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Abstract
Observational evidence shows that, during 1979–2001, the summer Atlantic Niño is related
to an increase in the precipitation over the Central Mediterranean and a decrease in the
west and east of the basin, a relation absent in previous decades. Using a set of integrations
with a global climate model, this work investigates the dynamics underlying such change
before and after the 1970s.

We find that the post-1970’s response depends on the interactions between the influences
from different tropical regions, and that one needs to consider the different impacts of the
tropical oceans for the correct prediction of summer Mediterranean climate. Copyright 
2011 Royal Meteorological Society
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1. Introduction

Mediterranean climate variability is a topic of great
interest to climate researchers. It is a region of high
vulnerability, influenced by tropical and mid-latitude
dynamics (Lionello et al., 2006), which increases the
difficulty in the understanding of its climate variability.

A few works have related positive summer sea
surface temperature (SST) anomalies in the tropical
Atlantic (TA) with colder and wetter conditions in
the Western and Central Mediterranean in late sum-
mer. The mechanisms include the perturbation of the
Hadley cell (Cassou et al., 2005), and the excitation
of a Rossby wave train from the Caribbean to Scan-
dinavia (Cassou et al., 2004). Regarding the tropical
Pacific, the El Niño Southern Oscillation (ENSO) link
with Mediterranean climate seems to have increased
at the end of the 20th century (Mariotti et al., 2002),
it is stronger for spring and winter, although some sig-
nificant links are found in other seasons (Brönnimann,
2007, references therein).

All these studies focus on the independent impact
of one isolated basin on Mediterranean climate. Nev-
ertheless, observational evidence shows that since
the 1970s equatorial SST anomalies in the Atlantic
and Pacific appear anti-correlated (Polo et al., 2008;
Rodriguez-Fonseca et al., 2009). Moreover, a warm-
ing (cooling) in the summer TA has been found to
be able to perturb the equatorial Pacific atmosphere
favouring the development of a Pacific La Niña (El
Niño) (Rodrı́guez-Fonseca et al., 2009; Losada et al.,
2010). Also, an interaction between the Atlantic and
Indian tropical basins has been reported for this period
(Kucharski et al., 2007, 2008).

Whether these connections between the TA and
the rest of the tropical basins can influence the TA-
Mediterranean summer connection is a topic that has
not been addressed yet. This possibility is reinforced
by the detection of changes in different trends in the
Mediterranean from the late 1970s, like those in air
temperature (Xoplaki et al., 2006), and in the number
of heat waves and droughts (Baldi et al., 2006). Also,
the Atlantic–Pacific connection has been identified
for the first decades of the 20th century (Joly and
Voldoire, 2010), coinciding with a warming trend
of the Mediterranean, similar to that described for
the 20th century (Giorgi, 2002; Xoplaki, 2006). The
latter results suggest a multidecadal modulation of
the tropical–extratropical teleconnections, that could
be very important for the improvement of seasonal
forecasting systems.

Finally, the extratropical SSTs have a weak but
not negligible influence on the atmosphere (Kushnir
et al., 2002). Cassou et al. (2004) have found that the
summer TA atmosphere can force, at least in part,
the extratropical North Atlantic SSTs in late summer.
Such ocean–atmosphere feedback could be important
in the modulation of the final atmospheric response to
tropical SSTs.

This article shows that the interannual TA-summer
Mediterranean relationship is not stationary and,
depending on the time period, the rest of the tropical
basins may play a determinant role in the modulation
of the signal. The dynamical mechanisms underlying
the different response in the post-1970s are analysed.

First, we determine the observed Mediterranean
response to the TA SST anomalies before and after the
1970s. In the second step, we analyse the influence of
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the interactions between the tropical basins in the post-
1970’s response taking into account the extratropical
ocean–atmosphere feedbacks, by performing sets of
simulations with an Atmospheric General Circulation
Model (AGCM) coupled to a Slab Ocean Model
(SOM) in the Euro-Atlantic sector.

The methodology applied in the study is described
in Section 2, Section 3 shows the main results, and the
discussion and conclusions are given in Section 4.

2. Data and methodology

The observed monthly data used in this work are
CPC Merged Analysis of Precipitation (CMAP) (Xie
and Arkin, 1997) and Climate Research Unit (CRU)
(Hulme et al., 1992) precipitation datasets, HadISST1
SST dataset (Rayner et al., 2003), and ERA40 200 hPa
geopotential height (Uppala et al., 2005).

We have applied Extended Maximum Covari-
ance Analysis (EMCA, Polo et al., 2008) to the
non-detrended standardized June-July-August (JAS)
monthly anomalous rainfall (30 ◦N–50 ◦N, 15 ◦W–
40 ◦E) and to the detrended March-April-May (MAM)
to October-November-December (OND) monthly
anomalous SST (30 ◦S–10 ◦N, 60 ◦W–35 ◦E), in order
to discriminate in the same mode a sequence of SST
anomalies explaining the highest co-variability with
the JAS Mediterranean precipitation.

EMCA analysis has been applied to the observed
data for two sub-periods: 1958–1978 and 1979–2001.
We have chosen 1978/1979 as the cutting date because
the satellite-based rainfall dataset CMAP is available
from 1979, ensuring the spatial continuity of the
rainfall patterns and the homogeneity of the data. Also,
this cutting allows us to compare the results with other
recent works (Rodriguez-Fonseca et al., 2009; Mohino
et al., 2010).

The global EMCA expansion coefficient (EC) of the
predictant field (SST) computed for each sub-period
will be used as an index expressing the maximum
covariance between SST and rainfall (SST-EC index).

To discriminate the impact of different tropical
basins in the response, this index is used to regress the
outputs of several ten-member ensemble simulations
performed with the International Centre for Theoret-
ical Physics (ICTP) AGCM (Speedy model), version
40, with a horizontal resolution of T30 and eight ver-
tical levels (Kucharski et al., 2007). The simulations
cover the period 1949–2002 and have been designed
by adding the observed monthly SST anomalies either
in the TA, Pacific or Indian basin (TropAtl, TropPac
and TropInd simulations) to the SST climatology. A
34-member ensemble control simulation with observed
1949–2002 monthly mean SST prescribed everywhere
(Global simulation) has been performed in order to test
the reliability of the model in reproducing the observed
responses.

To address the importance of the extratropical
ocean-atmosphere interactions, all the simulations

have been re-done, coupling the AGCM to a SOM
(Kucharski et al., 2006) in the North Atlantic (north of
30 ◦N) and Mediterranean Sea (TropAtl SOM, Trop-
Pac SOM and TropInd SOM simulations).

Finally, two more 34-member experiments have
been defined, covering the same 1949–2002 period,
and adding observed monthly SST anomalies in the
whole tropical oceans to the climatology, with the
model uncoupled (GlobTrop simulation), and cou-
pled in the North Atlantic and Mediterranean (Glob-
Trop SOM simulation).

The statistical significance of the results is deter-
mined with a t-test of correlation. Areas in which the
responses are significant with a 95% of confidence
level are highlighted throughout the study.

3. Results

Results of the first EMCA mode for 1958–1978 and
1979–2001 periods are depicted in Figure 1. The
analysis is performed with CRU data for the first
period and with CMAP and CRU data for the second.

The two EMCAs for the second period show high
spatial coherence in both rainfall and SST patterns.
Correlation between the two ECs is 0.99 (0.77) for
SST (precipitation), pointing to the robustness of the
results.

For both periods, the SST map shows a pattern that
strongly resembles the Atlantic Niño (Zebiak, 1993).
The spatial structures of the SST anomalies show
some differences between periods, similar to those
observed when regressing the SSTs onto the Atl3 index
[calculated as the anomalous SST averaged between
(3 ◦S–3 ◦N, 20 ◦W–0 ◦E); Figure 1c in Rodrı́guez-
Fonseca et al., 2009]. The correlation coefficients
between the ECs and the Atl3 are 0.59 and 0.77 for the
first and second period of study respectively; thus, the
variability of the JAS Mediterranean precipitation is
highly linked to the tropical Atlantic variability (TAV),
especially during the second period.

Precipitation maps show differences between peri-
ods in the northeast of Spain, south of France and in
the Eastern Mediterranean. Over these regions, the pre-
cipitation anomalies associated with the TAV change
from positive to negative in relation to a TA anoma-
lous warming. The differences between the correla-
tion maps of both periods are significant at a 95%
confidence level in the regions mentioned above (not
shown).

Those differences in the precipitation response could
be due to the change in the structure of the TA
SST anomalies between the two periods: in the first
period, the equatorial anomalies only reach 30 ◦W
longitude; in the second one they have a more zonal
structure, covering the whole tropical basin. A warmer
Caribbean would lead to an enhancement of the
convection that could trigger a Rossby wave into
the European region (Cassou et al., 2004; Garcı́a-
Serrano et al., 2008). However, the regression of the
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Figure 1. First EMCA mode between JAS-observed Mediterranean precipitation anomalies and MAM to OND tropical Atlantic
SSTs anomalies. (Left) Homogeneous SST maps for JAS season (◦C). (Center) Heterogeneous maps for JAS precipitation
(standarized anomalies). (Right) EC for global SST (bars) and precipitation (red line). (a) 1958–1978 EMCA. (b) 1979–2001 EMCA
performed with CRU data. (c) 1979–2001 EMCA performed with CMAP data.

global SSTs onto the SST-EC (Figure 2(a)) shows
anti-correlated SST anomalies in the TA and Pacific
(Rodriguez-Fonseca et al., 2009), as well as positive
SST anomalies over the maritime continent and a
positive lobe of anomalous SST in the North Atlantic,
similar to the one that Cassou et al. (2004) reported
to be forced by the atmosphere. These SST anomalies
outside the TA region could also be responsible for
the observed changes.

The regression of the ERA40 200 hPa geopoten-
tial height onto the SST-EC (Figure 2(b)) shows a
global extratropical atmospheric response with a cir-
cumglobal wave pattern (Ding and Wang, 2005) that
presents a negative lobe over Europe and the Central
Mediterranean, which could be producing the increase
in the precipitation over these areas. This lobe appears
surrounded by positive geopotential height anomalies,
which could lead to the negative anomalous precipi-
tation observed in the Eastern and Western Mediter-
ranean. During the pre-1970s, a warming in the TA
appears together with a slight warming in the Cen-
tral Pacific and the Western India, and it is related to
an upper level ridge over North-Eastern Europe (not
shown).

We analyse the results of the simulations by
regressing the simulated precipitation onto the SST-
EC. Global simulation results (Figure 3(a)) reproduce
the change in precipitation observed over the west-
ern and eastern part of the Mediterranean Basin,

but it fails in the representation of the Central
Mediterranean precipitation anomalies, because of
a more zonal disposition of the anomalies in the
simulation.

None of the isolated tropical basins are able to
reproduce the observed response in the Mediterranean
precipitation, either by themselves or coupled to a
SOM in the North Atlantic (not shown). The only
simulation that fairly captures the observed precip-
itation pattern is GlobTrop SOM (Figure 3(b)). The
need of the SOM is confirmed by comparing the latter
with GlobTrop results (Figure 3(c)), which depict the
wrong precipitation response in the Central Mediter-
ranean. In GlobTrop SOM results, the differences in
the correlation maps between periods resemble the
observations in the Western and Eastern Mediter-
ranean with a 95% significant level of confidence (not
shown).

The upper level atmospheric responses for each of
the ‘one-basin’ experiments show a wave-like pattern
emerging from the tropical heat source and trapped
into the mid-latitude jet, but none of them presents
the correct modulation of the wave over the region of
study (not shown). Figure 4 shows z200 disturbances
for Global, TropGlob and TropGlob SOM, together
with 200-hPa mean winds. The three anomalous pat-
terns, especially the TropGlob SOM one, are similar to
the observed ones over Europe and the Mediterranean,
although the amplitude of the anomalies over Europe
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(a) Regr SST 79–01 HadlSST

(b) Mean 200 hPa wind – Regr z200 79–01 ERA40

Figure 2. (a) Regression of 1979–2001 global anomalous JAS SSTs (◦C) onto the SST-EC. Contours denote significant areas
at 95% confidence level. (b) 1979–2001 mean JAS 200 hPa zonal wind (arrows) and regression of the 200 hPa JAS geopotential
height (m) anomalies onto the SST-EC for ERA40 data. Contour interval is 3 m. Grey shading denotes significant areas at 95%
confidence level.

(a) Regr prcp 79–01 Global SST (b) Regr prcp 79–01 GlobTrop_SOM

(c) Regr prcp 79–01 GlobTrop (d) Regr prcp 79–01 CMAP

Figure 3. Regression of standarized anomalies of precipitation during JAS onto the SST-EC for (a) Global, (b) GlobTrop SOM,
(c) GlobTrop simulations, and (d) CMAP data. Black contours mark 95% significant areas.

is weaker than the observed (−18 for observations,
−5 for GlobTrop SOM). They show a wave-like pat-
tern arising from the tropical Pacific that travels to
the Atlantic sector trapped in the jetstream. They
also show a positive lobe over the Caribbean Sea

that could be the source of another wave towards
Europe. Although the negative lobes of the extratrop-
ical wave tend to disappear in the simulations, they
present relative minima quite well located (around
180 ◦W and 100 ◦W). GlobTrop SOM shows a relative
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(a) Mean 200 hPa wind – Regr z200 79-01 Global SST

(b) Mean 200 hPa wind – Regr z200 79-01 GlobTrop

(c) Mean 200 hPa wind – Regr z200 79-01 GlobTrop_SO M

Figure 4. Mean 200 hPa wind (arrows) and regression of JAS z200 anomalies (m) onto the SST-EC for (a) Global, (b) GlobTrop,
(c) GlobTrop SOM (contours). Contour interval is 1 m; shading denotes 95% significant areas.

minimum over the western North Atlantic, similar to
the observed one, although shifted to the south and
with a more zonal configuration. This lobe, in turn,
influences the location of the next positive lobe, lead-
ing to a more correct modulation of the wave over
Europe and the Mediterranean.

The major difference between the simulated and
observed z200 anomalies is found over the Central
North Pacific. As shown by Ding and Wang (2005), the
observed pattern could be forced by the perturbation
of the flow in the North Atlantic region. In the model,
the misrepresentation of the jetstream over the North
Pacific could be responsible for the wrong representa-
tion of this signal coming from the Atlantic sector.

Nevertheless, the model is able to capture the impact
of the Pacific anomalies in the North Atlantic, because
the upper level anomalies produced in that sector can
enter the jetstream at 130 ◦W and travel to Europe.

The warm SSTs over the maritime continent influ-
ence the response by producing anomalous descent
over the Eastern Mediterranean (Rodwell and Hoskins,
2001), enhancing the anomalous lobe of positive z200
anomalies there. In fact, simulations forcing with
anomalous SST over the TA and Pacific, but not over
the Indian Ocean, fail in the representation of the posi-
tive lobe of anomalous z200 over the Eastern Mediter-
ranean (not shown).

The sum of the z200 regressions of TropInd, TropAtl
and TropPac simulations produces an extratropical

response over the Mediterranean which is different
from the response produced by the global tropical
forcing (not shown), suggesting an interaction between
waves, and not just a linear superposition.

Figure 5 shows the regression of the North Atlantic
SST anomalies generated in the GlobTrop SOM simu-
lation onto the SST-EC. The pattern clearly resembles
the observed one over the North Atlantic, although
the amplitude of the anomalies is much weaker and
the location of the lobes is shifted northward. The
rest of the coupled simulations fail in representing
the observed SST pattern (not shown). Thus, the local
air–sea interactions appear as crucial in the correct

Regr SST 79–01 GlobTrop_SOM

Figure 5. Regression of the 1979–2001 simulated SST
anomalies (◦C) for GlobTrop SOM simulation. Contours
denote 95% significant areas.
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simulation of the atmospheric response in the region
of study.

Our results strongly suggest that, in order to repro-
duce the observed precipitation pattern associated with
the TAV in late summer, the interaction between the
different tropical ocean basins is necessary, and that
the local ocean–atmosphere feedbacks are a key factor
in the right modulation of the response.

4. Summary and conclusions

Observational analysis shows that the co-variability
between TA SST and JAS Mediterranean precipitation
has changed from the 1970s, especially in the western
and eastern parts of the Mediterranean Basin. The
results suggest that the change is produced by an
alteration in the relationship between tropical ocean
basins. After the 1970s, the Atlantic Niño appears
together with anomalies of the opposite sign in the
Central Pacific, and anomalies of the same sign in the
maritime continent (Rodriguez-Fonseca et al., 2009),
producing the excitation of different Rossby waves
from each of the tropical oceans, and an extratropical
Rossby wave trapped in the jet. The large-scale
atmospheric anomalies in the North Atlantic, at the
exit of the jet, have the form of an anomalous cyclonic
circulation surrounded by anomalous highs, and could
be responsible for the anomalous precipitation pattern.
The concomitant extratropical SST anomalies over the
North Atlantic Ocean may also play a role in the final
modulation of the response.

Different simulations performed with the ICTP
AGCM show that none of the isolated tropical basins
are able to reproduce the observed response in the
Mediterranean precipitation, either by themselves or
coupled to a SOM in the North Atlantic. The only
simulation capable of producing a precipitation pattern
similar to the observed during 1979–2001 is the one
forced with observed SST over the whole tropics
and coupled to a SOM in the North Atlantic and
Mediterranean.

This result supports the hypothesis about the joint
effect of the global tropical basins in the response, and
about the key role played by local thermodynamical
ocean-atmosphere feedbacks in the correct modulation
of the wave over the North Atlantic sector, highlight-
ing that extratropical responses to tropical anomalies
are likely to be complex, depending on interactions of
influences from various regions, and the need for con-
sidering the different behaviour of the tropical oceans
before and after the 1970s, in order to get a correct
prediction of the summer Mediterranean climate.

Predictability over the Mediterranean and European
region is low, and there is no clear skill for seasonal
forecast of precipitation over Europe (Frı́as et al.,
2010, references therein). Results of this work sug-
gest that, in order to accurately predict the atmospheric
response to the ocean-forcing patterns, those systems
need to improve the simulation of the variability of

phenomena different than ENSO, such as the TA, and
of the interaction between ocean basins.
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