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SUMMARY: Previous studies have reported that the tropical Atlantic has had an influence on tropical Pacific interannual
variability since the 1970s. This variability is studied in the present work, using simulations from a coupled model in the
Indo-Pacific but with observed sea surface temperature (SST) prescribed over the Atlantic. The interannual variability is
compared with that from a control simulation in which climatological SSTs are prescribed over the Atlantic. Differences in
the Pacific mean state and in its variability are found in the forced simulation as a response to a warming in the equatorial
Atlantic, characterized by a cooler background state and an increase in the variability over the tropical Pacific. A striking
result is that the principal modes of tropical Pacific SST interannual variability show significant differences before and
after the 1970s, providing new evidence of the Atlantic influence on the Pacific Ocean. Significant cooling (warming) in
the equatorial Atlantic could have caused anomalous winds in the central-easter Pacific during the summer since 1970s.
The thermocline depth also seems to be altered, triggering the dynamical processes involved in the development of El Nifio
(La Nifia) phenomenon in the following winter. An increase in frequency of Nifio and Nifia events favouring the Central
Pacific (CP) ones is observed in the last three decades. Further analyses using coupled models are still necessary to help us
to understand the causes of this inter-basin connection.
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RESUMEN: CAMBIOS EN LA VARIABILIDAD INTERANUAL DEL PAciFico TROPICAL COMO RESPUESTA A UN FORZAMIENTO DEL
ATLANTICO ECUATORIAL. — Trabajos previos han puesto de manifiesto como el Atlantico Tropical influye en la variabilidad
interanual del Pacifico a partir de los afios 70. El presente trabajo estudia la variabilidad del Pacifico Tropical a partir de
simulaciones realizadas con un modelo acoplado en el Indo-Pacifico que considera la Temperatura de la Superficie del Mar
(TSM) observada en el Atlantico como forzamiento externo. Los resultados de esta simulacién son comparados con los
obtenidos en una simulacién de control, con TSM climatoldgicas en el Atlantico. La simulacion forzada muestra cambios en
el estado base y la variabilidad del Océano Pacifico relacionados con un calentamiento en el Atlantico ecuatorial, destacando
un aumento de la variabilidad y un enfriamiento del Pacifico ecuatorial. Ademads, los principales modos de variabilidad del
Pacifico antes y después de los 70 son diferentes, reafirmandose la influencia del Atlantico sobre el Océano Pacifico. Un
enfriamiento (calentamiento) en el Atlantico ecuatorial podria generar vientos anémalos en el centro-este de la cuenca del
Pacifico durante el verano desde dicha década. La profundidad de la termoclina también se modificaria, desencadenandose
los procesos dindmicos involucrados en el desarrollo de El Nifio (La Nifia) en el invierno siguiente. Los resultados muestran
un aumento de la frecuencia de Nifios y Nifas, favoreciéndose los eventos del Centro del Pacifico (CP) en las ultimas
décadas. Estudios adicionales mediante el uso de modelos acoplados serian necesarios para poder comprender las causas de
la conexién entre cuencas.

Palabras clave: variabilidad del Atlantico Tropical, conexién Atlantico-Pacifico, ENSO.
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INTRODUCTION

Atlantic and Pacific Tropical basins have similar
interannual variability modes referred to as the Atlantic
Nifio and El Nifio-Southern Oscillation (ENSO), peak-
ing in the boreal summer and winter respectively. Both
of them are characterized by an anomalous warming in
the east of the basin, associated with a weakening of
the climatological trades and supported by the Bjerk-
nes positive feedback (Bjerknes 1969, Zebiak 1993).
Although ENSO impacts are larger, both are known to
have worldwide impacts (Philander 1990, Polo et al.
2008, Garcia-Serrano et al. 2008, Losada et al. 2010a,b,
Lépez-Parages and Rodriguez-Fonseca 2012).

Previous papers have studied the possible relation-
ship between the Atlantic and Pacific Nifios, suggest-
ing a lack of connection (Wang et al. 2006) or a fragile
relationship between them (Chiang et al. 2000, Chang
et al. 2006). However, recent studies report an increase
in the correlation between the Atlantic and Pacific SST
interannual variability (Miinnich and Neelin 2005,
Keenlyside and Latif 2007), highlighting the leader-
ship of the tropical Atlantic in the interbasin connec-
tion since the early 1970s (Rodriguez-Fonseca et al.
2009). Several model studies have also suggested the
impact of the Atlantic SST on the Pacific basin via
atmospheric teleconnections (Dommenget et al. 2006,
Sutton and Hodson 2007, Rodriguez-Fonseca et al.,
2009; Losada et al. 2010a, Wang et al. 2010).

Recently, Ding et al. (2011) replicated the experi-
ment of Rodriguez-Fonseca et al. (2009) with a more
resolved coupled model, finding good agreement
between the model and the observations and confirm-
ing this leadership of the Atlantic during the last few
decades. The former authors claimed that the relation-
ship between basins is stationary, whereas Rodriguez-
Fonseca et al. (2009) claim that the relation does not
hold before the 1970s.

Significant anti-correlations have been found
between the summer (JJAS) Atl3 index and the next
winter’s (DJFM) Nifio3 index since the late 1960s and
not before, in observations and modelled data (Fig. 1).
These correlations support the result of Rodriguez-
Fonseca et al. (2009): a summer Atlantic Nifio could
favour the development of a Pacific Nifia during the
next winter. However, the lack of significant correla-
tion between Atl3 and modelled Nifio3 in the summer
months (Fig. 1) suggests that other processes could be
contributing to the development of the thermal anoma-
lies in the Pacific Ocean.

Using the same simulations as Rodriguez-Fonseca
et al. (2009), recent studies have tried to characterize
the oceanic processes involved in the development of
ENSO due to the Atlantic influence in the last few dec-
ades (Martin-Rey et al. 2010). Different mechanisms
seem to be contributing to the heat balance of the
tropical Pacific before and after the 1970s, but further
analyses are needed to understand the influence of the
Atlantic on the Pacific Ocean.
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FiG. 1. — Running correlation of 20-year windows, from 1950-
1969 to 1981-2000 between summer (JJAS) observed Atl3 index
and Niflo3 index in lag 0 (JJAS) and lag +6 (DJFM) from model
(SimAtlVar) and observations. A Monte Carlo test has been applied
and significant values at 90% confidence level are represented in
dots. The observations come from HadISST1 (Rayner ef al. 2003).
A colour version of this figure may be found in the online electronic
manuscript.

According to previous studies, a remarkable change
has taken place in the last few decades, in both the char-
acteristics and development of the ENSO phenomena
(An and Wang, 2000, Federov and Philander 2000, An
2008, Choi et al. 2010, Yeh et al. 2011). Alterations of
the intensity, frequency and type of the ENSO have also
been observed in recent decades (Kao and Yu 2009, Lee
and McPhaden 2010). This shift could be associated with
changes in the Atlantic (Dong et al. 2006) and/or Pacific
background state (Moon et al. 2004), since an alteration
of the mean sea surface temperature (SST), thermocline
depth (z20) and zonal wind can modify the ENSO char-
acteristics (Federov and Philander 2000). In addition, a
“feedback-like mechanism” between the mean state and
the interannual events has been documented, so warm
(cold) ENSO events seem to increase (decrease) the SST
of the equatorial region, changing, in turn, the background
state (Kug et al. 2009, Lee and McPhaden 2010).

Regarding the variability of the ENSO phenom-
enon, several authors have reported the different ENSO
“flavours”, eastern Pacific (EP) and central Pacific
(CP), in the last century, suggesting great differences in
their sources and impacts (Kug et al. 2009, Kao and Yu
2009, Yeh et al. 2009, Choi et al. 2010). The origin of
the CP and EP ENSO is associated with different forc-
ings, so EP ones are highly dependent on thermocline
variations, while CP ones are mainly influenced by at-
mospheric forcing (Kug et al. 2009, Choi et al. 2010).
Likewise, other studies have shown the importance of
the mean state in favouring EP or CP ENSO (Yeh et al.
2009, 2011, Choi et al. 2010, Yeh et al. 2011).

Although previous studies have pointed out the
connection between the tropical Atlantic and Pacific
Ocean and the leadership of the Atlantic in this con-
nection (Rodriguez-Fonseca et al. 2009, Ding et al.
2011); and others have indicated the modification of
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the oceanic and atmospheric processes involved in the
development of the ENSO since the early 1970s (Mar-
tin-Rey et al. 2010), changes in the principal modes of
variability and in the type, frequency and phase of the
ENSO events have not yet been studied. Furthermore,
the previous studies were very restricted to Atl3 and
Nifio3 regions and not to the entire tropical basins

The aim of the present work is to clarify whether the
Pacific SST interannual variability has really changed
due to the Atlantic Ocean forcing in the last decades
of the 20th century. To this end, here we describe the
first variability mode for the forced simulation, com-
paring this mode with that from an unforced simulation
in order to isolate the mode due to the Atlantic influ-
ence. Two different periods were chosen in order to
verify the non-stationary impact of the Atlantic over
the Pacific.

The paper is organized as follows: First, the data
and methodology are described. Then the main results
are presented, focusing on: i) the analysis of the modi-
fication of the Pacific variability since the 1970s and
the possible alteration of the Pacific and Atlantic mean
states; ii) the analysis of changes in the interannual
variability of the tropical Pacific due to Atlantic forc-
ing; and iii) classification of ENSO events. Finally, a
discussion and the conclusions are presented.

MATERIALS AND METHODS
Data and model

This study was carried out using both observed
and modelled data. The observational SST came from
the HadISST1 (Rayner et al. 2003) dataset of the UK
Metoffice (http://hadobs.metoffice.com/hadisst/). The
observed wind stress was obtained from the Simple
Ocean Data Assimilation (Carton et al. 2000). The
modelled SST, thermocline depth and wind stress
outputs came from coupled model simulations. The
atmospheric component of the model was the ICTP
General Circulation Model (Kucharski er al. 2008)
version 40, with T30 horizontal resolution and 8 lev-
els in the vertical. The oceanic part was an extended
1.5-layer reduced-gravity model with a resolution of
2°%1° longitude-latitude (Chang 1994). Two different
groups of simulations were used:

— Fully-coupled simulations in the tropical Indo-Pa-
cific basin and climatological SSTs elsewhere, except
for the Atlantic Ocean, where observed monthly vary-
ing SSTs were used. The resulting SST for the tropical
Pacific basin corresponds to an ensemble of nine runs
for the total period 1949-2002 (as in Rodriguez-Fonse-
ca et al. 2009). Hereafter this simulation will be named
SimAtlVar.

— Fully-coupled simulations in the tropical Indo-Pa-
cific basin and climatological SSTs elsewhere. The re-
sulting SSTs of the ensemble of five runs corresponded
to a total period of 132 years. Hereafter this simulation
will be named SimAtICli.

The ability of the model to reproduce the connec-
tion between the interannual events of the Atlantic and
Pacific Oceans was demonstrated by Rodriguez-Fon-
seca et al. (2009). Both the model and the observations
show the beginning of this interbasin connection in the
late 1960s and the model also confirms the alteration
of Walker circulation as the responsible mechanism for
this connection in the last few decades.

It is important to analyse the reliability of the mod-
el in simulating the equatorial Pacific seasonal cycle
and its variability (Fig. 2). The observed seasonal
cycle is relatively well captured by the model (solid
lines) although the amplitude of the simulated annual
mean SSTs is higher than that of the observed ones,
exhibiting a warm SST bias in the eastern equatorial
Pacific, which is a common feature of most coupled
models (Lin ef al. 2010, Zhao et al. 2011, Mechoso
et al. 1995).

Regarding the standard deviation, the model shows
an increase in the variability in the Nifio3 region during
the summer, coinciding with the maximum variability
of the tropical Atlantic (not shown). The Pacific vari-
ability peaks in July in both SimAtlCli and SimAt/Var,
showing higher values in the latter, which could be
associated with Atlantic forcing (Fig. 2). On the other
hand, the observations indicate maximum variability
of the Nifio3 region in winter when this phenomenon
peaks (dotted line).

Although it is known that the seasonal cycle of the
tropical Pacific is mainly due to internal variability
(Xie 1994), the significant differences obtained be-
tween the seasonal cycle of SimAtVar and SimAtCli
(Fig. 2, stars) could be due to the Atlantic influence,
because it is the only external forcing. This fact should
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Fi1G. 2. — Seasonal cycle and standard deviation of Nifio3 index
from SimAtlVar, SimAtICli and observations. Solid lines are as-
sociated with y-axis on the left (in °C) and dotted ones with the
y-axis on the right side. The observations come from HadISST1
(Rayner et al. 2003). The difference between the seasonal cycle
and standard deviation from SimAt/Var respect SimAtICli has been
calculated and a t-test of equal means and a F-test have been ap-
plied. Significant differences at 95% confidence level are shown
in stars and dots for seasonal cycle and standard deviation respec-
tively over SimAtlVar lines. A colour version of this figure may be
found in the online electronic manuscript.
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be also taken into account in the comparison with
observations, since the lack of agreement could be as-
sociated with other external contributions such as the
impact of the Indian Ocean (Izumo et al. 2010) and
global warming (Kucharski et al. 2011), not taken into
account in the present work.

Three indexes were used in this study to character-
ize Pacific El Nino, the Atlantic Nifio and the west-
ern equatorial Atlantic. Nifio3 is defined as the SST
anomalies averaged over the area 150°W to 90°W and
5°N to 5°S; Atl3 index is defined as the SST anomalies
averaged over the area 20°W to 0°E and 3°N to 3°S;
finally, Atl4 is defined as the SST anomalies averaged
over the area 40°W to 20°W and 3°N to 3°S.

Methods

Most of the analyses performed in this study are
based on statistical comparisons of both the background
state and the variability of the Pacific due to the Atlantic
influence before and after the 1970s, considering the
seminal work of Rodriguez-Fonseca et al. (2009).

The analyses concerning changes in the background
state and decadal variability of the Pacific Ocean in-
clude statistical tests of significance. Two different
tests were used, a ¢ test and an F test. The 7 test is a
parametric test applied under the equal means null hy-
pothesis. The F test is a two-tailed test that considers
the equal variances as the null hypothesis. Significant
values at the 90% and 95% confidence level are shown
in the present study. In the significance tests for the set
of simulations in the equatorial Pacific (Figs. 2 and 3),
all members of the ensemble were taken into account
instead of the ensemble mean.

The analysis related to the determination of modes
of SST interannual variability was based on the em-
pirical orthogonal functions (EOF) technique, which
was applied to the total period 1949-2002. The EOF
analysis (von Storch and Frankignoul 1998) is used
to decompose the anomalous field into a number n of
modes which maximize the variance of a two-dimen-
sional space-time matrix Y(n,, n,) being n, the spatial
dimension and n, the temporal one. The solution of the
eigenvalue problem for the variance matrix

Cn,n)=YxYT (1)

provides n principal eigenvectors, EOF (n,, n), and n
eigenvalues A, indicating the explained variance for
each EOF. These EOFs represent the directions of
maximum Y(n,, n,) variability of the total field. The
time series or principal components (PC) associated
with these spatial patterns are obtained by projecting
the EOF over the initial matrix Y

PC(1, n) = EOF/ (1, ny) x Y(n,, n,) 2

where k corresponds to the number associated with
each of the eigenvectors, k=1,..,n.

In the present study, the monthly SST anomalies from
December to March (DJFM) were chosen for the period
1949-2002. In order to isolate interannual variations
from those of lower frequencies, the difference between
the values of each two consecutive years was computed,
giving a new field Ay=y,~y,_;. This is a standard and
widely-used method for filtering time series (Bjerknes
1964, Stephenson et al. 2000). The EOF analysis for the
set of simulations takes into account all members of the
ensemble instead of the ensemble mean.

To assess the robustness of the results, a Monte
Carlo non-parametric significance test was performed.
This methodology creates a random distribution of the
sample, permuting the original time series and analys-
ing the non-shuffled results with those obtained by
chance. Significant values at the 90% confidence level
are shown according to this test.

El Nifo types were classified as Eastern Pacific (EP)
and Central Pacific (CP) according to the location of the
maximum SST, which placed them in Nifio3 [150°W-
90°W;5°N-5°S] or Nifio4 [160°E-150W°, 5°N-5°S]
regions (Kao and Yu 2009, Kug et al. 2009, Yeh et al.
2009). The ENSO events created by the model show
their SST anomalies slightly displaced eastward, so a
new definition of Nifio3 and Nifio4 regions is neces-
sary: Nifio3* [140°W-90°W; 5°N-5°S] and Nifio4*
[180°E-120°W, 5°N-5°S]. CP (EP) Nifios satisfy the
condition SST y;i04+>SST Nioss (SST yiapas<SST yisioz)- ON
the other hand, CP (EP) Nifias satisfy the condition
SSTNiﬁU4*<SSTNiﬁ03* (SSTNiﬁn4*>SSTNiﬁ()3*) .

RESULTS
Changes in the mean state and decadal variability

As stated above, Atl3 interannual variability has
been significantly correlated with Nifio3 variability
since the late 1960s (Fig. 1). Although this result was
also shown in Rodriguez-Fonseca et al. (2009), the
changes in the background state or climatological mean
of the tropical Atlantic and Pacific basins were not dis-
cussed in that work. To tackle this problem, alterations
in the Pacific and Atlantic mean and standard deviation
during the period 1950-2000 were analysed. Figure
2 shows significant differences in the seasonal cycle
(stars) and standard deviation (dots) over the eastern
Pacific in SimAtlVar in comparison with SimAtICli.

The mean SST over the eastern Pacific is cooler in
winter months for SimAt/Var than for SimAtICli (Fig.
2), while relatively high variability is shown in the
forced simulation (dotted lines). A comparison between
the simulations forced by the Atlantic and the control
simulations suggests that the addition of the Atlantic
Ocean seems to cool the Pacific mean SST during the
winter and enhance its variability in all seasons.

Using 20-year windows (Fig. 3), the changes in the
Pacific mean state during the study period were evalu-
ated by subtracting the total mean of SimAtICli from
each 20-year mean of SimAtlVar. Two months were
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Fic. 3. — (a-b) Differences between mean observed equatorial Atlantic SST from 1950-69 to 1981-2000 in July (left) and December (right, in
°C). (e-f) As (a-b) but for the mean simulated (from SimAt/Var) equatorial Pacific SST; SimAtICli for the total period are used as a reference
value. A t-test of equal means has been applied and significant values at 90% confidence level are presented. (c-d) Differences between the
standard deviation of the equatorial Pacific SST, considering all the members for SimAt/Var, with respect to the standard deviation of the total
period from SimAtICIi. A F-test of equal variances has been applied and significant values at 90% confidence level are shown. The observa-
tions come from HadISST1 (Rayner et al. 2003). In order to isolate interannual variations from those of lower frequencies, the difference
between the values of each two consecutive years is computed for all data. A colour version of this figure may be found in the online electronic

manuscript.
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selected, July and December, according to the maxi-
mum variability shown in observations and modelled
data (Fig. 2).

A shift in the equatorial Atlantic mean state is ob-
served in July since the late 1960s, so a previous cool-
ing of the Atlantic turns into a warming from the mid-
1960s. In particular, a significant warming appears in
the Atl4 region (40°W-20°W, 3°N-3°S) since the mid-
1970s (Fig. 3a), persisting through the seasons (not
shown). The modification of the mean state of the east-
ern equatorial Atlantic is restricted to winter months
and only occurs after the 1980s. This result suggests a
modification of the western Atlantic SST during sum-
mers of the last three decades of the 20th century. The
homogeneous warming of the entire equatorial Atlantic
in this period has also been reported in previous studies
as a reduction of the observed zonal gradient of tropical
Atlantic SST (Tokinaga and Xie 2011).

The observed warming of the summer equatorial
Atlantic since the 1970s could be affecting the Pacific
Ocean, increasing equatorial Pacific variability in the
central and eastern part of the basin during summer
months (Fig. 3c). The summer Pacific variability
forced by the Atlantic could therefore have become
higher than the internal variability in the last three dec-
ades. Regarding winter months, a constant increase in
the Pacific variability is shown during the entire period
1950-2001 (Fig. 3d). Nevertheless, maximum anoma-
lies in the centre and east of the Pacific, similar to the
summer pattern (Fig. 3c), are observed since 1970s.
Therefore, the Atlantic influence on Pacific variabil-
ity in summer seems to persist through the seasons.
Regarding the Pacific background state, no relevant
changes are observed in summer, but an east-west SST
gradient following a La Nifia-like pattern, with nega-
tive anomalies in the centre-east (170°W-80°W) and
positive ones in the west of the basin is observed in
winter since the early 1980s (Fig. 3f).

The connection between the interannual processes
established since 1970 (Fig. 1) could be related to the
change of the Pacific background state in the early
1980s (Fig. 3f). A hypothesis is proposed: a warmer
tropical Atlantic could have altered Walker circulation
and have linked the Atlantic Nifios (Nifias) with the
Pacific Nifias (Nifios) since the 1970s. Finally, these
phenomena could have been gradually modifying the
Pacific mean state, becoming statistically significant
several years later. This proposed hypothesis will be
tested in a future study with sensitivity experiments
with partially coupled models considering different
background states of the Atlantic.

Modification of the interannual Pacific variability
due to the Atlantic influence

Because the tropical Pacific variability is modified
at decadal timescales under an Atlantic forcing, a study
of the changes in the interannual variability with and
without an Atlantic influence must be considered. To
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FiG. 4. — (a) Correlation between the first PC of the tropical Pacific
SST in DJFM from SimAt!Var and the modelled seasonal SST (shad-
ed), thermocline depth (contour) and windstress (vector) anomalies
in the previous summer (JJAS). (b) Same as (a) but for the winter
(DJFM). A Monte Carlo test has been applied to obtain significant
values at 90% confidence level. The correlation with thermocline
depth is presented in thin contour lines and significant areas are
bolded. Only significant areas have been shaded for SST and plotted
for vectors. In order to isolate interannual variations from those of
lower frequencies, the difference between the values of each two
consecutive years is computed for all data. A colour version of this
figure may be found in the online electronic manuscript.

this end, an EOF analysis for winter (DJFM) Pacific
SST was performed for both SimAt/Var and SimAtl-
Cli SST outputs for the total period of the simulation.
Figure 4 presents the corresponding correlation maps
for anomalous SSTs, z20 and wind stress in JJAS and
DJEM for the tropical Pacific for SimA#/Var (where the
Atlantic SSTs are observed).

The leading mode of variability is characterized
as an El Nifio—like pattern with positive values in the
central-east of the basin and a horseshoe-like structure
of negative ones in the western Pacific for both SimA1/-
Var (Fig. 4) and SimAtICli (not shown). The first mode
associated with the Atlantic influence (SimAtlVar) ex-
plains 37.7% of the total variance, whereas the mode
associated with the internal variability (SimAflCli)
explains only 35.9%. Thus, the Atlantic Ocean seems
to increase the interannual variability of the tropical
Pacific in comparison with the internal interannual
variability, coherently with the results presented in
Figures 2 and 3.

Figure 4 (a-b) presents the correlation maps of the
leading principal component onto SST, thermocline
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37.7 % of the total variance. (b) Twenty-year correlation between
the PC1 and summer observed Atl3 index (black line) and Atl4
index (grey line) in JJAS. Twenty-year correlation between Atl3
and Atl4 indexes is shown as a light grey line. A Monte Carlo test
has been applied and significant values at 90% confidence level are
shown in dots. The observations come from HadISST1 (Rayner et
al. 2003). In order to isolate interannual variations from those of
lower frequencies, the difference between the values of each two
consecutive years is computed for all data. A colour version of this
figure may be found in the online electronic manuscript.

depth (z20) and wind stress anomalies for the whole
period, considering the simulations with the Atlantic
forcing (SimAtlVar). These figures show anomalous
winds and warming in the central-east (160°W-
140°W) of the equatorial Pacific in summer with no
significant anomalies in the thermocline depth (Fig.
4a). However, more intense El Nifio configuration re-
lated to a deeper significant thermocline is observed in
winter months (SimAtlVar, Fig. 4b). Thus, the summer
anomalous winds could also modify the thermocline
depth, triggering the oceanic processes involved in the
development of ENSO phenomena during the next few
months. It is important to note that the leading mode of
variability obtained from SimA#ICli has no significant
signal in z20, which means that less active thermocline
feedbacks are involved (not shown). The results pre-
sented in Table 1 show how the Atlantic Ocean could
favour the creation of less frequent but more intense
and dynamic ENSOs, which explain a higher percent-
age of the Pacific variability (37.7% versus 35.9%).

The results presented in Figure 4 take into account
the influence of the Atlantic during the whole period,
considering a stationary influence of this basin. How-
ever, the observations and Figure 1 show that the Atlan-
tic influence has become significant since the 1970s. In
order to study the non-stationarity of this contribution,
a 20-year moving correlation between the PC1 (from
SimAtlVar) and Atl3 and Atl4 indexes, from 1950-69
to 1981-2000, was calculated (Fig. 5). Significant neg-
ative correlations are obtained since the late 1960s and
early 1970s for Atl4 and Atl3, respectively. Additional
calculations show how these anti-correlations do not
depend on the window length (not shown).

It is interesting to note that the correlation values
between the Atl3 and Atl4 indexes reach 0.8 in the last
three decades. The simultaneous contribution of the
Atl3 and Atl4 regions suggests the influence of the en-
tire equatorial Atlantic on the Pacific variability since
the 1970s, highlighting the leadership of the western
equatorial Atlantic region. Previous studies have al-
ready reported the role of anomalous winds in the west-
ern equatorial Atlantic in the connection between the
Atlantic and Pacific Nifios (Miinnich and Neelin 2005,
Mélice and Servain 2003). However, these authors
suggested the influence of ENSO in the creation of
anomalous westerlies in the western tropical Atlantic,
triggering the eastward propagation of oceanic Kelvin
waves responsible for developing the Atlantic Nifio.
Conversely, the present study points out the leadership
of the Atlantic in the connection between these tropical
basins, as well as the presence of an equatorial pattern
that covers not only Atl3 but also Atl4 (Fig. 5b).

With the aim of understanding the change in the
role of the Atlantic SST variability on the Pacific SST
interannual leading mode, the correlation of PC1 onto
the SST, z20 and wind stress before and after the 1970s
is presented in Figure 6. The periods 1950-69 (absence
of correlation in Fig. 5) and 1971-90 (significant cor-
relation in Fig. 5) are chosen as reference periods. In
Figure 6c¢ significant wind convergence in the central-
eastern Pacific is shown in summer after the 1970s,
with a significant signal on z20. In the next winter,
significant anomalies of z20 covering the eastern Pa-
cific arise. Therefore, summer anomalous wind could
be affecting the ocean surface, perturbing the thermo-
cline depth, triggering active thermocline feedbacks
and enhancing the winter SST in the eastern basin (Fig.
6d). On the other hand, weaker ENSO are shown in
the period 1950-69, only characterized by a warming
in the eastern Pacific, without modifying wind stress
or z20 (Fig. 6a-b). Internal ENSO could be associated
with more advective feedbacks according to previous
studies (Martin-Rey et al. 2010), while the role of ver-
tical processes in the development of ENSO has been
greater in the last two decades, in agreement with other
authors (An 2008).

El Nifio phenomenon in SimAt/Var before and after
the 1970s has also been compared with the variability
in the unforced simulation SimAtIClim (not shown).
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Fic. 6. — Correlation between PC1 of tropical Pacific SST in winter (DJFM) over the modelled seasonal SST (shaded), thermocline depth

(contour) and windstress (vector) anomalies in summer (JJAS, left) and winter (DJFM, right) for the periods 1950-69 (top) and 1971-1990

(bottom). A Monte Carlo test has been applied to obtain significant values at 90% confidence level. The correlation with thermocline depth

is presented in thin contour lines and significant areas are bolded. Only significant areas have been shaded for SST and plotted for vectors.

In order to isolate interannual variations from those of lower frequencies, the difference between the values of each two consecutive years is
computed for all data. A colour version of this figure may be found in the online electronic manuscript.
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from HadISST1 (Rayner et al. 2003). In order to isolate interannual variations from those of lower frequencies, the difference between the
values of each two consecutive years is computed for all data. A colour version of this figure may be found in the online electronic manuscript.

The difference between these patterns highlights the
important role played by wind stress in the tropical Pa-
cific in summer, creating a perturbation in thermocline
depth that alters the dynamic ocean processes involved
in the ENSO development.

In order to determine the Atlantic pattern affecting
the leading equatorial Pacific variability mode after the
1970s, the regression of the first PC1 onto the observed
Atlantic SST during the previous summer is shown in
Figure 7. For the positive phase of the Pacific leading

EOF, an equatorial cooling that covers not only the
eastern but also the western side of the Atlantic basin is
observed since 1970, but not in previous decades (Fig.
7a-b), confirming the anti-correlation found in Rodrigu-
ez-Fonseca et al. (2009) and later in Ding et al. (2011).
This result indicates that the Atlantic has been able
to modify the main variability modes of the tropical
Pacific since the 1970s, so that an anomalous cooling
over the equatorial Atlantic is related to a warming
of the equatorial and eastern Pacific. The mechanism
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TaBLE 1. — Statistical analysis of the ENSO phenomena from Principal Components created from SimAt!Var (all the 9 members are considered)
for the total periods 1950-69 (P1) and 1971-90 (P2) and from Sim VarClim (all the 5 members are considered).

SimAtlVar SimAtCli
(9 members) (5 members) Forced simulation vs control

P1 P2 1950-2001 130 years
Ratio Nifios/Nifias 0.88 0.95 0.97 1.06 Increase of Nifias
Ratio EP/CP 6.25 3.11 3.81 4.01 Increase of CP
Skewness 0.33 -0.019 0.01 0.25 Increase of symmetry
Related to TA Atl3-Atl4 Atl4 No related Atl-Pac connection
Variance explained (DJFM) 37.7% 35.9% Increase variability specially DJFM
Periodicity (from peaks of power spectrum) [6 8] years [6 7] years Increase periodicity in 4-5 years

[4-5] years 3.5; 5.5 years band

involves anomalous winds in the central Pacific dur-
ing the summer, and a modification of the thermocline
depth in this region. This perturbation could propagate
eastward, creating more intense ENSOs in the last three
decades. This is in agreement with the more active
dynamic feedbacks since the 1970s from an Atlantic
forcing (Martin-Rey et al. 2010).

Classification of ENSO events

The CP and EP phenomena generated by the model
(from SimAtlVar and SimAtICli) are analogous to those
shown in observations (Kao and Yu 2009, Kug et al.
2009, Lee and McPhaden 2010). The CP Nifios (Nifias)
have a dipolar structure formed by positive (negative)
anomalies in the central-eastern (120°W-180°W) and
negative (positive) ones in the western equatorial Pa-
cific (not shown). The maximum central SST anomaly
is restricted to the equatorial band, reaching the date-
line. On the other hand, EP ENSOs are similar to CP
ones, but the maximum SST anomalies are placed in
the eastern Pacific (150°W-100°W).

Although modelled Nifios are mainly EP (more than
70%), the ratio between EP and CP events is slightly
reduced in SimAtlVar (Table 1), suggesting an increase
in CP ENSOs due to the Atlantic influence. Regarding
the ENSO phase, an increase in the occurrence of La
Nifia phenomenon is also observed in SimAt/Var. The
tropical Atlantic Ocean therefore seems to favour the
negative phase of ENSOs. Furthermore, the internal
variability shows a strong asymmetry of ENSO events
with a stronger positive phase of ENSO, skewness 0.25
in the SimAtICli versus 0.01 in the SimAtlVar. Atlantic
forcing seems to rectify this bias of the internal vari-
ability by given more weight to La Nifia events.

In order to study the modification of the ENSO
phenomena due to the Atlantic contribution, a statisti-
cal analysis of the interannual processes of the tropical
Pacific was performed in the selected periods, 1950-
69 and 1971-90 (from SimAtlVar). The ENSO events
were identified and classified according to their posi-
tive (EI Nifio) or negative (La Nifia) phase and their
type (CP or EP, Table 1). An increase in the number
of events is shown after the 1970s, most of all in the
positive phase, so the ratio between Nifnos and Nifias
is close to 1. The number of CP ENSOs has doubled
since 1970. This increase in CP events has been also

reported in previous studies (Ashok et al. 2007, Yeh
et al. 2009, Lee and McPhaden 2010) but the causes
of this change are still unresolved. Yeh et al. (2009)
suggest the contribution of anthropogenic forcing in fa-
vouring CP ENSOs. Finally, decadal and multidecadal
variability could also play an important role in the type
of ENSO phenomena (McPhaden and Zhang 2002, Lee
and McPhaden 2008, Yu et al. 2010, Yeh et al. 2011).

DISCUSSION AND CONCLUSIONS

This paper analyses the changes in the mean state, vari-
ability and modes of variability in the tropical Pacific,
using a coupled simulation with the observed SST in the
Atlantic as external forcing, as in Rodriguez-Fonseca
et al. (2009). This analysis shows that the connection
established between the Atlantic Nifios (Nifias) and the
Pacific Nifias (Nifios) since the early 1970s may have
contributed not only to the interannual events but also
to the change in the Pacific variability and background
state in the last three decades.

This study uses different simulations in order to
address different features not shown in Rodriguez-
Fonseca et al. (2009): 1) the SimAtlVar simulation
in comparison with the SimA#/Cli control simulation
demonstrates the clear influence of the Atlantic on
the Pacific; and 2) the differences between the same
SimAtlVar simulation for the period before the 1970s
and after the 1970s demonstrate that the Atlantic-
Pacific connection is non-stationary and thermocline
feedbacks have been more active in the Pacific El Nifio
development in the last three decades.

On the basis of these results, a preliminary hypoth-
esis is posed: a warmer Atlantic could have altered the
Walker circulation, linking the two tropical oceans
since the late 1960s, increasing Pacific variability and
connecting the interannual events of the two basins.
Because of the Atlantic contribution, these ENSO
phenomena could have gradually changed the Pacific
background state, highlighting a significant cooling
since the late 1970s. However, to test this hypothesis,
partially coupled simulations are needed.

The Tropical Pacific SST variability shows an El
Nifio-like leading pattern, significantly anti-correlated
with the Atl4 and Atl3 indexes since the late 1960s
and early 1970s, respectively. The significant correla-
tion between Atl4 and PC1 suggests that the western
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FiG. 8. — Correlation between the time series of the summer (JJAS) equatorial Atlantic SST pattern (where the time series has been calculated

by regressing the SST pattern from Figure 6¢c map over the time-space matrix of anomalous SST in JJAS in the equatorial Atlantic) and the

observed anomalous SST (multiplied by —1 for consistency with the rest of the article) and wind stress from NDJF (year —1) to JJAS (year 0)

in the Atlantic Ocean for the period 1971-90. A Monte Carlo test has been applied and significant values at 90% confidence level are shown

in shaded (SST) and black vectors (wind stress). The observations come from HadISST1 (Rayner ez al. 2003). In order to isolate interannual

variations from those of lower frequencies, the difference between the values of each two consecutive years is computed for all data. A colour
version of this figure may be found in the online electronic manuscript.
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tropical Atlantic has played a determinant role in the
inter-basin connection in recent decades. The simul-
taneous contribution of the Atl3 and Atl4 indexes in
Pacific variability since the 1970s suggests that the
entire equatorial band in the Atlantic Ocean must have
been involved.

The understanding of the origin and development
of the Atlantic SST pattern related to the ENSO mode
since the 1970s is beyond the scope of this study and
will be the aim of a future one. However, here we
present a preliminary attempt to discern the observed
wind stress and SST anomalous patterns over the tropi-
cal Atlantic that can force El Nifio during the following
winter in the last few decades (Fig. 8). Anomalous east-
erly winds south of the equator (10°S-20°S), associated
with a strengthening of the St. Helena High (Figure
8a), could favour the upwelling in the Benguela area,
cooling this region in the following months (Fig. 8b).
On the other hand, the subtropical high in the North
Atlantic seems to also be altered in spring, contribut-
ing to the cooling of the western and northern tropical
Atlantic (Fig. 8c). The contribution of the St. Helena
Subtropical High was studied previously in Liibbecke
et al. (2010) and Richter ef al. (2010), but these authors
did not deal with the contribution of the Azores High,
which is a novelty of this work and requires further
analysis. The alteration of the St. Helena High seems
to favour the development of the SST anomalies in the
eastern Atlantic (Liibbecke et al. 2010, Richter et al.
2010), but the Atlantic SST pattern related to Pacific
Nifos since the 1970s shows a westward extension
(Fig. 8d) that could be due to the additional contribu-
tion of the Azores High. Finally, an equatorial SST
pattern covering the entire equatorial basin (60°W-
10°E, 10°N-30°S) is developed. This result suggests
the possible contribution of the subtropical highs of
both hemispheres in the development of Atlantic Nifios
since the 1970s.

The correlation patterns of the PCs before and after
the 1970s show anomalous cooling in the equatorial
Atlantic associated with anomalous winds over the
central tropical Pacific in summer months. These wind
anomalies could also create a perturbation in z20 in the
central Pacific, propagating eastward and generating
more intense ENSO phenomena since the 1970s. The
Atlantic thus seems to alter the dynamic processes as-
sociated with the development of ENSO in the last dec-
ades. This result agrees with Martin-Rey et al. (2010),
who suggest the important role of the vertical processes
in the creation of ENSO events in the last few decades
from an Atlantic forcing. However, further analysis of
the changes in the oceanic processes due to the Atlantic
contribution before and after the 1970s are needed.

The Atlantic forcing is able to explain some of the
recent changes in the ENSO variability since the 1970s,
such as the increase in the intensity of the events, the
increase in CP Nifos, the increase in frequency in the
band of 1/[4-5] years™', and more active thermocline
feedbacks. However, it fails to explain the great asym-

metry of Nifios since the 1970s, which has been related
to more non-linear processes and stronger thermocline
feedbacks (An 2008). This failure could be due to some
limitation in the coupled model but more research into
the sources of decadal variability of ENSO phenomena
is also needed.

All these changes (summarized in Table 1) sug-
gest that the Atlantic mean state and its associated
interannual variability make an important contribution
to understanding the recent changes over the tropical
Pacific basin in last decades. Further research is neces-
sary to understand the development of Atlantic Nifios
since the 1970s, in order to determine the causes of the
Atlantic-Pacific connection established in the last few
decades.
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