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Abstract

El Nifio Southern Oscillation (ENSO) represents the major driver of interannual climate variability at global scale. Observa-
tional and model-based studies have fostered a long-standing debate on the shape and intensity of the ENSO influence over
the Euro-Mediterranean sector. Indeed, the detection of this signal is strongly affected by the large internal variability that
characterizes the atmospheric circulation in the North Atlantic—-European (NAE) region. This study explores if and how the
low-frequency variability of North Pacific sea surface temperature (SST) may impact the El Nifio-NAE teleconnection in
late winter, which consists of a dipolar pattern between middle and high latitudes. A set of idealized atmosphere-only experi-
ments, prescribing different phases of the anomalous SST linked to the Pacific Decadal Oscillation (PDO) superimposed
onto an El Nifio-like forcing in the tropical Pacific, has been performed in a multi-model framework, in order to assess the
potential modulation of the positive ENSO signal. The modelling results suggest, in agreement with observational estimates,
that the PDO negative phase (PDO_) may enhance the amplitude of the El Nifio-NAE teleconnection, while the dynamics
involved appear to be unaltered. On the other hand, the modulating role of the PDO positive phase (PDO,) is not reliable
across models. This finding is consistent with the atmospheric response to the PDO itself, which is robust and statistically
significant only for PDO_. Its modulation seems to rely on the enhanced meridional SST gradient and the related turbulent
heat-flux released along the Kuroshio—Oyashio extension. PDO_ weakens the North Pacific jet, whereby favoring more pole-
ward propagation of wave activity, strengthening the El Nifio-forced Rossby wave-train. These results imply that there might
be conditional predictability for the interannual Euro-Mediterranean climate variability depending on the background state.

Keywords El Nifio teleconnection - Pacific Decadal Oscillation - North Atlantic—European climate - Seasonal predictability

1 Introduction

El Nifio-Southern Oscillation (ENSO) is known to be a
major driver of global climate variability at the interannual
time scale, representing probably the most important source
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Positive and negative ENSO phases lead to climate vari-
ability not only in the tropical region, but also in the extra-
tropics. The atmospheric fingerprint and the mechanisms
behind ENSO teleconnections have been widely discussed
in the last decades (see Trenberth et al. 1998, for review).
During positive ENSO phases, namely El Nifio events,
enhanced convection characterizes the central and eastern
tropical Pacific, while suppressed rainfall is found in the
western tropical Pacific. The former induces an anomalous
diabatic heating distribution in the tropical troposphere, that
triggers a circulation response extending from low to middle
latitudes.

The El Nifio teleconnection over the North Pacific-Amer-
ican sector is relatively well understood and characterized by
a distinctive wave-train structure arching in the north—east
direction from the tropical Pacific toward higher latitudes
(e.g. Horel and Wallace 1981). The El Nifio teleconnection
over the NAE sector is less well established, as the detection
of the signal is made difficult by the strong internal variabil-
ity of the atmospheric circulation (e.g. Deser et al. 2017).
Bronnimann (2007) reviewed and identified the canonical
El Nifio signature on the NAE circulation as characterized
by a dipolar structure in sea level pressure between middle
(negative anomalies) and high (positive anomalies) latitudes
for the late-winter season (January—March; JFM). This is
in agreement with the climatic signal correlated with the
positive ENSO phase over the Euro-Mediterranean region,
analyzed in an observational framework by Fraedrich and
Miiller (1992). This pattern is characterized by negative
temperature anomalies over north-eastern Europe, below
normal precipitation over Scandinavia, and enhanced rain-
fall over the Mediterranean sector. Nevertheless, this view
is not universally accepted with many authors arguing non-
linearity (e.g. Hardiman et al. 2019; Jiménez-Esteve and
Domeisen 2019) and seasonality (e.g. Park 2004; Mariotti
et al. 2005; Shaman 2014; Ayarzagiiena et al. 2018) in the
ENSO influence.

The dynamics underlying the El Nifio response over the
NAE sector is likewise a matter of debate: different mecha-
nisms have been considered including both tropospheric
and stratospheric pathways. The tropospheric pathway may
consist of both changes in the divergent circulation and in
the rotational flow. On the one hand, the anomalous Walker
circulation linked to a positive ENSO event is character-
ized by enhanced ascending motion over the central-eastern
equatorial Pacific, and associated sinking over the western
equatorial Pacific and the equatorial Atlantic. This anoma-
lous zonal circulation is followed by a coherent anomalous
meridional circulation, characterized in the tropical Atlantic
by a weaker Hadley cell, impacting the Azores High and
hence climate conditions over the NAE sector (Wang 2004).
On the other hand, the rotational mechanism may involve the
downstream propagation of large-scale Rossby wave-trains
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from the tropical Pacific (e.g. Garcia-Serrano et al. 2011),
the North Pacific (e.g. Honda et al. 2001), and of transient
eddies over North America (e.g. Drouard et al. 2015; Jimé-
nez-Esteve and Domeisen 2018; Li and Lau 2012). Station-
ary wave anomalies over the North Pacific-American sec-
tor result fully established in January (Bladé et al. 2008).
The tail of this quasi-barotropic structure is consistent with
the surface dipole over the North Atlantic, as discussed by
Mezzina et al. (2020, 202 1— this Issue).

Complementarily, stratospheric dynamics is suggested to
contribute significantly to the spread of the El Nifio signal in
the Northern Hemisphere. Planetary waves from the tropo-
sphere to the stratosphere impact the stratospheric polar vor-
tex, leading to circulation anomalies which in turn propagate
downward into the troposphere (Domeisen et al. 2019, and
reference therein). At the surface, in the NAE sector, this
signal projects onto a dipolar structure analogous to the
observed El Nifio fingerprint (e.g. Cagnazzo and Manzini
2009; Ineson and Scaife 2009).

As the main features of the El Nifio teleconnection to
NAE circulation have been widely explored in the last years,
the potential non-stationary nature of this signal has pro-
gressively emerged (Rodriguez-Fonseca et al. 2016). The
non-stationarity may be due to differences in the tropical
forcing or in the teleconnection pathways (Yeh et al. 2018).
For example, Toniazzo and Scaife (2006) link the sign of the
NAE sea level pressure response to the intensity of El Nifio,
whereas Graf and Zanchettin (2012) emphasize the role of
the El Nifio diversity (Eastern-Pacific vs Central-Pacific
El Nifos) on the strength of the anomalies over Europe.
On the other hand, both tropospheric (e.g. Lépez-Parages
et al. 2016a) and stratospheric (Rao et al. 2019) mecha-
nisms may be affected by the low-frequency variability of
the climate system. Some observational studies link the
non-stationary El Nifio signal over the NAE sector to low-
frequency variability in the tropical Atlantic (e.g. Gouirand
and Moron 2003; Ham et al. 2014) and in the North Atlantic
(e.g. Mariotti et al. 2002; Lopez-Parages and Rodriguez-
Fonseca 2012). Non-stationarity in the El Nifio impact on
Euro-Mediterranean precipitation, resembling the signal
in observations, has also been reported in long-term pre-
industrial simulations (Lépez-Parages et al. 2015, 2016b).
In both cases, it was linked to the modulating effect of low-
frequency modes of sea surface temperature (SST) vari-
ability, affecting the tropospheric mean circulation which
in turn constraints the ENSO teleconnection. In a climate
change perspective, it should be noticed how all the differ-
ent modulating effects might be affected (e.g. Drouard and
Cassou 2019; Soulard et al. 2019), possibly changing the
extratropical ENSO response itself.

The aim of this study is to investigate if and how the
El Nifio teleconnection over the Euro-Mediterranean sec-
tor is modulated by low-frequency variability in the North
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Pacific SSTs. Different patterns of tropical SST anomalies
are known to characterize the observed El Nifio events (see
Capotondi et al. 2015 for review), however we focus on the
so-called conventional Eastern Pacific El Nifio, for which
robust extratropical atmospheric teleconnections have been
reported (e.g. Trenberth et al. 1998; Alexander et al. 2002;
Bronnimann 2007).

The Pacific decadal oscillation (PDO, Mantua et al. 1997)
represents the most prominent mode of low-frequency cli-
mate variability in the North Pacific. It is defined as the
leading empirical orthogonal function (EOF) of extratropi-
cal (northward of 20°N) SSTs. It has both a direct impact
on decadal climate variability locally (e.g. Latif and Barnett
1994) and globally (e.g. Trenberth and Fasullo 2013), and an
indirect impact through modulation of interannual climate
variability. The PDO effects on the extratropical ENSO tel-
econnection have been widely discussed (e.g. Dong et al.
2018; Gershunov and Barnett 1998) on the North Pacific-
American domain (McCabe and Dettinger 1999; Yu and
Zwiers 2007) and on the East Asian sector (e.g. Wang et al.
2008). Some studies (e.g. Zanchettin et al. 2008; Ding et al.
2017) have also examined the effects on the NAE region,
analyzing the ENSO signal (in its positive and negative
phase respectively) in reanalysis data with respect to the
observed PDO phases. Generally, these results suggest a
potential intensification of the ENSO-NAE teleconnection
when ENSO and the PDO are in phase. Yet, little modelling
evidence has been shown on this subject, with the exception
of Lopez-Parages et al. (2015, 2016b) using free-running,
coupled simulations. This study contributes to that need by
performing targeted atmosphere-only simulations in a multi-
model framework.

It should be noticed that the Pacific low-frequency vari-
ability could also be characterized by an inter-hemispheric
pattern that includes tropical SST anomalies, i.e. the Inter-
decadal Pacific Oscillation (IPO), defined as the leading
EOF applied to the entire Pacific basin (Zhang et al. 1997).
However, only the northern extratropical component, namely
the PDO pattern, is used in the sensitivity experiments per-
formed here, since the focus is on the modulation of El
Nifio-NAE teleconnection via changes in the background
flow without altering the tropical forcing. The EI Nifio forc-
ing adopted in this study resembles a canonical Eastern
Pacific El Nifio pattern characterizing strong events in the
observational period (e.g. Hardiman et al. 2019; see Sect. 2).
Combining these idealized El Nifio and PDO patterns allows
to detect and attribute the response to the separate forcing
applied, and hence to investigate El Nifio teleconnection
under different mean states, exploring the dynamical pro-
cesses involved.

The manuscript is structured as follows: In Sect. 2 the
models and the experimental setup are presented, in Sect. 3
the signal from the sensitivity experiments is described,

while in Sect. 4 a tropospheric mechanism is proposed.
The summary and discussion of the results are provided in
Sect. 5.

2 Model and experimental setup

In this study we take advantage of a set of tailored sensitivity
experiments designed in the framework of the ERA4CS-
funded MEDSCOPE project. These atmosphere-only simu-
lations have been performed prescribing a set of SST forc-
ings, representative of different combinations of idealized El
Nifio and extratropical PDO patterns (Fig. 1). In addition, a
reference control simulation forced with climatological SSTs
(CTL), computed over the period 1981-2010, is considered.

The SST boundary conditions have been derived from the
HadISST v2 reanalysis (Rayner et al. 2003). The El Nifio
pattern (EN; Fig. 1c) is defined using a linear regression of
monthly SST anomalies onto the winter (December to Feb-
ruary, DJF) NINO3.4 index over the reference climatologi-
cal period (1981-2010); whereas the PDO pattern (PDO _;
Fig. 1a) is defined from a linear regression of annual SST
anomalies onto the PDO index over the period 1900-2010,
in order to better characterize the low-frequency variability.
The negative PDO pattern (PDO_; Fig. 1b) is obtained by
reversing the sign of PDO,. These anomalous SST patterns
are superimposed to the climatological seasonal cycle; the
positive and negative PDO patterns are kept constant and
span the extratropical basin (from 20° N to 60° N), while the
El Nifio pattern covers only tropical latitudes (20° S—20° N)
and has been amplified in order to have a maximum anomaly
of about 2.7 K in winter (DJF), mimicking previous stud-
ies (e.g. Taguchi and Hartmann 2006) and comparable with
strong events (i.e. 1982/1983, 1997/1998, 2015/2016).

Finally, in order to assess the potential modulating role
of the low-frequency variability in the extratropical Pacific,
another set of forcings is defined superimposing the El Nifio
pattern to the PDO anomalies, to both the positive (EN/
PDO_; Fig. 1b) and negative (EN/ PDO_; Fig. le) phases.
For each experiment, a 50-member ensemble of one-year
long integrations from the 1st of June is performed. The
atmospheric initial conditions for the sensitivity experiments
are selected from CTL, which consists of a 50-year inte-
gration using perpetual radiative forcing at year 2000 (i.e.
present-day conditions), after spin-up. The same constant
radiative forcing is included also in the sensitivity experi-
ments. A summary of the experimental setup adopted in this
study can be found in Table 1.

Three atmospheric general circulation models (AGCMs)
followed the same protocol. These AGCMs are the atmos-
pheric components of the CMCC seasonal prediction system
version 3 (CMCC-SPS3, from now on CMCC; Sanna et al.
2016), CNRM-CM6-1 (from now on CNRM; Roehrig et al.
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2020; Voldoire et al. 2019), and EC-EARTH?3.2 (from now
on EC-EARTH,; Davini et al. 2017; Haarsma et al. 2020).
The main features of these AGCMs are reported in Table 2.
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L

PDO+

60N

30N -

SST Anomaly (K)
1

In the following sections, the analysis will be focused on
the late winter season (i.e. JFM; see Sect. 1), and the dif-
ference between ensemble averages will allow to detect the
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Fig.1 Late winter JFM) Sea Surface Temperature (SST) anomalies
(K) superimposed on the climatological annual cycle for the different
experiments: PDO, (a), PDO_ (d), El Nifio (¢), El Nifio/PDO_ (b),
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[
DIROIEN NN NN NN I
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and El Niflo/PDO_ (e). The PDO SSTs are included as a stationary
forcing, while the El Nifio forcing is modulated through an idealized
seasonal cycle, peaking in DJF

Table T Summary of the experiments and experimental setup. In the following sections, the tags in the first column will be used to identify the

different experiments

Experiment name SST forcing Initialization Duration

CTL Climatological SST 20 years spinup 50 years (recursive 2000 conditions)
EN El Nifio over climatological SST 50 1st June conditions from CTL 12 months (June to May)

EN/PDO, El Nifio and PDO,_ over climatological SST 50 1st June conditions from CTL 12 months (June to May)

EN/PDO_ El Nifio and PDO_ over climatological SST 50 1st June conditions from CTL 12 months (June to May)

PDO, PDO, over climatological SST 50 1st June conditions from CTL 12 months (June to May)

PDO_ PDO_ over climatological SST 50 Ist June conditions from CTL 12 months (June to May)

Table 2 Atmospheric

GCM Atmospheric component Horizontal resolu-  Vertical resolution
f:omponents of the GCMs used tion (km)
in this study
CMCC-SPS3 CAMS.3 ~ 110 46 vertical levels (0.3 hPa)
CNRM-CM6-1 ARPEGE-Climat v6.3 ~ 150 91 vertical levels (0.01 hPa)
EC-EARTH3.2 IFS cycle 36r4 ~ 80 91 vertical levels (0.01 hPa)
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forced response of the system. Unless differently specified,
the statistical significance of the analyzed signals has been
evaluated by applying a Student’s t test of equal means at the
90% confidence level.

3 Sensitivity patterns: modulation
by the extratropical Pacific

The experimental setup described in the previous section
has been designed to capture potential changes in El Nifio
teleconnection under different mean state conditions associ-
ated with the different phases of the PDO. The analysis of
the interaction between ENSO and PDO (e.g. Newman et al.
2003) is beyond the scope of this study. In this idealized
framework, the two modes are considered as independent,
and the focus is put on the potential modulating role of extra-
tropical Pacific SSTs. Note that the atmospheric response to
ENSO as such, in both its positive and negative phase, has
been comprehensively reported in Mezzina et al. (2021).

PREC (mm/day)

CMCC (PDO+) PREC (mm/day)

Our assumption is that low-frequency variability of extra-
tropical Pacific SSTs may influence the mid-latitude atmos-
pheric circulation through which the El Nifio teleconnection
propagates. However, it has to be tested that the imposed
PDO forcing does not affect the distribution of the tropical
diabatic heating. Here we consider the rainfall response as a
proxy for the anomalous diabatic heating due to the applied
SST forcing. Figure 2 shows the precipitation response to
PDO, (Fig. 2a, d, g), PDO_ (Fig. 2b, e, h) and El Nifio
(Fig. 2c, £, 1). The latter is dominated by enhanced convec-
tion around the Date Line at equatorial latitudes, associated
with the zonal shift of the Walker circulation. The precipita-
tion anomalies due to the PDO phases do not collocate with,
and are one-to-two orders of magnitude weaker than, the El
Nifio ones, confirming that the PDO-induced changes do not
impact on the El Nifio source region.

In an analogous way, Fig. 3 depicts the 200 hPa zonal
wind response to PDO_ (Fig. 3a, d, g), PDO_ (Fig. 3b,
e, h) and El Nifio (Fig. 3c, f, i). As it is well known (e.g.
DeWeaver and Nigam 2000), under EI Nifio conditions the
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Fig.2 Late winter (JEM) precipitation (mm/day) response to PDO_
(left column), PDO_ (middle column) and El Nifio (right column)
over the Pacific sector. Top row: results from CMCC model; mid-

dle row: results from CNRM model; bottom row: results from EC-
EARTH model. The dotted regions are statistically significant at a
90% confidence level with a Student’s t test
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Fig.3 Late winter (JFM) 200 hPa zona wind (m/s) response to PDO_.
(left column), PDO_ (middle column) and El Nifio (right column)
over the Pacific sector. The contours with dashed negative values rep-
resent the JEM climatological field computed from CTL experiment

North Pacific jet tends to be stronger and extended east-
ward, which is properly captured by the three models. The
mid-latitude upper-level response to the PDO is again one
order of magnitude weaker than the El Nifio one, but a
distinct behaviour between the two phases can be found.
While PDO_ leads to a zonal wind pattern that is consistent
among the three models (even if less robust for CMCC) and
characterized by a weakening of the jet at its exit region,
PDO, yields a more complex and less coherent signal in the
multi-model ensemble. This preliminary analysis, further
developed in Sect. 4, supports our initial hypothesis that
even if the PDO were not changing tropical convection, it
could affect the El Nifio teleconnection by conditioning the
mid-latitude background flow, particularly for PDO_
Observational data indicate that El Nifio events may occur
under both positive and negative PDO phases. In Fig. 4 the
NINO3.4 and the PDO indices for the period 1900-2019 in
the HadISST reanalysis are reported. Each El Nifio event is
indicated with a dot over the time series, while the dot color

@ Springer

(from -20 to 50 m/s, contour interval: 10 m/s). Top row: results from
CMCC model; middle row: results from CNRM model; bottom row:
results from EC-EARTH model. The dotted regions are statistically
significant at a 90% confidence level with a Student’s t test

denotes the phase of the PDO for that event (red for PDO,
and blue for PDO_). The detection described above allows
us to perform a composite analysis. Focusing on the histori-
cal period spanned by the NCEP reanalysis (i.e. 1948-2019;
Kalnay et al. 1996), the El Nifio winters are detected and
divided into PDO__ (12 events) and PDO_ (9 events) condi-
tions. This classification is summarized in Table 3. Although
over the NCEP period the PDO index and the winter-mean
NINO3.4 index have a weak correlation (0.18, but signifi-
cant at the 95% confidence level), the comparable number
of El Nifio events under the two PDO phases provides some
confidence to consider the two phenomena as independent
for the purposes of this analysis.

Figure 5 shows the JFM mean sea level pressure anoma-
lies for the El Nifio conditions (Fig. 5a, d, g), as well as
for El Nifio under positive (Fig. 5b, e, h) and negative
(Fig. 5c¢, £, i) PDO conditions. Here the contours represent
the observational composites from the NCEP reanalysis,
while the shading stands for the ensemble-mean response
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Fig.4 Observed NINO3.4 (bar plot) and. PDO (black continu-
ous line) indices computed in the HadISST reanalysis. The red and
the blue dots highlight respectively the positive and negative PDO
phase corresponding to each El Nifio events over the period 1900-
2019. Following Trenberth (1997), an El Nifio event is detected
when NINO3.4 index is greater than 0.4 K for at least six consecu-

from the idealized experiments described in Sect. 2: i.e.
EN-CTL (Fig. 5a, d, g), EN/PDO,-CTL (Fig. 5b, e, h),
EN/PDO_-CTL (Fig. 5c, f, i). The extratropical telecon-
nection of El Nifio (Fig. 5a, d, g) displays the canonical
signatures, i.e. a deepening of the Aleutian Low in the North
Pacific and a dipolar pattern in the NAE region (Bronnimann
2007). These features are well captured by the three models,
with a slightly weaker signal in EC-EARTH (Fig. 5a, d, g;
see Mezzina et al. 2021). As a first approximation, PDO
conditions do not appear to change the structure of El Nifio
teleconnection but may affect its amplitude, suggesting that
the same fundamental dynamics is at play. In agreement with
Gershunov and Barnett (1998), in the reanalysis a decoupled
modulation between the Pacific and Atlantic sectors may
be noticed. In particular, PDO_ shows a stronger Atlantic
dipole and a damped low-pressure anomaly in the North
Pacific (Fig. 5S¢, f, i), while for PDO_ the changes in the
teleconnection are generally less pronounced, with hints of
a deeper Aleutian Low and a weaker high-pressure anomaly
over Greenland (Fig. 5b, e, h). Also in the simulations, the
presence of the PDO forcing, regardless of its phase, does
not affect the overall shape of El Nifio response (Fig. 5b, c,
e, f, h, 1), which confirms that the fundamental dynamics
underlying the Northern Hemisphere atmospheric response
to El Nifio may not be modified by the presence of low-
frequency SST variability in the North Pacific. Likewise,
it is to note that although the models simulate an apparent
modulation in the amplitude of the Atlantic dipole, particu-
larly for PDO_, this change is weak compared to the El Nifio
teleconnection.

Albeit the observational analysis points to a poten-
tial modulating role of the PDO, its limitations should be
stressed, with emphasis on the small sampling compared
to the target low-frequency variability and on the intrinsic
difficulty to separate the different potential forcings in rea-
nalysis. Moreover, with respect to the simulated response
patterns, it should be highlighted that by construction they

tive months. The correlation between PDO index and the JFM aver-
age NINO3.4 is 0.20, considering the entire HadISST period (1900-
2019), while it is 0.18, focusing on the NCEP period (1948-2019).
Both these values are statistically significant at the 95% confidence
level

are influenced by the two forcings (El Nifio and the PDO),
hence their respective effect cannot be disentangled through
a comparison with the climatological conditions (i.e. CTL).
In other words, it is difficult to unambiguously diagnose
whether the changes in the El Nifio teleconnection, when
the PDO is included, are due to the linear superposition
of two forced signals or to the interaction of the El Nifio
forced signal with a different background state. The set of
idealized simulations, however, allows to make a step for-
ward in this regard. We can analyze explicitly the El Nifio
teleconnection under different mean states, computing the
differences between each forced ensemble (EN, EN/PDO_,
EN/PDO_) and the corresponding background condition
(CTL, PDO,, PDO_). This approach allows to separate
the response to El Nifio without mixing effects of the PDO
forcing itself, thereby defining three distinct El Nifio tel-
econnection patterns with three different underlying condi-
tions: EN-CTL, EN/PDO_-PDO_, EN/ PDO_- PDO_. In
the following, in order to better identify the modulation, the
differences between El Nifio fingerprint under PDO and the
benchmark teleconnection will be considered, namely (EN/
PDO-PDO)—(EN-CTL), for each phase of the PDO.

In Fig. 6 this approach is followed for mean sea level pres-
sure: the left column (Fig. 6a, d, g) displays the reference
EN-CTL signal (as in Fig. 5a, d, g), while the central and right
columns show the changes in the teleconnection associated
with positive (Fig. 6b, e, h) and negative (Fig. 6c¢, f, i) PDO
conditions, respectively. In general, a coherent sign between
the El Nifio signal and the modulation pattern indicates that
the El Nifio fingerprint is intensified, while it is dampened if
the two maps show an opposite sign. For PDO, the modula-
tion appears not to be consistent across models, with two of
them showing opposite responses (CNRM and EC-EARTH;
Fig. 6e, h) and the third one being barely significant (CMCC;
Fig. 6b). For PDO_, on the contrary, the three models agree
on an amplification of the NAE response, showing low-pres-
sure anomalies at mid-latitudes and high-pressure anomalies
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Table 3 El Niiio winters classified together with the PDO phase in the NCEP reanalysis period (1948-2019)

El Nifio (PDO_)

El Nifio (PDO,)

El Nifio events

1957/1958, 1963/1964, 1965/1966, 1976/1977, 1977/1978, 1951/1952, 1968/1969, 1969/1970, 1972/1973, 1991/1992,

1951/1952, 1957/1958, 1963/1964, 1965/1966, 1968/1969,

1994/1995, 2004/2005, 2009/2010, 2018/2019

1982/1983, 1986/1987, 1987/1988, 1997/1998, 2002/2003,

2014/2015, 2015/2016

1969/1970, 1972/1973, 1976/1977, 1977/1978, 1982/1983,

1986/1987, 1987/1988, 1991/1992, 1994/1995, 1997/1998,

2002/2003, 2004/2005, 2009/2010, 2014/2015, 2015/2016,

2018/2019

at subpolar/polar latitudes (Fig. 6c¢, f, i). However, this rein-
forcement is statistically significant in EC-EARTH (Fig. 6i),
marginally significant in CNRM (Fig. 6f), and not significant
in CMCC (Fig. 6¢). A similar behaviour is found in the upper-
level circulation (not shown), revealing the barotropic nature
of the teleconnection and of its potential modulation.

The FEl Nifio-related atmospheric circulation in the North
Atlantic sector is expected to drive surface climate anomalies
over the Euro-Mediterranean region. As discussed in Bron-
nimann (2007) and Bronnimann et al. (2007), the canonical
view of late winter El Nifio teleconnection in this sector is
characterized by cold and dry anomalies over northern Europe,
an enhanced warming over eastern Mediterranean, and wet-
ter conditions over the central-western Mediterranean. The
MEDSCOPE multi-model fairly simulates these patterns in
response to El Nifio (EN-CTL; Figs. 7a, d, g, 8a, d, g shad-
ings), in good agreement with observational composites
(Figs. 8a, d, g; 9a, d, g contours). In line with the weaker cir-
culation response in EC-EARTH (Fig. 5g), this model also
shows weaker anomalies than CMCC and CNRM. The modu-
lation of the El Nifio signatures at the regional scale appear
to be quite noisy, although somehow in agreement with the
modulation of the circulation response (Fig. 6), particularly
for precipitation. Under PDO, the model-dependent nature
of the modulation pattern is confirmed (Fig. 7b, e, h); on the
contrary, some consensus may be found under PDO_ with a
comparable wetter Iberian Peninsula and a drier north-west
Europe in CNRM (Fig. 7f) and EC-EARTH (Fig. 7i), as well
as an expected noisier signal in CMCC (Fig. 7¢), coherent with
the not significant circulation pattern (Fig. 6¢). The results
for the 2 m temperature modulation (Fig. 8b, c, e, f, h, i) are
generally less conclusive, since large parts of the domain do
not present statistically significant anomalies. Nevertheless,
an enhanced cooling signal over Scandinavia under PDO_ is
found in CMCC and EC-EARTH (Fig. 8c, 1), and more weakly
in CNRM (Fig. 8f).

Summarizing, the impact of a realistic PDO background
state on the El Nifio-NAE teleconnection seems to be of sec-
ond order as compared to the El Nifio signal, and also limited
in statistical significance. Besides, the results suggest that
there might be a conditional modulation according to the PDO
phase, in particular for PDO_, resulting in an amplification
of El Nifio fingerprint. In the next section these results will
be interpreted in a dynamical framework, investigating the
differences between PDO phases, and providing a possible
mechanism for the potential modulation.
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Fig.5 Late winter (JFM) mean sea level pressure (hPa) El Nifio com-
posite from NCEP reanalysis (1948-2019) and in the multi-model
ensemble. On the left: in shadings the reference El Nifio teleconnec-
tion (EN-CTL) for CMCC (top), CNRM (middle), and EC-EARTH
(bottom); in contours the composite computed over all the El Nifio
events (from —5.0 to 5.0 hPa, contour interval: 0.5 hPa). On the mid-
dle: in shadings EI Nifio and PDO,_ teleconnection (EN/PDO,—-CTL)
for CMCC (top), CNRM (middle), and EC-EARTH (bottom); in con-
tours the composite computed only over El Nifio events under posi-
tive PDO phase (from—5.0 to 5.0 hPa, contour interval: 0.5 hPa). On
the right: in shadings El Nifio and PDO_ teleconnection (EN/PDO_

Q
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—CTL) for CMCC (top), CNRM (middle), and EC-EARTH (bot-
tom), in contours the composite computed only over El Nifio events
under negative PDO phase (from—5.0 to 5.0 hPa, contour interval:
0.5 hPa). The detection of the El Nifio events in the NCEP reanalysis
is based on the analysis of the historical time series of NINO3.4 and
PDO indices (see Table 3). For the composite analysis, black contours
highlight regions with a signal statistically significant at 90% con-
fidence level with a Cramer’s test (as in Ding et al. 2017). For the
multi-model ensemble, solid color areas represent signals which are
statistically significant at 90% confidence level with a Student’s  test
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CMCC (EN) MSLP (hPa)
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Fig.6 Late winter (JFM) mean sea level pressure (hPa) teleconnec-
tion patterns and its modulation due to positive and negative PDO
phases. On the left column: reference El Nifio teleconnection (EN-
CTL) for CMCC (top), CNRM (middle), and EC—EARTH (bot-
tom) (shadings) and in NCEP composite (contours from —5.0 to
5.0 hPa, contour interval: 0.5 hPa). On the middle column: modula-
tion of El Nifio teleconnection under positive PDO conditions ((EN/
PDO,-PDO, )-(EN-CTL)) for CMCC (top), CNRM (middle), and
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CNRM (PDO- mod)

MSLP (hPa) EC-EARTH (PDO- mod)

EC-EARTH (bottom). On the right column: modulation of El Nifio
teleconnection under negative PDO conditions ((EN/PDO_-PDO_)—
(EN-CTL)) for CMCC (top), CNRM (middle), and EC-EARTH
(bottom). In the left column the statistical significance is indicated
following the same convention as in Fig. 5. In the central and right
columns, the dotted regions are statistically significant at 90% confi-
dence level with a Student’s t test
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Fig.7 Late winter (JFM) precipitation (mm/day) teleconnection pat-
terns over the Euro-Mediterranean sector and its modulation due to
positive and negative PDO phases. On the left column: reference El
Niflo teleconnection (EN-CTL) for CMCC (top), CNRM (middle),
and EC-EARTH (bottom) (shadings) and in NCEP composite (con-
tours from — 0.40 to 0.40 mm/day, contour interval: 0.08 mm/day).
On the middle column: modulation of El Nifio teleconnection under
positive PDO conditions ((EN/PDO,-PDO_)-(EN-CTL)) for CMCC

4 A tropospheric pathway for the ENSO
teleconnection and its modulation

The aim of this section is to provide insight into how the
PDO may modulate the mid-latitude atmospheric back-
ground state through which the El Nifio signal propagates.
The mechanisms controlling the atmospheric response to

5 ox QO O O © O D X
NG NN R R RN N

(top), CNRM (middle), and EC-EARTH (bottom). On the right col-
umn: modulation of El Nifio teleconnection under negative PDO
conditions ((EN/PDO_-PDO_)-(EN-CTL)) for CMCC (top), CNRM
(middle), and EC-EARTH (bottom). In the left column the statistical
significance is indicated following the same convention as in Fig. 5.
In the central and right columns, the dotted regions are statistically
significant at 90% confidence level with a Student’s t test

an extratropical SST forcing have been widely discussed
in the literature (e.g. see Kushnir et al. 2002 for review).
In a recent study assessing the processes driving Pacific
decadal variability (Luo et al. 2020), the authors show
and discuss the local atmospheric fingerprint linked to
the PDO based on observations and in a coupled model.
With a composite analysis comparing the DJF response
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Fig.8 Late winter JFM) 2 m temperature (K) teleconnection pat-
terns over the Euro-Mediterranean sector and its modulation due to
positive and negative PDO phases. On the left column: reference El
Niflo teleconnection (EN-CTL) for CMCC (top), CNRM (middle),
and EC-EARTH (bottom) (shadings) and in NCEP composite (con-
tours from—1.0 to 1.0 K, contour interval: 0.1 K). On the middle
column: modulation of El Nifio teleconnection under positive PDO
conditions ((EN/PDO,-PDO,)—~(EN-CTL)) for CMCC (top), CNRM

to positive and negative PDO conditions, they identify
an equivalent barotropic structure, characterized by a
cyclonic circulation over the North Pacific, north-east
of the cold SSTs. This extends from the surface to the
upper levels, and it is accompanied by a cold temperature
anomaly at the upper troposphere that reverses sign at the
lower stratosphere.
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(middle), and EC-EARTH (bottom). On the right column: modula-
tion of El Nifio teleconnection under negative PDO conditions ((EN/
PDO-PDO_)—~(EN-CTL)) for CMCC (top), CNRM (middle), and
EC-EARTH (bottom). In the left column the statistical significance
is indicated following the same convention as in Fig. 5. In the central
and right columns, the dotted regions are statistically significant at
90% confidence level with a Student’s t test

Figure 9 shows JFM circulation and temperature anoma-
lies for positive and negative PDO conditions from the NCEP
reanalysis at the same levels analyzed by Luo et al. (2020):
i.e., surface, 850 hPa, 500 hPa, and 100 hPa. These patterns
have been obtained with a composite analysis including the
10 years with the more intense positive and negative val-
ues of the PDO index over the 1948-2019 NCEP period.
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Fig.9 Late winter (JFM) PDO composite response in HadISST and
NCEP reanalysis at surface (a, b) and at different levels in the tropo-
sphere: 850 hPa (c, d), 500 hPa (e, f), and 100 hPa (g, h), as in Fig. 2
of Luo et al. (2020). PDO, and PDO_ signals are defined by consid-
ering the 10 years with the strongest positive (i.e. 1986, 1993, 1983,
1987, 1985, 1984, 1996, 1965, 1976, 1981) and negative (i.e. 1950,
1955, 1956, 1952, 1949, 1951, 1967, 1961, 2010, 2018) values of the
PDO index over the NCEP period (1948-2019). The shading is for
HadISST sea surface temperature (K; a, b) and NCEP air tempera-

In agreement with Luo et al. (2020), the patterns show a
symmetry between the two PDO phases in terms of both
amplitude and location of the main centers of action. In the
multi-model framework, the response to positive and nega-
tive PDO SSTs are reported in Fig. 10 (i.e., PDO,—CTL) and
Fig. 11 (i.e., PDO_-CTL) respectively, revealing by contrast
a substantial asymmetry in the response to the two opposite
forcings. The PDO, patterns indicate that the atmospheric
response is strongly model-dependent and essentially not
statistically significant, showing wave-like anomalies of dif-
ferent polarity and orientation (Fig. 10). On the contrary,
the PDO_ signature is consistent across the multi-model
ensemble and with the observed pattern, most notably in the
free atmosphere. An anticyclonic circulation is found east
of the warm SST core together with a tropospheric warm-
ing in the three models, while in the lower stratosphere cold
anomalies are shown only in CNRM and EC-EARTH but a
relative cooling is present in CMCC (Fig. 11). Note that the
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ture (K; c-h) at different levels with solid color areas representing
signals which are statistically significant at 90% confidence level with
a Cramer’s test. The contours are for NCEP mean sea level pressure
(from —5.00 to 5.00 hPa, contour interval: 0.25 hPa; a, b) and geo-
potential height (from —50 to 50 m, contour interval: 5 m; c¢-h) at dif-
ferent levels with dashed negative anomalies. Black contours repre-
sent regions with a signal statistically significant at 90% confidence
level with a Cramer’s test

atmospheric response to PDO_ is indeed consistent with the
linear response to a warm thermal forcing in the extratropics
as described by Hoskins and Karoly (1981); CMCC even
shows some baroclinicity in the lower troposphere.
Turbulent heat fluxes (THF) play a fundamental role in
air-sea interaction, particularly at extratropical latitudes (e.g.
see Frankignoul 1985 for review). To further understand
the differences between the atmospheric response to PDO_,
and PDO_, ensemble-mean THF anomalies are diagnosed
(Fig. 12), as the sum of the latent and sensible heat fluxes
(positive upwards). Note that both components act in tandem
although dominated in amplitude by the latent heat flux (not
shown). Under PDO, conditions (Fig. 12a, c, e), the PDO
forcing leads to a marked model diversity of the heat uptake
(negative TFH), with EC-EARTH centred around the Date
Line (Fig. 12e), CMCC located westward (Fig. 12a), and
CNRM divided eastward and over the westernmost part of
the basin (Fig. 12c). Conversely, under PDO_ conditions
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Fig.10 Late winter (JFM) PDO_ response (PDO,-CTL) at sur-
face (a—c) and at different levels in the troposphere: 850 hPa (d—f),
500 hPa (g-i), and 100 hPa (j-1), as in Fig. 2 of Luo et al. (2020).
Left column: results from CMCC model; middle column: results
from CNRM model; right column: results from EC-EARTH model.
The shading is for sea surface temperature (K; a—c) and air temper-
ature (K; d-1) at different levels with solid color areas representing

(Fig. 12b, d, f), the PDO forcing is associated with a robust,
and consistent across models, heat release (positive THF)
over the Kuroshio—Oyashio Extension along 40° N. This
different behaviour is likely related to the model sensitivity
of how the PDO phases distinctly modify the meridional gra-
dient between middle and subpolar latitudes: namely PDO
(PDO_) reduces (enhances) the climatological meridional
gradient, whereby it dampens (strengthens) the effective
forcing of the atmosphere. These features suggest a consist-
ent interpretation of the results obtained so far, including the
coherent influence of PDO_, as compared to PDO_, on the
atmospheric background state (Fig. 3), as well as why all the
three models simulate a stronger and more linear response to
PDO_ (cf. Figs. 10, 11). Furthermore, the different shapes
of the PDO response allow to provide a framework for the
contrasting modulation patterns commented in Sect. 3. As
PDO_ represents a more effective forcing, its influence
on the atmospheric background state is more pronounced
leading to a similar modification of El Nifio fingerprint
in the multi-model ensemble. Hence, in the following we
will investigate the impact of the PDO on the mechanisms
responsible of El Nifio teleconnection, focusing our analysis
on the role of PDO_.

As introduced in Sect. 1, a suitable candidate for the
tropospheric pathway of the El Nifio-NAE teleconnection
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signals which are statistically significant at 90% confidence level
with a Student’s t test. The contours are for mean sea level pressure
(from —5.00 to 5.00 hPa, contour interval: 0.25 hPa; a—c) and geo-
potential height (from —20 to 30 m, contour interval: 2 m; d-1) at dif-
ferent levels with dashed negative anomalies. Black contours repre-
sent regions with a signal statistically significant at 90% confidence
level with a Student’s t test

involves the propagation of planetary Rossby waves
crossing the North Pacific-American region (e.g. Garcia-
Serrano et al. 2011; Mezzina et al. 2020), analyzed in
depth using the MEDSCOPE multi-model by Mezzina
et al. (2021). As shown in Sect. 3, PDO_ conditions lead
to a weakening of the 200 hPa zonal flow in the North
Pacific, which appears stronger in CNRM (Fig. 3e) and
EC-EARTH (Fig. 3b) and less pronounced in CMCC
(Fig. 3e), consistent with the associated circulation
anomalies (Fig. 11). Despite their limited amplitude, these
anomalies are localized on a crucial sector for the tropi-
cal-extratropical interaction: the exit region of the North
Pacific jet. Changes in the mean flow are known to influ-
ence and guide the propagation of Rossby waves (Hoskins
and Karoly 1981; Branstator 1983; Karoly 1983). In the
following, two diagnostics are employed to link the impact
of PDO_ on the background state to the reported modula-
tion of El Nifio teleconnection: the stationary wavenumber
(K,) and the wave activity flux (WAF).

Hoskins and Ambrizzi (1993) derived a diagnostic to
identify preferred regions for propagation, i.e., the station-
ary wavenumber K:
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Fig. 11 Late winter JFM) PDO_ response (PDO_CTL) at surface (a—
¢) and at different levels in the troposphere: 850 hPa (d—f), 500 hPa
(g—i), and 100 hPa (j-1), as in Fig. 2 of Luo et al. (2020). Left col-
umn: results from CMCC model; middle column: results from
CNRM model; right column: results from EC-EARTH model. The
shading is for sea surface temperature (K; a—c) and air temperature
(K; d-1) at different levels with solid color areas representing signals
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Here Q is the Earth’s rotation rate, a is the Earth’s radius,
and ¢ is the latitude. f3,, represents the meridional gradient of
absolute vorticity, expressed as the sum of planetary and rel-
ative vorticity, while U,, is the zonal mean-flow on the Mer-
cator projection (Hoskins and Karoly 1981). For stationary
waves, «a is the angle of the wave energy propagation with
the eastward direction; k is the zonal wavenumber. Hoskins
and Ambrizzi (1993) showed that Rossby waves tend to be
refracted toward latitudes with higher values of K. In this
sense, the stationary wavenumber is usually adopted as a
refractive index for Rossby waves (e.g. Dawson et al. 2011;
Schneider et al. 2009). As noted by Dawson et al. (2011),
K is highly sensitive to small differences in the background
state, hence the observed PDO_-induced changes in the
200 hPa mean flow, even if limited in amplitude, should be
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which are statistically significant at 90% confidence level with a Stu-
dent’s t test. The contours are for mean sea level pressure (from —5.00
to 5.00 hPa, contour interval: 0.25 hPa; a—c) and geopotential height
(from —20 to 30 m, contour interval: 2 m; d-1) at different levels with
dashed negative anomalies. Black contours represent regions with a
signal statistically significant at 90% confidence level with a Student’s
t test

expected to have a significant impact on the Rossby wave
propagation path. This potential alteration could in turn
modify the effectiveness of the teleconnection dynamics,
and hence may explain the potential modulation of the El
Nifio signal over the NAE sector.

In order to evaluate how the propagation of the El Nifio-
forced wave-train is affected by the PDO-induced changes in
the mean-flow, the wave activity flux (Plumb 1985) has been
considered. Under the Wentzel-Kramers—Brillouin (WKB)
approximation, WAF is parallel to the group velocity and
phase-independent.
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Here y* is the zonally asymmetric part of the geostrophic
streamfunction, ¢ and A indicate respectively latitude and
longitude, p is the pressure level normalized by 1000 hPa,
and a the Earth’s radius.

Figure 13 shows the WAF and the associated 200 hPa
geostrophic streamfunction response to El Nifio under
climatological mid-latitude conditions (EN-CTL;
Fig. 13a, c, e) together with the WAF modulation under
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Fig.12 Late winter (JEM) turbulent heat flux (W/m?) response to
PDO, (left column) and PDO_ (right column) over the Pacific sec-
tor. The contours with dashed negative values represent the PDO SST
forcing (from —0.5 to 0.5 K, contour interval: 0.1 K). Top row: results

PDO_ conditions (i.e. (EN/ PDO_— PDO_)-(EN-CTL);
Fig. 13b,d,f) superimposed on the anomalies of K, induced
by PDO_ (PDO_-CTL). The El Nifio teleconnection is
characterized by the well-known wave-train arching north-
eastward over the North Pacific-American region, whose
vertical tilt with height projects on the canonical dipolar
pattern over the North Atlantic-European region (Fig. 5;
Mezzina et al. 2020, 2021). The changes in K, induced by
PDO_ (Fig. 13b, d, ), reveal an enhanced waveguide over
the eastern North Pacific, consistent with the weakening of
the jet. This increase in K is associated with a more pole-
ward propagation of the wave energy, i.e. larger values of a
(smaller cos a for a given wavenumber k). The role of the
modified background flow is confirmed by the WAF modula-
tion, exhibiting an increased divergence and more northeast-
ward propagation over the Aleutian Island region, spatially
coherent with the positive K, anomalies. The enhanced wave
path over the North Pacific due to PDO_ reinforces the El
Nifio wave-train across the North Pacific-American sector,
which contributes to the development of the signal over the
North Atlantic-European sector. These results are overall
in agreement with Lopez-Parages et al. (2015, 2016b). The
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from CMCC model; middle row: results from CNRM model; bottom
row: results from EC-EARTH model. The dotted regions are statisti-
cally significant at 90% confidence level with a Student’s t test

same analysis has been carried out also for PDO_ conditions
(not shown) and, as expected, the results are largely model-
dependent, inconsistent and not statistically significant.

5 Discussion and conclusions

In this work, the impact of low-frequency SST variability
over the extratropical Pacific on the El Nifio teleconnec-
tion has been explored. It is well-known that ENSO rep-
resents the primary source of seasonal predictability at the
global scale (e.g. Manzanas et al. 2014). Despite the strong
variability characterizing the mid-latitude atmosphere,
the emergence of a systematic impact of El Nifio over the
NAE sector, and hence over the Euro-Mediterranean area,
is expected to increase the regional climate predictability
(e.g. Frias et al. 2010). At the same time, the potential non-
stationary nature of the ENSO signal may play a role in this
framework (e.g. O’Reilly 2018), likely altering the seasonal
forecast skill at both global and regional scale (e.g. O’Reilly
et al. 2017; Weisheimer et al. 2017).
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Fig. 13 Late winter (JFM) El Niflo teleconnection at 200 hPa and its
modulation due to PDO-conditions. On the left column: wave activ-
ity flux (arrows; m? s72) and 200 hPa streamfunction (shading; m?
s™!) for El Nifio (EN-CTL). The wave activity flux is shown between
20°N and 70°N, and only values greater than 1.5 m? s~2 are dis-
played. On the right column: WAF modulation ((EN/PDO_-PDO_)-
(EN-CTL); arrows, m?> s~2) superimposed on the PDO_ stationary

For a deeper understanding on possible processes driv-
ing atmospheric circulation variability in the Euro-Medi-
terranean region, a set of idealized sensitivity experiments
has been performed, tailored at investigating the potential
impact of the PDO phases on the El Nifio teleconnection
to the Euro-Atlantic sector. The analysis is focused on late
winter (JFM), when the El Nifio signal is expected to be
detectable (e.g. Bronnimann 2007). A first conclusion that
can be drawn from the study is that the presence of the PDO
(with realistic magnitude) does not substantially modify
the El Nifo teleconnection itself, but rather modulates its
amplitude. It is concluded that the potential modulation of
the PDO would be of second order as compared to the El
Nifio signal.

The multi-model ensemble offers a coherent picture for
the potential modulation under negative PDO conditions

Ks, WAF200(m2/s2) CMCC (PDO- mod)
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wavenumber (shading; dotted regions are statistically significant with
a 90% confidence level with a Student’s t test). The wave activity
flux is shown between 20°N and 70°N, and only values greater than
0.3 m? s72 are displayed. Top row: results from CMCC model; mid-
dle row: results from CNRM model; bottom row: results from EC-
EARTH model

(PDO_), with an amplification of the (canonical) surface
dipolar pattern over NAE leading to an enhanced precipi-
tation signature over the western part of the Euro-Med-
iterranean area, as well as to a more pronounced cooling
over Scandinavia. On the contrary, positive PDO condi-
tions (PDO,) provide contrasting patterns. It should be
noticed that investigating the mechanisms driving the direct
atmospheric response to the PDO forcing is beyond the
scope of this work. However, the evaluation of the multi-
model signals to the common PDO forcing has allowed to
put the modulation results into context. Indeed, while for
PDO_ the three models show a similar response especially
in the free atmosphere, for PDO, the response is generally
weaker and noisier. This asymmetric behavior has been
explained in terms of different effective atmospheric forc-
ing, as the air—sea coupling is by construction not included.
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PDO_ (PDO,) amplifies (reduces) the climatological merid-
ional gradient between middle and high latitudes, which
appears to lead to a coherent model sensitivity (enhanced
model diversity) in the atmospheric response. Therefore, the
analysis of the mechanisms behind the potential modulation
of the El Nifio teleconnection has been focused on the nega-
tive PDO phase.

PDO_ has been found to weaken the North Pacific jet.
An altered upper-level mean flow modifies the pathway for
the El Nifio-induced Rossby waves, as confirmed by the sta-
tionary wavenumber diagnostic. In particular, PDO_ seems
to enhance the waveguide in the North Pacific, favoring a
more poleward propagation of planetary waves across the
North Pacific-American sector and in turn an amplification
of the El Nifio-NAE teleconnection. Our findings support
and complement the results by Lopez-Parages et al. (2015)
and Lopez-Parages et al. (2016b) by employing a targeted
atmosphere-only setup with a multi-model ensemble. In
their work, the potential modulating role of low-frequency
North Pacific SST variability was identified through an indi-
rect, statistical analysis of strong and weak ENSO signals
in observations and long-term coupled runs. Our idealized
framework has allowed to diagnose the same dynamics and
to unambiguously attribute the changes to the specific forc-
ing applied.

It should be stressed that low frequency variability in the
North Pacific jet could be affected also by external forcing
(Matsumura et al. 2019) as well as by internal oceanic vari-
ability in other basins, e.g. the Atlantic Multidecadal Oscil-
lation (AMO; Knight et al. 2005) which has been shown
to impact the atmospheric circulation in the extratropical
North Pacific (e.g. Zhang and Delworth 2007; Ruprich-
Robert et al. 2017; Ruggieri et al. 2021). These changes
in the North Pacific jet may in turn lead to a modulation of
the El Nifio teleconnection in mid-latitudes similar to the
mechanism proposed in this work.

Here some indication of a changing late winter El Nifio-
NAE teleconnection is found, fostering a potential amplifi-
cation of the wet-dry dipole over the Euro-Mediterranean
domain under negative PDO conditions. Although this mod-
ulation is found to be weak, it is interesting to consider that
it might imply some conditional predictability for regional
climate in seasonal-to-decadal forecasting, hence it could
be further explored.

Some notes on the strength and limitation of the experi-
mental set-up follow. Although idealized in form, the El
Nifio forcing was realistic in magnitude and comparable
to strong events in the observational record (e.g. Hardiman
et al. 2019; see Sect. 2), as in recent studies (e.g. Jiménez-
Esteve and Domeisen 2019; Trascasa-Castro et al. 2019).
However, and in common with these recent studies, we have
not explored the full diversity of ENSO (Capotondi et al.
2015; Timmermann et al. 2018). Although in principle the
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mechanism for PDO modulation described here should be
independent of the ENSO-related planetary wave phase,
potential asymmetries and non-linearities could lead to dif-
ferent effects. Future research could be devoted to evaluating
the PDO impact upon the seasonality of the El Nifio-NAE
teleconnection (e.g. Ayarzagiiena et al. 2018; King et al.
2018) and to assess the sensitivity of the PDO influence
to the different ENSO phases (El Nifio vs La Niiia; e.g.
Mezzina et al. 2021) and flavors (Eastern Pacific vs Cen-
tral Pacific; e.g. Feng et al. 2017), or to perform partially-
coupled experiments in order to analyze the effect of air-sea
interaction on the amplitude of the signals (e.g. Lopez-Par-
ages et al. 2016a).
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