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ABSTRACT

Many studies point to a robust ENSO signature on the North Atlantic-European (NAE) sector associated
with a downstream effect of Rossby wave trains. Some of these works also address a nonstationary behavior
of the aforementioned link, but only few have explored the possible modulating factors. In this study the internal
causes within the ocean—atmosphere coupled system influencing the tropospheric ENSO-Euro-Mediterranean
rainfall teleconnection have been analyzed. To this aim, unforced long-term preindustrial control simulations
from 18 different CMIP5 models have been used. A nonstationary impact of ENSO on Euro-Mediterranean
rainfall, being spatially consistent with the observational one, is found. This variable feature is explained by a
changing ENSO-related Rossby wave propagation from the tropical Pacific to the NAE sector, which, in turn, is
modulated by multidecadal variability of the climatological jet streams associated with the underlying sea
surface temperature (SST). The results, therefore, indicate a modulation of the ENSO-Euro-Mediterranean
rainfall teleconnection by the internal (and multidecadal) variability of the ocean—atmosphere coupled system.

1. Introduction

The El Nifio-Southern Oscillation (ENSO) response
at extratropical latitudes has been extensively related to
the perturbation of the Aleutian low through changes
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in the Pacific Hadley circulation in early winter and
midwinter, and the poleward and eastward propaga-
tion of Rossby wave trains afterward (Honda et al.
2001; Moron and Gouirand 2003; Gouirand et al. 2007;
Shaman and Tziperman 2011). Thus, ENSO can either
produce a forced wavelike response across the North
Pacific-American sector, usually known as tropical
Northern Hemisphere (TNH) pattern, or an alteration
of internal atmospheric patterns, such as the so-called
Pacific-North American (PNA) pattern [for more
details, see Mo and Livezey (1986), Barnston and
Livezey (1987), Livezey and Mo (1987), Trenberth
et al. (1998), and Lee et al. (2008)]. In either case, it is
not until January that the stationary wave anomalies
generated by ENSO are completely established (Bladé
et al. 2008).

The strongest ENSO signature on the North Atlantic—
European (NAE) sector is usually found from January
to April, after the peak of the ENSO event (November—
February; see, e.g., Bronnimann 2007). The resulting
surface pattern resembles the North Atlantic Oscillation
(NAO) with a quasi-barotropic structure, and repre-
sents the leading rotational mode of upper-level
streamfunction in the NAE region (Garcia-Serrano et al.
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2011). According to previous studies the ENSO-NAE
teleconnection mechanism seems to be robust (e.g.,
Fraedrich and Miiller 1992; Moron and Plaut 2003; Moron
and Gouirand 2003), nonlinear (e.g., Wu and Hsieh
2004a,b; Pozo-Vazquez et al. 2005), and seasonally vary-
ing (e.g., Mariotti et al. 2002; Moron and Gouirand 2003),
the latter being especially noticeable in surface rainfall
(Shaman 2014).

Recent literature has widely reported the existence
of another global teleconnection pathway linking the
ENSO phenomenon and European climate via the
stratosphere (Ineson and Scaife 2009). This impact of
ENSO on the Northern Hemisphere implies the upward
propagation of planetary waves from the troposphere
to the stratosphere in winter and the alteration of
the stratospheric polar vortex (Manzini et al. 2006;
Garfinkel and Hartmann 2008). The resulting anoma-
lous perturbations are subsequently propagated down-
ward to the troposphere in late winter (Ineson and
Scaife 2009; Cagnazzo and Manzini 2009; Bell et al.
2009); this process is highly influenced by the frequency
of occurrence of the so-called sudden stratospheric
warmings (SSWs; Butler et al. 2014; Domeisen et al.
2015; Richter et al. 2015). At the surface, this telecon-
nection tends to be associated, like the tropospheric one,
with an NAO-like pattern in late winter—spring, which
makes difficult to distinguish between the tropospheric-
related and the stratospheric-related signatures of ENSO
over the North Atlantic, even more so when taking into
account the large internal variability of the circulation at
midlatitudes (Quadrelli and Wallace 2002).

Interestingly, the link between ENSO and the North
Atlantic appears nonstationary in time (Knippertz et al.
2003; Sutton and Hodson 2003; Gouirand and Moron
2003; Greatbatch et al. 2004). In this context, although
many papers indicate that ENSO’s impact at sur-
face levels over the NAE sector seems to be weak (e.g.,
Garcia-Serrano et al. 2011), Lépez-Parages and Rodriguez-
Fonseca (2012) have found a strong and significant
impact of ENSO on European and Mediterranean
(Euro-Mediterranean) rainfall in late winter but just for
those decades throughout the twentieth century in co-
incidence with negative phases of the Atlantic multi-
decadal oscillation (AMO). This AMO-like evolution of
the teleconnection is coherent with others observational
studies (Mariotti et al. 2002; Knippertz et al. 2003). A
nonstationary signature of ENSO in rainfall has also
recently been detected in the nearby Arabian Peninsula
(Kang et al. 2015). These results have contributed to
the growing evidence advocating for a nonstationary
behavior of the ENSO-NAE link on time scales rang-
ing from decadal to multidecadal (Rodriguez-Fonseca
et al. 2016).
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During the last years it has been demonstrated (see,
e.g., Domeisen et al. 2015) that a good representation of
the stratosphere could provide clear advances for the
usually considered limited seasonal predictability of
European climate (van Oldenborgh 2005). In the same
sense, the aforementioned nonstationary tele-
connections identified in previous studies suggest that
the current predictability of ENSO impact over Europe
through both the troposphere and the stratosphere
could be variable and, at least for specific time periods,
much greater than expected. Related to this, a recent
sensitivity analysis carried out with an atmospheric
general circulation model has demonstrated that the
ENSO signature on Europe is sensitive to the ocean
background conditions under which the ENSO phe-
nomenon occurs (Lopez-Parages et al. 2016). As the
model used in this study does not include a well-resolved
stratosphere, it can be inferred that the modulator has to
be associated with changes in the troposphere. How-
ever, the underlying mechanisms explaining the possible
role of the AMO, or maybe other multidecadal SST
variability modes, in modulating the ENSO telecon-
nection with Europe via the troposphere are still
unresolved.

Itis necessary to note that the search for observational
evidences of this possible multidecadal modulation
presents serious difficulties. First, El Nifio (and La Nifia)
forcing has varied in intensity (Torrence and Webster
1998; Sutton and Hodson 2003; Greatbatch et al. 2004)
and spatial structure (An et al. 2000) in the past. Hence,
to associate a changing remote impact of ENSO with an
effective modulation in the propagation of the response
toward distant regions, rather than with a direct effect of
the nonstationary forcing itself, is highly complicated.
Second, the observations are limited and present in-
homogeneities in both space and time, which can in-
troduce spurious nonstationary features. Related to this,
van Oldenborgh and Burgers (2005) found little evi-
dence for a changing behavior of ENSO teleconnections
with global precipitation during the instrumental period,
with the possible exception of Europe. Nevertheless,
even though the uncertainties associated with observa-
tional data could be considered acceptable, the short
data record raises questions about the confidence that
one can have in results pointing to an atmospheric
teleconnection changing at multidecadal time scales.
As a consequence, long-term simulations from coupled
global circulation models (CGCMs) emerge as a very
convenient tool for testing responses associated with
internal variability of the ocean—atmosphere coupled
system. In this way, Lopez-Parages et al. (2015) analyze,
in a preindustrial control simulation of the CNRM-
CMS coupled model, the ENSO-Euro-Mediterranean
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FIG. 1. (top) Heterogeneous and (bottom) homogeneous regression maps from a maximum covariance analysis
carried out in (left) N and (right) P periods for observations (contoured; solid lines indicate positive values and
dashed lines negative ones) and the CNRM-CMS5 model (shaded the significant areas according a 400-trial Monte
Carlo test at the 95% level). The P (N) represents 95% significant positive (negative) correlations (also according to
a 400-trial Monte Carlo test) between the Euro-Mediterranean rainfall PC and the Nifio-3.4 index. Units are stan-
dardized rainfall per standard deviation in SST expansion coefficient in (top), and kelvin per standard deviation in
SST expansion coefficient in (bottom). For both variables the minimum (maximum) contour represented, for positive
(negative) values, is 0.1 (—0.1), with the contour interval (CI) = 0.1. Modified from Lopez-Parages et al. (2015).

rainfall link in late winter—early spring (averaged for the
February—April season). Periods with positive and
negative significant correlations between the Nifio-3.4
index and the rainfall variability in central Europe are
found, in accordance with the observed changing link
detected throughout the twentieth century (Fig. 1).
Hereinafter these periods with opposite relations be-
tween ENSO and the European rainfall will be referred
to as P (positive correlations) and N (negative correla-
tions), respectively. Taking into account that the
CNRM-CMS5 model used in Lépez-Parages et al. (2015)
does not include a well-resolved stratosphere, the au-
thors propose that the main modulating driver in the
ENSO-NAE teleconnection are the changes in the
mean flow at the upper troposphere, which they asso-
ciate with internal alterations in the ocean-atmosphere
coupled system over the midlatitudes of the North Pa-
cific Ocean (between 30° and 60°N, approximately). As
noted above, ENSO influence in the NAE sector is
mainly related to Rossby wave trains propagation in late
winter. According to the linear barotropic theory,
propagation of extratropical Rossby waves highly de-
pends on the intensity and spatial configuration of the
zonal mean flow and, hence, on the extratropical jet
streams. As shown in Branstator (2002), in those regions
where jets are weak the perturbations coming from the

tropics propagated toward high latitudes, and afterward
they are refracted at a certain location toward lower
latitudes. They tend to describe, therefore, an arching
pattern with a prominent meridional structure and
much more limited zonal extent. On the contrary, in
those regions where jet streams are intense the plane-
tary waves are efficiently trapped in the zonal flow,
describing a global hemispheric structure (Hoskins
and Karoly 1981; Branstator 1983, 2002; Hoskins and
Ambrizzi 1993; Ambrizzi et al. 1995). Considering that
extratropical jets are partially driven by the meridional
atmospheric temperature gradients, a change in the
spatial configuration of the former is expected if the
underlying surface temperature varies throughout
the time. As a consequence, a change in tropical—
extratropical teleconnections associated with Rossby
waves (as the ENSO-NAE link in late winter) is also
expected.

The purpose of the present work is to make a step
forward in the study of the internal causes, within the
ocean—atmosphere system, that could explain the mul-
tidecadal modulation of ENSO’s impact on European
rainfall. We focus on the SST-modulated tropospheric
pathways of the ENSO-related Rossby wave trains that
impact the NAE sector. To this end, long-term control
simulations with preindustrial forcings from phase 5 of
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TABLE 1. Description of CMIP5 models. From left to right, number of model, name of model, piControl simulation length, original
horizontal resolution, atmospheric vertical layers, and references. (Expansions of acronyms are available online at http://www.ametsoc.

org/PubsAcronymList.)
No. Model name piControl length Resolution (lon X lat) Atm vertical layers References
1 BCC_CSM1.1 500 2.8° X 2.8° 26 Xin et al. (2013)
2 CanESM2 996 2.8° % 2.8° 40 Chylek et al. (2011)
3 CCSM4 501 1.3° X 0.9° 27 Gent et al. (2011)
4 CNRM-CM5 850 1.4° X 1.4° 31 Voldoire et al. (2013)
5 CSIRO MKk3.6.0 500 1.9° X 1.9° 18 Rotstayn et al. (2010)
6 GISS-E2-R 550 2.5° X 2.0° 40 Schmidt et al. (2014)
7 GISS-E2-H 540 2.5° X 2.0° 40 Schmidt et al. (2014)
8 FGOALS-g2 700 2.8° X 2.8° 26 Bao et al. (2013)
9 HadGEM2-CC 240 1.9° X 1.3° 60 Martin et al. (2011)
10 HadGEM2-ES 575 1.9° X 1.3° 38 Martin et al. (2011)
11 INM-CM4.0 500 2.0° X 1.5° 21 Volodin et al. (2010)
12 MIROCS 670 1.4° X 1.4° 40 Watanabe et al. (2010)
13 MIROC-ESM-CHEM 255 2.8° X 2.8° 80 Watanabe et al. (2011)
14 MPI-ESM-LR 1000 1.9° X 1.9° 47 Giorgetta et al. (2013)
15 MRI-CGCM3 500 1.1° X 1.1° 48 Yukimoto (2011)
16 NorESM1-M 501 2.5° X 1.9° 26 Bentsen et al. (2013)
17 IPSL-CM5A-LR 1000 3.8° X 1.9° 39 Dufresne et al. (2013)
18 MIROC4h 100 0.6° X 0.6° 56 Sakamoto et al. (2012)

the Coupled Model Intercomparison Project (hereinaf-
ter piControl-CMIPS5; Taylor et al. 2012) have been used
to better characterize the internal ENSO-NAE tele-
connection. In particular, the study addresses the fol-
lowing questions: 1) Is the observed nonstationary
impact of ENSO over European rainfall reproduced by
piControl-CMIPS5 simulations? 2) What is the internal
underlying dynamical mechanism for the change of that
impact? 3) Can it be explained by changes in the mean
flow at upper troposphere (represented here at 200 hPa)
associated with well-known SST multidecadal variabil-
ity modes?

The paper is organized as follows. Section 2 describes
the data and methods used in this study. Section 3
presents the different results obtained from distinct
procedures and the relationship among them. Finally,
section 4 gives a summary and discussion.

2. Data and methods
a. Data

As previously noted, the present study is focused on
unforced long-term preindustrial control simulations
(piControl). In particular, the outputs from 18 different
CMIP5 models have been used (see Table 1). For all of
them the following fields, subject to previous in-
terpolation onto a common regular 2.8° X 2.8° global
grid, are analyzed: surface rainfall, sea surface temper-
ature, and zonal mean flow at 200hPa. Here, the
streamfunction at the later level (200hPa) has been
obtained by solving the Poisson equation, which

connects streamfunction and vorticity [see Swarztrauber
and Sweet (1975) for more details]. As mentioned in the
introduction, this paper is focused on the nonstationary
behavior of the tropospheric pathway linking ENSO and
the European rainfall variability. Thus, we consider both
models that resolve the stratosphere and its dynamics
and models that do not.

b. Methods

1) DATA FILTERING AND STATISTICAL ANALYSIS

Asin Lopez-Parages et al. (2015), in order to focus the
analysis on the nonstationary ENSO-NAE teleconnec-
tion at interannual time scales, a 7-yr high-pass filter
based on a discrete Fourier transform is applied to all
the fields. Some regression patterns shown throughout
this study are constrained to the statistically significant
response. In these cases the significance has been always
determined according to the nonparametric ‘“‘random
phase” test (Ebisuzaki 1997). This test is specifically
designed to estimate the statistical correlation of time
series that show serial correlation, and it is based on
resampling the phase in the frequency domain, pre-
serving the power spectrum.

2) INDEPENDENT EOFS

To determine the directions in which the maximum
variability of the anomalous rainfall is organized in the
models, empirical orthogonal functions (EOFs) of the
late winter—early spring (February-April) Euro-
Mediterranean precipitation is computed for each
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piControl simulation. According to previous studies
[see, e.g., Fig. 1 from Lopez-Parages et al. (2015)],
the leading principal component (PC) of observed Eu-
ropean interannual rainfall in the aforementioned
season projects onto a spatial pattern with three
centers of action over Scandinavia, central Europe,
and the Mediterranean region. This PC is related to
the Nifio-3.4 index in particular decades, a feature that
can be checked by correlating both time series in a
sliding window spanning 20 years, that is, by moving a
20-yr-long window, year per year, throughout the whole
time series.

In the present study the same procedure is applied to
calculate independent EOFs, for each model, as follows:
1) the PC that projects onto a spatial rainfall structure
closer to the observed leading EOF (based on the pat-
tern correlation) is selected for each model; 2) a 20-yr
moving correlation is applied between this PC and the
Nifio-3.4 index, being the statistical significance of each
local correlation assessed by a 400-trial Monte Carlo test
(where both the PC and the Nifio-3.4 index are used in a
random permutation of 400 times); 3) those years
within a 95% significant correlation period (in which the
real correlation has a magnitude greater than the 95% of
the randomly generated correlations) are selected; and
4) the pieces of the PC related to these selected years are
assembled and projected on a particular field of interest.
The aforementioned methodology has been applied in
order to maintain, as much as possible, consistency with
Lopez-Parages and Rodriguez-Fonseca (2012) and
Lopez-Parages et al. (2015). Once the entire procedure
is implemented for each model the resulting regression
maps are analyzed together as a whole by computing the
ensemble mean. It is worth mentioning that a simple
linear regression of the rainfall field onto the Nifio-3.4
index could give a more accurate idea of the rainfall
response to ENSO. However, following this methodol-
ogy we could be mixing the impact of ENSO on distinct
rainfall modes, which would strongly complicate the
comparison of our results with those from Lopez-Parages
and Rodriguez-Fonseca (2012) and Lépez-Parages et al.
(2015). Another possibility would be to project the
CMIPS seasonal anomalies on the observed leading
mode of rainfall. However, such an approach would
tightly constrain the simulations to follow observations,
while we particularly wanted to analyze the rainfall var-
iability simulated by the models, to know if the leading
EOF identified in CMIP5 models corresponds to the
leading observational EOF, and also to analyze the rel-
ative importance of this variability mode in each model.
For all the aforementioned reasons the present paper has
been based on rainfall EOFs by the application of the
already described independent EOFs.
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3) EL NINO-RAINFALL EOF

A new approach has been proposed in this study in
order to characterize the most frequent ways in which El
Nifio can influence European rainfall. The method is
also based on EOF analysis but, in this case, the EOF is
applied to a matrix M that compiles a group of correla-
tion maps calculated between the rainfall and the Nifio-
3.4 index in a 20-yr sliding window. All models and all
20-yr correlation maps are included in M, for which the
covariance matrix C has been maximized. Hence, the
correlation matrix M with elements of each year i and
spatial point j, and its related covariance matrix C, are
given by

M, ; = corr[R(i:i + 19, ), N34(i:i + 19)],

ij
i=1,...,N—=20, j=1,...,ns and (1)

cC=MM", ()

where R and N34 represent the rainfall field and the
Nifio-3.4 index, respectively, and M™ denotes the trans-
posed matrix M. This resulting matrix M has therefore
the same spatial dimension (ns) as the input rainfall data
but a temporal dimension (N — 20) reduced in 20 values
in comparison with both, the rainfall field and the Nifio-
3.4 index (with N time values each, that is, the total
amount of years considering the 18 models). This new
method has two main advantages. On the one hand, as
the EOF is based on the El Nifio-rainfall correlation
matrix M, the resulting modes (if they are physically
consistent) represent recurrent spatial patterns that re-
late El Nifio and rainfall and not only a variability mode
of rainfall (which might or might not be related to
ENSO). The associated PCs can therefore be in-
terpreted as the time evolution of these specific links,
that is, the low-frequency variability of the El Nifio—
rainfall link. On the other hand, as M is constructed by
combination of all CMIP5 models, the resulting EOFs
represent common variability patterns. This procedure
based on the concatenation of multiple runs from dis-
tinct GCMs and its study through a discriminant analysis
technique has been already applied in the past (Ward
and Navarra 1997). With this methodology, the length
of a data sample representing a specific dynamical
mechanism, which is highly constrained in observational
studies, is maximized. As will be demonstrated
throughout this study, the use of this method makes
possible a better interpretation of the results obtained
from the independent EOFs of the anomalous rainfall
only, and provides a better understanding of the re-
liability of coupled models in capturing teleconnections.
To this aim, the significant correlations obtained from
the independent EOFs will be separated into two
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TABLE 2. From left to right, name of model, PC associated with
that Euro-Mediterranean rainfall EOF that is spatially closest to
the leading observational EOF, spatial correlation between the
selected EOF and the leading observational EOF (corr EOF1,s),
and variance explained by the corresponding mode (exp var).

Model name PC Corr EOF1 s Exp var
BCC_CSM1.1 PC2 0.86 17.3
CanESM2 PC2 0.92 11.5
CCSM4 PC2 0.92 13.2
CNRM-CM5 PC1 0.92 14.6
CSIRO Mk3.6.0 PC2 0.84 10.8
GISS-E2-R PC1 0.93 19.1
GISS-E2-H PC1 0.94 17.5
FGOALS-g2 PC2 0.58 10.9
HadGEM2-CC PC2 0.84 14.4
HadGEM2-ES PC2 0.85 16.1
INM-CM4.0 PC2 0.95 16.8
MIROCS5 PC2 0.92 13.1
MIROC-ESM-CHEM PC2 0.90 14.4
MPI-ESM-LR PC2 0.92 15.3
MRI-CGCM3 PC2 0.88 13.2
NorESM1-M PC2 0.92 13.5
IPSL-CM5A-LR PC2 0.84 15.8
MIROC4h PC2 0.72 13.4

different clusters and represented in a mathematical
base defined from this new El Nifio—rainfall EOF. Fur-
thermore, the centroids associated with each cluster,
which are based on pairwise Euclidean distances be-
tween points, are calculated by a k-means clustering
method (Lloyd 1982).

3. Results

a. Euro-Mediterranean rainfall modes in CMIP5
models

The leading EOF of interannual rainfall obtained in
observations, whose corresponding PC is significantly
correlated with ENSO during some decades in the
twentieth century [see Fig. 1 from Lopez-Parages et al.
(2015)], appears, in most of the CMIP5 models, as the
second EOF (Table 2). These rainfall variability modes
explain, on average, around a 15% of the total variance,
CSIRO Mk3.6.0 and GISS-E2-R being the extreme
cases with 10.8% and 19.1%, respectively. Except for
INM-CM4.0 all the mentioned modes are considered
robust according to the criteria of North et al. (1982).
Following this criterion a certain mode can be consid-
ered as an independent mode (not a random mixture of
true modes) if the spacing with its neighboring modes is
clearly larger than the sampling error of the corre-
sponding mode. There is no overlap of the mode of in-
terest sampling error with that of the closest neighbor
in any of the models analyzed. The only exception is
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INM-CM4.0, for which a very slight overlap is found.
Thus, the independence of the variability modes stud-
ied here is reinforced, which facilitates their physical
interpretations.

Two independent samples are then constructed by
selecting, for each model, those periods in which the PCs
associated with the aforementioned rainfall modes are
significantly positive or negative correlated with the
Nifio-3.4 index, defining therefore the so-called P and N
samples. As was indicated in the previous section, the
ensemble mean of regression maps calculated by the
projection of these selected fragments of the PCs onto
the Euro-Mediterranean rainfall and the global SST in
both P and N is obtained (Figs. 2a-d). In agreement with
the observations (contoured in Fig. 1), in P periods, El
Nifio (La Nifa) is related to positive (negative) rainfall
anomalies over central Europe, the British Isles, and the
northwestern part of the Iberian Peninsula, together
with negative (positive) anomalies in the Mediterranean
region and northern Scandinavia. In N, on the contrary,
the sign obtained at the aforementioned regions is
broadly the opposite. The ensemble mean of the rota-
tional flow in terms of the regression maps of the
streamfunction at 200 hPa has been also plotted for P
and N samples (shaded in Figs. 2e.f), finding a noticeably
reduced impact over the extratropical Northern Hemi-
sphere in the latter case. These differences identified, for
CMIPS5 models, in the rotational response of ENSO in P
and N periods are highly consistent with those found in
the observational record (contoured in Figs. 2e,f). The
similarities between the simulated (shaded in Fig. 2f)
and the observed (contoured in Fig. 2f) wave responses
are specially striking in P periods. In particular, this
rotational response in P reflects a clear TNH pattern
over the North Pacific-American sector together with a
negative center over northern Europe, resembling the
documented leading rotational mode of upper-level
streamfunction in the NAE sector (Garcia-Serrano
et al. 2011). The coherence in the sign of the anomalies
among the different models (note the black marks in
Fig. 2) reinforces the robustness of the above mentioned
spatial patterns. A significant feature is that these
noticeably different impacts of El Nifio on the upper
troposphere at extratropical latitudes and on the Euro-
Mediterranean rainfall are related to almost the same
SST El Nifio spatial pattern (Figs. 2¢,d). This changing
signature of ENSO over the NAE sector obtained in
piControl-CMIP5 simulations is consistent with the
observations (contoured in Figs. 1, top, and 2e.f) and
hence it reinforces the hypothesis of a nonstationary
teleconnection associated with internal variability of the
coupled ocean—atmosphere system. The main objective
for the rest of this paper is to understand why a very
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FIG. 2. Interannual patterns: shading indicates the regression of (a),(b) rainfall (10°kgm~>s™"), (c),(d) SST (K),
and (e),(f) streamfunction at 200 hPa (10° m's~2) onto the Euro-Mediterranean rainfall PC and averaged over the 18
CMIP5 models in those periods in which the correlation between the PC and the Nifio-3.4 index is (left) negative or
(right) positive at the 95% significance level (according to a 400-trial Monte Carlo test). In (e) and (f) the high minus
low composite maps (solid lines indicate positive values and dashed lines negative) characterizing the changing
ENSO-Euro-Mediterranean rainfall link throughout the twentieth century [taken from Fig. 5 of Lépez-Parages et al.
(2015)] have also been added. The PC is selected, for each CMIP5 model, as the PC related to the spatially closest
EOF to the observational EOF associated with ENSO [Fig. 1 from Lopez-Parages et al. (2015)]. The black marks
indicate the points where the regression coefficient sign coincides in at least 14 of the 18 models analyzed.

similar El Nifio pattern (Figs. 2¢,d) could be related to
such different rainfall responses in Europe (Figs. 2a,b),
specifically addressing the role played by the low-
frequency changes in the internal climate system.

b. ENSO-Euro-Mediterranean rainfall link in a
new base

As explained in section 2b(2), Figs. 2a,b are con-
structed by averaging, for selected periods (P and N), the
EOFs from CMIP5 models that are the spatially closest to
the leading observational Euro-Mediterranean rainfall
EOF. However, although the selected modes can be
similar among the different models, they are obtained by

independent EOF analysis. Hence, as climate variability
can be organized in different patterns for each model,
these selected EOFs may represent distinct underlying
dynamics. To shed further light on this issue, a new and
common EOF for all CMIP5 models, which is based on a
matrix that compiles a group of correlation maps calcu-
lated between rainfall and the Nifio-3.4 index in a 20-yr
moving window, is calculated [see section 2b(2) for a
more detailed description]. Hereinafter this new EOF
will be referred to as the multidecadal Nifio correlation
EOF (mnc-EOF) in contrast to the ones previously de-
scribed in subsection 3a. The resulting mnc-EOF patterns
represent therefore how the variability of the link
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FIG. 3. New base from El Nifio-rainfall EOF: (a) mnc-EOF1 (20.2% variance explained) and (b) mnc-EOF2
(14.4% variance explained) of the ensemble multidecadal correlation matrix between rainfall and ENSO (for each
spatial point, the 20-yr sliding windows correlation between rainfall and the Nifio-3.4 index is included). Units are 10
times the correlation per standard deviation in mnc-PC1 and mnc-PC2, respectively. Correlation maps between the
SST and (c) mnc-PC1 and (d) mnc-PC2. (e) Some selected periods (specifically for CNRM-CMS, HadGEM2-ES, and
MIROC-ESM-CHEM models) of mnc-PC1 (blue), mnc-PC2 (green), and the 20-yr sliding windows correlation
between the interannual-PC (Euro-Mediterranean rainfall) and the Nifio-3.4 index (red; in black those 95% sig-
nificant correlations according to a 400-trial Monte Carlo test) are shown in order to illustrate the relationship

among them.

between ENSO and the Euro-Mediterranean rainfall
is organized in CMIP5 models, and the related mul-
tidecadal Nifio correlation principal components
(mnc-PCs) represent the evolution of these modes
of variability of the teleconnection at multidecadal
time scales. The first and second leading modes, which
are well separated according the criteria developed
by North et al. (1982), are shown in Fig. 3. The leading
mnc-EOF is characterized by negative correlations over
northern Europe and positive ones over the northern side

of the Mediterranean region, while the second mnc-
EOF is associated with positive correlations in northern
Scandinavia and the southern part of the Mediterranean
Sea, and negative correlations in the west side of central
Europe (Figs. 3a,b). Note that the maximum (minimum)
correlations identified in mnc-EOF1 and mnc-EOF?2 are,
approximately, 0.2 (—0.2) per standard deviation in mnc-
PC1 and mnc-PC2. This represents, for instance, corre-
lations around 0.4 (—0.4) for principal component values
around 2.
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FIG. 4. Scatterplot of the 20-yr moving window’s significant correlations (according to a 400-trial Monte Carlo test
at the 95% significance level) between interannual PC (Euro-Mediterranean rainfall) and the Nifio-3.4 index
(positive correlations in red and negative correlations in blue), in relation to mnc-PC1 and mnc-PC2 values. Cen-
troids are denoted with a black mark. For reference, rainfall and SST spatial patterns associated with mnc-PC1 and

mnc-PC2 (from Fig. 3) are included in the axis.

These patterns, which reflect changing links between
European rainfall and ENSO, could be forced by changes
in the SST background state, as proposed in previous
studies (Lopez-Parages and Rodriguez-Fonseca 2012;
Lopez-Parages et al. 2015). Regarding this issue, the
correlation map between the SSTs (obtained as 20-yr
moving averages) and the leading mnc-PC is related to a
warming of the western Pacific at tropical latitudes, the
equatorial and northern subtropical Atlantic, and the
southern Indian Ocean (Fig. 3c). The SST correlation
map using the second mode (Fig. 3d) resembles the ob-
served and simulated positive phase of the interdecadal
Pacific oscillation (IPO), except for the negative corre-
lations off the Central American coast (Mantua et al.
1997; Villamayor and Mohino 2015). Over the North
Atlantic, a horseshoe pattern is also discerned, with
positive correlations from the Labrador Sea to the east
side of the tropical North Atlantic, and negative corre-
lations over the Caribbean Sea and the Gulf Stream re-
gion. This pattern resembles changes in the regions of the
subtropical gyres that are known to take place at multi-
decadal time scales (Latif and Barnett 1996; Tourre et al.

2001; Reverdin 2010). At this point it seems to be clear
that these SST patterns play a noticeable role as modu-
lator of the ENSO-Euro-Mediterranean rainfall tele-
connection identified in section 3a. Nevertheless, in a
particular period these two mnc-EOFs can coexist, by
construction, in different manners. Thus, it is important to
determine the preferential values of mnc-PC1 and mnc-
PC2 for which significant correlations between the lead-
ing observed rainfall EOF and El Nifio (P and N) are
favored. A first comparison of the corresponding time
series suggests that positive interannual correlations (P
periods) are related to negative values of mnc-PC1 and
mnc-PC2, and vice versa (Fig. 3e). To further investigate
this issue, the statistically significant correlations P and N
are represented in a new base established by mnc-PCl1
and mnc-PC2. Under this new base, the significant P and
N correlations arrange in two different clusters (Fig. 4).
Note that these two clusters behave in an approximately
linear way under the new base, with most P (N) windows
under negative (positive) values of mnc-PC1 and mnc-
PC2, consistent with the hypothesis deduced from Fig. 3e.
In the following analysis we have characterized each
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FIG. 5. Multidecadal patterns: (a),(b) U200 (ms~ ') and (c),(d) SST (K) weighted-regression maps [see Eqgs. (3) and
(4)] onto mnc-PC1 and mnc-PC2, for (left) N and (right) P periods. Only the 90% significant areas according to a
random-phase test [see Ebisuzaki (1997) for details] with 400 resamplings are shaded. For U200 in (a),(b), clima-
tological values are plotted in contours; the minimum value representedis20ms ™! (CI = 5ms™!). For SSTin (c),(d),
nonsignificant values are also contoured. The minimum (maximum) contour plotted, for positive (negative) values, is
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cluster by its corresponding centroid obtained from a
k-means procedure [see section 2b(3)].

¢. Modulating factors

As previously noted in section 1, Lopez-Parages et al.
(2015) hypothesize that the changing teleconnection
between ENSO and the Euro-Mediterranean rainfall is
associated with multidecadal variations in the zonal
mean flow at the upper troposphere (200 hPa) in phase
with internal multidecadal changes in the underlying
SSTs. This hypothesis relies on the fact that zonal winds
in upper-tropospheric levels are directly related to the
meridional temperature gradient (i.e., they are in ther-
mal wind balance). Thus, noticeable changes in meridi-
onal SST gradients at midlatitudes could alter the
vertical (geostrophic) shear of the horizontal wind
(thermal wind) in a way that results in modified jet
streams and, hence, in different tropical-extratropical
teleconnection pathways. In this work we test if this
hypothesis could explain the distinct ENSO signature on
Euro-Mediterranean rainfall, in P and N periods, of
piControl-CMIPS simulations. To represent the feature
in each type of period for all CMIP5 models in an av-
erage sense, we have calculated the centroid of each
cluster in Fig. 4 using a k-means procedure. The spa-
tial patterns of the multidecadal anomalous SST and
the multidecadal zonal wind at 200hPa (U200) for
the aforementioned clusters—associated with P and N
periods—are calculated by multiplying the coordinates
of the centroid k (ay, ) in the mnc-PC1 and mnc-PC2

base, by the corresponding projection of each mnc-PC
onto the pertinent low-frequency filtered (obtained as
20-yr moving averages) variable (see Fig. 5):

(a mnc-PC1 - U200 + y, mnc-PC2 - UZOO)
R =
kU200 W
©)
and
(akmnc-PCl -SST + y,mnc-PC2 - SST)
R -
k,SST W ’
(4)

where W indicates the number of 20-yr sliding windows
considered. Figure 5 shows, therefore, the weighted pro-
jections of mnc-PC1 and mnc-PC2 onto SST and U200
according to the coordinates of the corresponding cen-
troid that characterize each cluster. In this way, the com-
mon variability among the different models is maximized.

Note that in Fig. 5 we are showing the anomalous
climatological state on which an El Nifio or a La Nifia
influences the Euro-Mediterranean rainfall in the so-
called P (Figs. 2b,d) and N (Figs. 2a,c) periods. The first
characteristic to highlight from Fig. 5 is the similar, but
opposite, patterns found in P and N, which is explained
by the linear disposition of the clusters in the new base
(see mnc-PC1 vs mnc-PC2 in Fig. 4; note also the similar
« and vy coefficients obtained for both centroids in Table 3).
Regarding the SST, an anomalous spatial pattern
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TABLE 3. Coordinates of each centroid shown in Fig. 4.

Centroid P Centroid N
a -0.9 0.9
y —-1.4 1.2

resembling a negative (positive) IPO appears high-
lighted in P (N) over the Pacific basin, identifying its
characteristic horseshoe signal at midlatitudes. This
spatial pattern resembles a negative (positive) mnc-
EOF?2 over the North Pacific (see Figs. 3d and 5c,d),
but with an enhanced meridional SST gradient around
30°N, which is also influenced by the strong cooling
(warming) of the tropical Pacific associated with a neg-
ative (positive) mnc-EOF1 (see Figs. 3c and 5c,d). Over
the Caribbean Sea and over the coast of California
positive (negative) SST anomalies are found in P (N). In
the former case this feature reflects the mnc-EOF?2 sig-
nature, whereas in the latter case it reflects the influence
of both mnc-EOF1 and mnc-EOF2. Regarding the
upper-level tropospheric mean flow, a weakened
(strengthened) jet is found in P (N) over the North Pa-
cific and the Central American continent (Figs. 5a,b).
Considering that jet streams are partially caused by the
meridional temperature gradient, a significant change in
the jets is expected if the air temperature gradients are
altered through the thermal wind balance. Following
this reasoning, the aforementioned weakening (en-
hancement) of the jet streams in P (N) is coherent with
the anomalous underlying SST pattern, which appears
in a way that diminishes (amplifies) the climatological
SST meridional gradient over these areas (see Fig. S1 in
the supplementary material for details).

Up to now, this subsection has been focused on the
analysis of the anomalous climatological state obtained for
P and N (Fig. 5). But interannual phenomena such as El
Nifo take place superimposed on such climatologies and,
as was shown in section 3a, in those cases the extratropical
impacts are noticeably different over the NAE sector
(Fig. 2). A remaining and unanswered question is to what
extent the low-frequency variability of the jet streams
(Figs. 5a,b) is the responsible for the distinct wave activity
identified, in P and N, in relation to an almost the same El
Nino forcing. To provide an answer to it we have calcu-
lated the Rossby wavenumber K, whose relative maxi-
mum values can be used as a sign of stationary Rossby
waveguides (Hoskins and Ambrizzi 1993). According to
Hoskins and Ambrizzi (1993) K| can be expressed as

azU 12
P
s U ’ (5)
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where B represents the change of planetary vorticity
with latitude (9f/9y) and U the zonal mean flow.

In Fig. 6 the rotational responses represented in Figs. 2e.f
in relation to CMIP5 models are shown again (shaded in
Figs. 2e.f but contoured in Fig. 6) together with the corre-
sponding climatological K; values (shaded in Fig. 6; see top
and middle panels). Although the TNH pattern is repro-
duced in both the P and N samples, a remarkable en-
hancement of the downstream impact over the North
Atlantic appears for the former case (Fig. 6, top). This
feature is explained by the reinforced waveguides over the
North Pacific and the North American continent in P
(shaded red in Fig. 6, bottom), which favor the Rossby wave
propagation associated with ENSO from the tropical Pacific
toward the NAE sector (contoured in Fig. 6, bottom).

According to the definition of K [Eq. (5)], in those
areas surrounding the extratropical westerly jets (U > 0),
K is defined only if the numerator of Eq. (5) is positive.
Moreover, its magnitude, which is modulated by the in-
tensity of U, depends on the second-order derivative of the
zonal flow, that is, on its concavity. According to this, jet
streams enhance their efficiency to propagate stationary
Rossby waves in those areas where they are changed in a
way such that 9*>U/ay* < 0.

By carefully looking at the P — N differences in the
first- and second-order derivatives of the climatological
U200 over the North Pacific and the North American
continent (shaded and contoured, respectively, in
Fig. S2), one can relate the enhanced Rossby wave-
guides in P with respect to N (Fig. 6, bottom) to the
weakened climatological U200 found, approximately,
10°-20° farther south (Figs. 5a,b). In turn, this weakened
(strengthened) climatological U200 in P (N) over the
North Pacific and the North American continent were
previously related to the anomalous climatological SST
meridional gradient. Thus, according to our results, the
nonstationary teleconnection between ENSO and the
Euro-Mediterranean rainfall identified in CMIP5 models
(Fig. 2) can be explained by the change in the Rossby
waves propagation from the tropical Pacific to the
NAE sector (Fig. 6), which in turn is produced by the
low-frequency variability of the jet streams associated
with the underlying SST (Fig. 5; see also Figs. S1
and S2).

4. Summary and final discussion

The internal contribution of the ocean—atmosphere
coupled system to the nonstationary teleconnection
between El Nifio and the leading Euro-Mediterranean
anomalous rainfall mode in late winter—early spring
(Lépez-Parages and Rodriguez-Fonseca 2012; Lopez-
Parages et al. 2015) has been thoroughly examined in
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FIG. 6. Changing interannual teleconnection. Mean stationary Rossby wavenumber K; at
200 hPa (shaded) together with the streamfunction at 200 hPa (contoured) averaged over the 18
CMIPS5 models in those periods in which the correlation between the interannual PC of Euro-
Mediterranean rainfall and the Nifio-3.4 index is (top) positive or (middle) negative at the 95%
significance level (according to a 400-trial Monte Carlo test). (bottom) The difference P — N. In
(top) and (middle), CI = 4 X 10° ms ™2, with a minimum contour of 2 and —2 X 10° ms ™2 for

positive and negative streamfunction values, respectively. For (bottom), CI = 2 X 10°ms

-2
5

with 10° and —10° ms~2 being the minimum contour plotted for positive and negative values,

respectively.

this study. For this purpose, long-term preindustrial
control (piControl) simulations from 18 different
models involved in phase 5 of the Coupled Model In-
tercomparison Project (CMIP5) have been used.

For each model, the Euro-Mediterranean rainfall
variability mode that is the spatially closest to the
leading observational one (from the so-called CMIP5
independent EOFs) has been selected. Then, those 20-yr
periods, for which a significant correlation between the
corresponding PC and the Nifio-3.4 index is found, are
grouped and analyzed as a whole by computing en-
semble means of regression maps for different variables.
The resulting patterns reflect a changing impact of
ENSO on the Euro-Mediterranean rainfall in a way
consistent with the spatial structures related to the
nonstationary observational link (Mariotti et al. 2002;
Knippertz et al. 2003; Sutton and Hodson 2003;

Gouirand and Moron 2003; Greatbatch et al. 2004). This
feature is characterized in both observations and CMIP5
models by a noticeably distinct downstream impact of
ENSO-related Rossby waves over the NAE sector
among different periods.

To address the low-frequency variability associated
with the background state that could be modulating the
ENSO teleconnection with the Euro-Mediterranean
rainfall, the aforementioned changing link has been
explored by an alternative approach. This new meth-
odology looks for the time evolution of the telecon-
nection by calculating the principal directions in which
the 20-yr correlation maps between ENSO and the
Euro-Mediterranean rainfall evolve (see the so-called
El Nifio-rainfall EOF in section 2). This new procedure,
which highlights the common variability among the dif-
ferent CMIP5 models, makes possible the characterization
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of the ENSO teleconnection with the Euro-Mediterranean
rainfall under a new base. Those periods with signifi-
cant correlations between the PC from the independent
EOFs of rainfall and the Nifio-3.4 index are divided, in
accordance to the sign of the correlation (positive or
negative), into two different clusters in the new mathe-
matical base. Subsequently, as SST and zonal mean
flow at the upper troposphere (200 hPa) over the North
Pacific Ocean (approximately between 30° and 60°N)
have been both addressed as modulators of the ENSO-
Euro-Mediterranean rainfall teleconnection at interannual
time scales (LOpez-Parages et al. 2015), the spatial patterns
of these fields, which are associated with the basic mean
state of the cluster centroids, have been obtained.

According to our results, those periods for which a
strong (weak) ENSO-related wave activity is identified
over the NAE are characterized by a weakened
(strengthened) jet stream over the North Pacific and the
Central American continent, which favors (undermines)
the propagation of Rossby waves from the tropical Pa-
cific to extratropical latitudes and their downstream
impact over the Euro-Mediterranean region. Our results
suggest that these changes in the upper-tropospheric
mean flow are associated with multidecadal variability
of the underlying SST, which alters the meridional
temperature gradient of Earth’s atmosphere and hence
the normal configuration of the jet streams.

These conclusions are inferred from the cluster cen-
troids analysis, in an attempt to illustrate the back-
ground conditions associated with each cluster in
ensemble maps for all CMIP5 models. The validity of
the resulting spatial patterns (and, hence, the resulting
modulators of the teleconnection) for each model
should, however, be interpreted with caution. Thus, the
patterns shown in Fig. 5 will be realistic for a specific
model if their corresponding clusters are organized in a
similar way as the ensemble centroids plotted in Fig. 4
(as occurs for most of the models; see also Fig. S3 in the
supplementary material). Otherwise the link between
SST and upper-tropospheric winds could still be valid,
but not precisely in the way illustrated in Fig. 5. The
analysis of the particular characteristics of each model is
outside of the scope of the present paper but our results
encourage further studies analyzing the intermodel dif-
ferences between the modulating factors of the ENSO
teleconnection with Euro-Mediterranean rainfall in
CMIPS simulations. According to the tropospheric and
the stratospheric pathways connecting ENSO with the
NAE climate (see description in the introduction), it
would be of particular interest to compare the modula-
tors between the “high top” and “low top” CMIP5
models, which are classified depending on the model
layers in the stratosphere. In addition, in view of the
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documented effect of SST variability on blocking (which,
in turn, is associated with upper-tropospheric Rossby
wave breaking; see, e.g., Gollan et al. 2015), it would also
be interesting to see in the future if the changes at mul-
tidecadal time scales in the upper-tropospheric flow
identified here in association with the underlying SST and
the nonstationary ENSO-NAE teleconnection would be
closely related to multidecadal blocking variations.

The present study lends support to the notion that the
nonstationary behavior of the ENSO-Euro-Mediterranean
rainfall teleconnection found in the observations can be
reproduced by internal variability of the coupled ocean—
atmosphere system; in particular, it indicates a changing
ENSO-related Rossby wave propagation from the trop-
ical Pacific to the NAE sector modulated by the sea
surface temperature.
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