
(rmse, °C; b) between the uninitialized (NOASSIM, pink) and initialized (ASSIM, purple)
forecast systems, 1- (solid black) and 4-year (dashed black) persistence models, and the
observational reference dataset (ERSST) for the ATL3 index, based on JJIAS seasonal
mean and computed separately for each four-year forecast average over the period 1961-
2012. The statistical significance threshold for correlation skill in panel (a), estimated
from a one-tailed #-test at 95% confidence level taking into account the autocorrelation of
the ERSST ATL3 time-series, is drawn in grey shading. In panel (b), grey shading stands
for values above the RMSE of predictions based on climatology, computed as the standard
deviation of the ATL3 index at each four-year forecast average.

Correlating the observed ATL3 index with re-forecast SST anomalies provides
prediction skill information, since evidence of grid-point ability in recapturing the
observed low-frequency variability is shown. NOASSIM is unable to re-forecast
the observed Atlantic Nifio signature at equatorial latitudes during the 1-4 (Fig. 4d)
and 2-5 (Fig. 4f) forecasting years. This result goes along with the lack of correla-
tion skill for the ATL3 index in this system (Fig. 3a; pink).
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Fig. 4. (a) Correlation map of detrended JJAS ERSST anomalies onto the observed ATL3
(obs.ATL3; ERSST) index. (second row) Ensemble-mean correlation map of detrended
JJAS SST anomalies onto the ATL3 index in the uninitialized (NOASSIM; b) and initial-
ized (ASSIM; c) forecast systems. (third-fourth rows) Correlation at each grid point
between ensemble-mean detrended JJAS SST anomalies from the uninitialized
(NOASSIM; d, f) and initialized (ASSIM; e, g) decadal re-forecasts and the obs.ATL3
index (ERSST); shown are the forecast periods 1-4 (d-¢) and 2-5 years (f-g). Detrended
anomalies are computed by subtracting global SST anomalies over 60°S-60°N. Statisti-
cally significant areas, evaluated with a two-tailed #-test at 95% confidence level taking
into account the autocorrelation of the ERSST ATL3 time-series, are indicated with dots.
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By contrast the initialized system (ASSIM) shows skill, albeit not statistically
significant, in predicting the observed Atlantic Nifio warm tongue at these two
early forecast averages (Figs. 4e,g), which is consistent with its ATL3 positive
correlations (Fig. 3a; purple). According to the ATL3 skill decrease, with forecast
time, in this system no other forecast average shows large, positive grid-point
correlations with the observed ATL3 index over the tropical Atlantic (not shown).

All these results suggest that initializing climate models with the contempora-
neous state of the system increases the ATL3 forecast skill and improves the
capability of predicting SST variability associated with the Atlantic Nifio up to 2-
5 years ahead. This represents encouraging prospects for future efforts in the
decadal prediction framework over the tropical Atlantic.

4. Summary and conclusions

In this study, initialized and uninitialized decadal re-forecasts have been used to
assess multi-year forecast skill of the ATL3 SST index and to evaluate the oce-
anic regions, over the tropical Atlantic, providing that skill. Those decadal predic-
tion experiments were carried out using DePreSys as part of the ENSEMBLES
perturbed-parameter ensemble. This work is the first attempt to comprehensively
explore the reliability of decadal predictions upon the Atlantic Nifio; and, to this
aim yearly decadal re-forecasts have been employed. This work takes over from
Garcia-Serrano et al. (2013) who analysed the ENSEMBLES decadal re-forecasts
with a five-year interval between start dates. Increasing the start-date frequency
has been recently shown to be of major relevance rather than increasing the en-
semble size (Meehl et al. 2013). Despite limitations on statistical significance of
the results, coming from the autocorrelation of the ATL3 index, this first ap-
proach has led to some relevant results that are summarized below:

- The impact of the initialization on predictions of the ATL3 index is no-
ticeable early in the forecast range, up to 2-5 years ahead, whereby the
initialized decadal prediction system (ASSIM) yields higher correlation
skill and lower root mean square error than the uninitialized counterpart
(NOASSIM).

- Initialization also outperforms empirical predictions based on one- and
four-year persistence damping.

- The improvement in re-forecasting the ATL3 index and ATL3-related
SST anomalies in the initialized decadal predictions is concomitant with
enhanced local SST variability over the central-eastern equatorial Atlantic.

Our results suggest that ocean dynamics play a role in reproducing the Atlantic

Nifio evolution beyond the thermal inertia of the ocean. This is in agreement with
the idea of changes in the Atlantic meridional overturning circulation impacting
the mean thermocline and thus Atlantic Nifio mode (Chang et al. 2008; Haarsma
et al. 2008; Polo et al. 2013). It also implies that ATL3-related climate phenom-
ena such as rainfall variability in Northeastern Brazil or the WAM may have
some predictability at 2-5 years lead time, and could be skilfully predicted on
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those time scales if the models can reproduce the relevant climate processes.
Likewise, this study illustrates that this internally-generated low-frequency vari-
ability is correctly initialized in the decadal prediction system (ASSIM), and
envisages encouraging prospects for further development towards its skilful, near-
term forecasts. As first step forward, a further assessment of our findings will be
provided by the CMIP5 multi-model decadal hindcasts.
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