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The search for knowledge is not nourished by certainty:
it is nourished by a radical absence of certainty. Thanks
to the acute awareness of our ignorance, we are open
to doubt and can continue to learn and to learn better.

— C. Rovelli, Helgoland






Summary

The El Nino-Southern Oscillation (ENSO) is a natural mode of climate vari-
ability in the tropical Pacific, which not only perturbs the local atmosphere, but
whose impacts can also reach remote, extra-tropical regions through atmospheric
teleconnections. While the atmospheric response to ENSO and the dynamics
of its teleconnections are well assessed in certain locations, such as the North
Pacific-American sector, it is not the case for the North Atlantic-European
(NAE) sector. The NAE region is largely dominated by internal variability:
detecting an ENSO-forced signal, even if small, in this domain, and properly
capturing the pathways of the ENSO-NAE teleconnection in general circulation
models is important to potentially improve seasonal predictions. To do so, it
is first essential to fully understand the driving mechanisms of the ENSO-NAE
teleconnection. In this thesis, the dynamics of this teleconnection are assessed
in late winter (January-March), the season in which a significant and robust
ENSO-related signal has been reported in the literature.

Part of this well-known late-winter ENSO signal is a sea-level pressure (SLP)
dipole in the North Atlantic. It is assessed that this “canonical” dipole is mostly
driven by tropospheric dynamics and is related to the large-scale Rossby wave
train triggered from the tropical Pacific by the anomalous upper-level divergence
associated with ENSO. The wave train crosses the North Pacific, bends over
North America/Canada and finally reaches the western North Atlantic, projecting
onto the mid-latitude lobe of the “canonical” SLP dipole with a vertical structure
that tilts westward with height.

The “canonical” SLP dipole is known to be reminiscent of the surface signa-
ture of the North Atlantic Oscillation (NAO), which is the dominant mode of
variability in the North Atlantic. The relationship between the ENSO-forced
response in the NAE region and the NAO is then examined using observations
and SST-forced atmospheric simulations, and by considering both the linear



component of the ENSO teleconnection (linear regressions) and the two phases of
ENSO (El Nifio and La Nifla) separately. It is found that no further similarities
are evident apart from the surface SLP signature, and it is suggested that ENSO
and the NAO are largely unrelated.

Another issue tackled in this thesis is the (a)symmetry of the atmospheric
signal associated with El Nino and La Nina, which show roughly opposite
patterns of sea surface temperature (SST) anomalies in the tropical Pacific but
not necessarily a symmetric atmospheric response. Using a set of sensitivity
experiments with anomalous SSTs that represent symmetric El Nino- and La
Nina-like forcings, it is noticed that in three state-of-the-art models the extra-
tropical response in the troposphere is slightly asymmetric in amplitude and
longitudinal location. However, it is highlighted that the mechanisms at play, in
particular concerning the response in the NAE region, are the same for El Nifio
and La Nina.

The ENSO impact on the Northern Hemisphere polar stratosphere is also
studied, since a stratospheric pathway of the ENSO-NAE teleconnection has
been suggested in the literature, and an ENSO signal in the polar stratosphere
has been previously reported. In the same set of experiments with symmetric El
Nino- and La Nina-like forcing, it is assessed that, similarly to the troposphere,
the stratospheric response to La Nina is symmetric in structure to that of El
Nino, but with smaller amplitude. This response is found in both the lower
and middle-upper stratosphere and is suggested to be related to the upward
propagation of the ENSO-forced tropospheric Rossby wave train, and specifically
to its center of action located over North America/Canada. In the middle-upper
stratosphere, the anomalies project onto a wavenumber-1 pattern and show a
westward tilt with height that indicates upward wave propagation rather than
wave-breaking, as previously suggested.

Finally, it is noticed that the well-established “canonical” dipole is mostly
located over the North Atlantic, while less is known about the ENSO signal
over the European continent. A novel ray-tracing approach that considers
zonal asymmetries in the background flow is developed to examine potential
tropospheric pathways of the ENSO teleconnection to Europe in coupled historical
simulations and observations. In some cases, a SLP pattern featuring a single
anomaly over Europe is present, which appears to be linked to the ENSO
wave train emanated from the tropical Pacific via a split over northern North
America or via reflection due to zonal inhomogeneities in the background flow.
Alternatively, a wave-like pattern with two opposite-signed SLP anomalies over
Europe is observed, which is suggested to be related to a secondary wave train
emerging from the tropical Atlantic.
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Chapter 1

Introduction

Seasonal prediction aims at estimating the average climate conditions during
the following months and essentially relies on the influence of slowly-varying
boundary conditions on the atmosphere. Sea surface temperatures (SSTs), in
particular, represent a major source of seasonal predictability. When we talk
about SSTs, we cannot but think of the El Nino-Southern Oscillation (ENSO),
as it constitutes the primary mode of SST variability — and of interannual cli-
mate variability in general. Despite occurring in the tropical Pacific, ENSO’s
atmospheric influence extends well beyond that region through so-called telecon-
nections, which can reach the extra-tropics up to the North Atlantic-European
(NAE) region. Understanding the mechanisms driving the ENSO-NAE telecon-
nection is crucial for the feasibility of reliable seasonal predictions in this sector
and is the main objective of this thesis.

1.1 A brief review of ENSO and its teleconnec-
tions

1.1.1 ENSO basics

ENSO is usually described as a coupled ocean-atmosphere oscillation that
occurs naturally in the tropical Pacific region. While not an oscillation in the
strict sense, it can be viewed as a fluctuation between two extreme phases about
a neutral state.
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Figure 1.1: (a) SST average during neutral ENSO years; composite of SST anoma-
lies for (b) El Nino and (c) La Nina years. HadISST (Titchner and
Rayner 2014), 1901-2014, December-February. Years selected according
to +1standard deviation of the Nifno3.4 index.

Even under neutral conditions, the SST pattern in the tropical Pacific is not
zonally symmetric, since colder waters are usually found towards the eastern part
of the basin, compared to a warmer pool located in the western part (Fig. 1.1a).
This longitudinal SST gradient is accompanied with a sea-level pressure (SLP)
high over the eastern tropical Pacific and a SLP low over the warm pool, while
westward trade winds blow at surface (Fig. 1.2a). Rising motions associated with
the low pressure and buoyant air yield convection and upper-level divergence at
the tropopause over the Maritime Continent and north-eastern Australia, while
sinking air over the eastern Pacific is associated with upper-level convergence.
The mean zonal flow at upper levels is eastward, hence opposite with respect
to the surface, and closes the large-scale east-west cell known as the Walker
circulation.

Once every 2-5 years, the SST pattern roughly reverses: the usually cold
waters over the eastern tropical Pacific are replaced by an anomalous tongue
of warm water extending from South America to the central tropical Pacific,
and the iconic signature in the SST anomalies reveals that an EI Nino event



is developing (Fig. 1.1b). The Walker circulation is perturbed accordingly,
and its upward branch shifts from the western to the central tropical Pacific,
where anomalous upper-level divergence is now found, as well as increased
convection and precipitation (Fig. 1.2b). At surface, the trade winds weaken
— or even reverse — and the SLP pattern is also disrupted, with anomalous low
pressure prevailing in the central tropical Pacific. Other times, a La Nina event
sets up instead, whereby an opposite pattern of SST anomalies dominates the
tropical Pacific (Fig. 1.1c¢). The associated atmospheric response is essentially a
reinforcement of the circulation during neutral conditions, with stronger trade
winds at surface and increased upper-level divergence (convergence) over the
western (eastern) part of the basin (Fig. 1.2¢c).

Although the ultimate mechanisms triggering El Nifio or La Nina events
are still not entirely clear (e.g. Timmermann et al. 2018), the first anomalies
typically develop during summer, and the mature stage is reached between
November and January, but the anomalous conditions can persist for more than
a year.
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Figure 1.2: Schematic view of the atmospheric circulation associated with ENSO.



The distribution and intensity of the SST anomalies and the local atmospheric
response can vary significantly from one event to the other, which contributes to
the challenge of isolating a robust and significant extra-tropical signal associated
with ENSO. Several ENSO “flavors” have been identified, dependent on the
longitude of the SST anomaly peak (see Capotondi et al. 2015 for a review), but
in this thesis the focus is on the conventional eastern Pacific (EP) ENSO, with a
typical distribution of the SST anomalies as shown in Fig. 1.1.

1.1.2 ENSO teleconnections: the main wave train

A pillar of our understating of the ENSO extra-tropical teleconnection is the
large-scale Rossby wave train first described theoretically by Hoskins and Karoly
(1981) and in observations by Horel and Wallace (1981). Its structure consists
of three anomalous centers of action in the upper-tropospheric circulation, of
alternating sign and with a characteristic curved path (Fig. 1.3). The first
center, a cyclone in the case of El Nino, is located over the North Pacific and
reinforces the climatological Aleutian Low in the middle-lower troposphere.
The perturbation then propagates northward and eastward, and the following
anomaly is found roughly over Canada, an anticyclone in the case of El Nino.
The wave train finally bends equatorward and its tail, again a cyclone, is located
at the edge between North America and the North Atlantic Ocean. Accordingly,
the North Pacific jet is strengthened and shifted southward, while the North
Atlantic jet is only affected at its entrance.

The overall, barotropic wave train structure is reminiscent of the Pacific-
North America pattern, but the two have been shown to be distinct (see Nigam
and Baxter 2015 for a review), and while the Tropical-Northern Hemisphere
pattern has also been invoked to describe the wave train (e.g. Trenberth et al.
1998), hereafter this response will be referred to as just “the main wave train”.
Furthermore, this main wave train is considered here to be the extra-tropical
response only, i.e. roughly north of 30°N, since it is not clearly related to
the pair of subtropical anticyclones — in the case of El Nino — that are part
of the baroclinic Gill-Matsuno response to the tropical heating, and that are
driven by different mechanisms. The main wave train can be observed in the
monthly /seasonal mean soon after the SST peak in the tropical Pacific but is
fully established only from January onward (e.g. Bladé et al. 2008, King et al.
2018) and persists until spring.

The fundamental trigger of the main wave train are the upper-level divergence
anomalies associated with ENSO in the tropical Pacific (see previous section),
which perturb the climatological vorticity field. The dynamics of the main wave



train can be approximately described as:

¢+ f)

u - S (1.1)
Where ( = % — % is the vertical component of the relative vorticity and
f=2Qsin ¢ is the é/oriolis parameter or planetary vorticity. The left-hand side
represents the material derivative of the absolute vorticity (¢ + f), and describes
the propagation of barotropic, horizontal Rossby waves. On the right-hand side,
S is a generic source term that can be defined using different levels of complexity
to try to encapsulate the effective Rossby wave forcing, which in the simplest
case features only a simplified stretching term — fD, where D is the divergence
(e.g. Sardeshmukh and Hoskins 1988).

The main wave train associated with La Nina exhibits roughly the same
structure, with opposite-signed centers of action (positive-negative—positive),
but since the anomalies in the upper-level divergence over the tropical Pacific are
not symmetric between the two phases (¢f. Fig. 1.2b and ¢), it can be expected
that the extra-tropical response is not fully symmetric either (e.g. Hoerling et al.
2001), a topic that will be addressed in Chapters 3 and 4.

Figure 1.3: Left: Schematic of the winter upper-tropospheric geopotential height
anomalies associated with El Nino, from Horel and Wallace (1981). Right:
linear regression of observed 200-hPa geopotential height anomalies onto
the Nino3.4 index. ERA-20CR (Poli et al. 2016), 1901-2010, January—
March.
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Figure 1.4: Linear regression of observed SLP anomalies onto (a) the Nifio3.4 index
and (b) the NAO index. ERA-20CR (Poli et al. 2016), 1901-2010, January—
March.

1.1.3 The ENSO-NAE teleconnection

In the NAE region, the impacts and dynamics of the ENSO teleconnection are
still partly unsettled, but a robust and significant signal in surface temperature,
SLP and precipitation has been reported at least in late winter (January—March,
JFM; see Bronnimann 2007 for a review). For SLP, and in the case of El Nifio,
the response consists of a negative anomaly in the mid-latitude North Atlantic
and a positive anomaly at high latitudes (Fig. 1.4a), which together form the
“canonical” dipole representing the late-winter ENSO signature.

The canonical dipole is often described as resembling or projecting onto the
negative phase of the North Atlantic Oscillation (NAO), whose characteristic
SLP pattern is also a dipole over the NAE region (Fig. 1.4b; see Hurrell and
Deser 2009 for a review). The NAO is the dominant mode of variability in the
North Atlantic and is considered to be largely internally-generated, but a possible
forced component linked to ENSO would be valuable for increasing regional
predictability. Whether a dynamical relationship between these two modes of
variability exists, beyond the apparent surface similarity, will be discussed in
Chapters 2 and 3.

The mechanisms leading to the canonical dipole are subject to debate, in
particular whether tropospheric dynamics are dominating, as opposed to strato-
spheric processes. Concerning the so-called tropospheric pathway, while it is
clear that the tail of the main wave train reaches the western North Atlantic



(Fig. 1.3), there is no agreement on its relationship with the mid-latitude surface
anomaly of the same sign. This topic will be explored in Chapters 2 and 3.

On the other hand, the hypothesis of a stratospheric pathway relies on
the fact that ENSO has been reported to impact the Northern Hemisphere
polar stratosphere by warming and decelerating — in the case of El Nino — the
climatological stratospheric polar vortex (see Domeisen et al. 2019 for a review).
The stratospheric anomalies may then propagate downwards and affect the NAE
surface climate, contributing to the establishment and/or persistence of the
canonical dipole. The impact of ENSO on the stratosphere itself, however, still
has many unclear aspects, such as the (a)symmetry of the response to El Nino
and La Nina and the underlying dynamics. This topic will be examined in
Chapter 4.

Finally, the canonical dipole mostly covers the central-western North Atlantic,
while the ENSO signal over the eastern part of the basin and the European
continent is not fully established, an issue made difficult by the fact that the
ENSO response in this sector varies depending on the data, period and methods
used. Chapter 5 is dedicated to investigating this issue and to examining potential
tropospheric pathways of the ENSO teleconnection to Europe with a theoretical
approach.

1.2 Thesis structure
The core of this thesis embodies four research articles, presented as self-

contained chapters. Their titles, which give a hint of the main topic at hand,
are indicated in Table 1.1, as well as the corresponding chapter number.

Ch. Article Title

2 Mezzina et al. 2020 Dynamics of the ENSO teleconnection and NAO vari-
ability in the North Atlantic-European late winter

3 Mezzina et al. 2021a.  Multi-model assessment of the late-winter extra-
tropical response to El Nino and La Nifia

4 Mezzina et al. 2021b  Multi-model assessment of the late-winter strato-
spheric response to El Nino and La Nina

5 Mezzina et al. 2022 Tropospheric pathways of the late-winter ENSO tele-
connection to Europe

Table 1.1: Correspondence between chapters and research articles.



To understand the conceptual and methodological framework of these studies,
designed to complement each other, it is useful to first break down the main
dynamical aspects that they address.

1.2.1 Troposphere versus stratosphere

The vertical axis in Fig. 1.5 depicts schematically whether the troposphere,
the stratosphere or both are considered in each chapter.

The tropospheric main wave train described in Sect. 1.1.2 is, as a matter
of fact, mentioned in all the chapters, since it is the dominant extra-tropical
response to ENSO, and the first feature to examine before any further step. A
diagnostic that is common to all chapters, although in varying form, is the map
of 200-hPa anomalous geopotential height (Fig. 1.3b is an example), which is a
convenient way to detect the main wave train and is expected to resemble the
well-known figure of Horel and Wallace (1981) (Fig. 1.3a), whether in model or
reanalysis data.

Chapter 4
Mezzina et al. 2021b

Chapter 3

Mezzina et al. 2021a

Chapter 2

Mezzina et al. 2020

Chapter 5
Mezzina et al. 2022

Figure 1.5: Schematic representation of the thesis structure in terms of the topics
addressed in the different chapters.



In Chapter 2, the structure of the main wave train is examined and compared
to the upper-level signature of the NAO, via longitude-latitude maps and vertical
cross-sections. The main wave train is also central in Chapter 3, where its
generation is thoroughly analyzed starting from the SST anomalies in the
tropical Pacific, with focus on the differences between El Nino and La Nina.
A specific form of the source term in Equation 1.1, the Tropical Rossby Wave
Source, is examined, to take into account the interaction between the anomalous
upper-level divergent flow and the climatological rotational flow. In these two
chapters, placed in the central-bottom part of Fig. 1.5, the ENSO stratospheric
response is shown at some lower-stratospheric levels (30 and 50 hPa), but not
discussed in detail.

In Chapter 5, the target is again the troposphere, but a broader perspective
is adopted and other pathways are investigated in addition to the main wave
train, in order to explain different signals over Europe. The stratosphere is not
examined in this study, which hence appears at the very bottom of Fig. 1.5.

In contrast, Chapter 4 is found at the top of Fig. 1.5, since it is fully focused
on the impacts of ENSO on the polar stratosphere, distinguishing between lower
(up to 50 hPa) and upper stratosphere (up to 1 hPa). Similarly to Chapter 3, a
systematic comparison between the responses to El Nino and La Nina is carried
out, and maps of geopotential height and temperature at several stratospheric
levels are examined after looking at zonal-mean vertical cross sections. The usual
200-hPa maps serve as well, since at high latitudes the tropopause is located
below this level, and the tropospheric main wave train is again invoked to explain
the origin of the stratospheric response, further linking this chapter to the other
ones.

1.2.2 El Nino, La Nina and the NAO

The horizontal axis of Fig. 1.5 shows a schematic distribution of the chapters
in terms of two key themes: the relationship between ENSO and the NAO, and
the (a)symmetry of the atmospheric response to El Nifo and La Nina (see Sects.
1.1.2 and 1.1.3).

Chapter 2 is located at the extreme left, since the linear component of the
ENSO teleconnection and the NAQO are systematically compared in observations.
Later, their signatures are further separated in atmosphere-only simulations with
prescribed observed SSTs by considering the ensemble means, which maximize
the forced component, versus residuals, which emphasize the internal component.

Chapter 3 is placed in the middle, since both the El Nifio/La Nina asymmetry
and the relationship with the NAO are discussed, this time in the framework of
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Figure 1.6: Schematic representation of the thesis structure in terms of the models
and experiments analyzed in the different chapters.

Chapter 4
Mezzina et al. 2021b

a set of atmosphere-only sensitivity experiments (see Sect. 1.2.3).

Chapter 5 is also located halfway, but for the opposite reason: only the linear
ENSO teleconecction is examined, so the El Nifio/La Nifia asymmetry is not
considered, but no comparison with the NAO is carried out either.

Finally, an assessment of the (a)symmetry of the response to El Nifio and La
Nina is carried out in the polar stratosphere in Chapter 4, which is then placed
at the extreme right of Fig. 1.5.

1.2.3 Models and experiments

Another aspect that is relevant for the thesis’ framework is the increasing
complexity of the models and experiments analyzed (Fig. 1.6).

In Chapter 2, the analysis is based on two ensembles of AMIP!-like exper-
iments, i.e. atmosphere-only simulations forced with time-varying observed
SSTs. In particular, two models are considered: one of intermediate-complexity
and another which is state-of-the-art. This kind of simulations is relatively
straightforward — with some caution — to compare with reanalysis spanning the
same period of the forcing SSTs, which are also examined in the chapter. The
ENSO contribution to the models’ predictive skill is also assessed.

1 Atmospheric Model Intercomparison Project, a standard experimental protocol for global
atmospheric general circulation models
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In Chapters 3 and 4, three atmosphere-only, state-of-the-art models are used,
but, in this case, a set of sensitivity experiments with idealized forcing is analyzed:
the anomalous SSTs used as boundary conditions, in fact, only cover the tropical
Pacific, and are designed to mimic a canonical, strong ENSO event, with El Nifio
and La Nina considered separately. A multi-model assessment of the tropospheric
and stratospheric signals is performed by analyzing the ensemble-mean (forced)
response in each model.

Finally, historical runs of ocean-atmosphere coupled models are examined in
Chapter 5, where two versions of the same state-of-the-art model, with different
vertical resolution in the atmosphere, are used.

1.3 Objectives

The overall objective of this thesis is to provide a comprehensive analysis of
the ENSO-NAE teleconnection in late winter (JEM), and more specifically:

1. To establish the main dynamical mechanisms underlying the canonical
ENSO-NAE dipole (Chapters 2, 3, 4)

2. To understand whether the ENSO response in the NAE region is associated
with NAO variability, and if other common aspects are present apart from
the similarity in their dipolar SLP patterns (Chapters 2, 3)

3. To diagnose asymmetries in the tropospheric response related to El Nino
and La Nina, and to elucidate their cause (Chapter 3)

4. To assess the robustness and asymmetry of the signal linked to El Nino
and La Nina in the lower and middle-upper polar stratosphere, and to
provide a dynamical interpretation for the response (Chapter 4)

5. To explore potential paths of the tropospheric ENSO teleconnection to
FEurope and their role in favouring different observed responses, and to
reconcile them with the theoretical basis of linear Rossby wave propagation
(Chapter 5)

11






Chapter 2

Dynamics of the ENSO
teleconnection and NAO
variability in the North
Atlantic—European late winter

This chapter contains the research article Mezzina et al. 2020 and addresses
objectives 1 and 2 from Sect. 1.3.

Mezzina, B., Garcia-Serrano, J., Bladé, I., & Kucharski, F. (2020). Dynamics of the ENSO
Teleconnection and NAO Variability in the North Atlantic-European Late Winter. J. Clim.,
33(3), 907-923. https://doi.org/10.1175/JCLI-D-19-0192.1
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ABSTRACT

The winter extratropical teleconnection of El Nifio-Southern Oscillation (ENSO) in the North Atlantic—
European (NAE) sector remains controversial, concerning both the amplitude of its impacts and the underlying
dynamics. However, a well-established response is a late-winter (January-March) signal in sea level pressure (SLP)
consisting of a dipolar pattern that resembles the North Atlantic Oscillation (NAO). Clarifying the relationship
between this “NAO-like” ENSO signal and the actual NAO is the focus of this study. The ENSO-NAE tele-
connection and NAO signature are diagnosed by means of linear regression onto the sea surface temperature (SST)
Nifio-3.4 index and an EOF-based NAO index, respectively, using long-term reanalysis data (NOAA-20CR, ERA-
20CR). While the similarity in SLP is evident, the analysis of anomalous upper-tropospheric geopotential height,
zonal wind, and transient-eddy momentum flux, as well as precipitation and meridional eddy heat flux, suggests that
there is no dynamical link between the phenomena. The observational results are further confirmed by analyzing
two 10-member ensembles of atmosphere-only simulations (using an intermediate-complexity and a state-of-the-
art model) with prescribed SSTs over the twentieth century. The SST-forced variability in the Northern Hemi-
sphere is dominated by the extratropical ENSO teleconnection, which provides modest but significant SLP skill in
the NAE midlatitudes. The regional internally generated variability, estimated from residuals around the ensemble
mean, corresponds to the NAO pattern. It is concluded that distinct dynamics are at play in the ENSO-NAE
teleconnection and NAO variability, and caution is advised when interpreting the former in terms of the latter.

907

1. Introduction

While it is no news that El Nifio-Southern Oscillation
(ENSO) is a primary source of global predictability, im-
proving seasonal forecasts in the extratropics is con-
strained by the large internal variability and challenged
by the limited understanding of the ENSO teleconnections.
In this work, we clarify some aspects of the late-winter
ENSO teleconnection to the North Atlantic-European
(NAE) region by investigating its relationship with the
North Atlantic Oscillation (NAO).

Corresponding author: Bianca Mezzina, bianca.mezzina@bsc.es

DOI: 10.1175/JCLI-D-19-0192.1

In the North Pacific-American (NPA) sector, the win-
tertime ENSO teleconnection shows a well-known surface
response: a reinforcement of the climatological Aleutian
low is observed for positive ENSO events (El Nifo, i.e.,
warm SST anomalies in the central-eastern tropical Pa-
cific), while a signal of opposite sign is expected for neg-
ative ones [see Trenberth et al. (1998) and Alexander
et al. (2002) for reviews]. This feature is part of the
surface signature of a tropospheric large-scale Rossby
wave train that propagates from the tropical Pacific to-
ward high latitudes with a distinctive eastward-arching
shape (Hoskins and Karoly 1981; Horel and Wallace
1981). This wave train is not fully established in
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FIG. 1. Regression maps of circulation anomalies in JFM using NOAA-20CR (1901-2014). (top) Z200 regressed
onto the (a) N3.4 and (b) NAO index. (bottom) SLP regressed onto the (c) N3.4 and (d) NAO index. Contours
indicate statistically significant areas at 95% confidence level. The symbol X indicates the approximate center of
action in the regression of SLP onto N3.4; the symbol * is the same, but for Z200.

observations until January (e.g., Wang and Fu 2000;
Bladé et al. 2008), although the standard winter season
used to analyze ENSO teleconnections is December—
February (DJF). Furthermore, this ENSO-forced pat-
tern over the NPA region is different from the internal
Pacific—-North America (PNA) mode: the two patterns
are in fact almost in spatial quadrature (Nigam 2003)
and have distinct time scales [see Nigam and Baxter
(2014) for a review]. In the NPA sector, the description
in terms of tropospheric Rossby wave propagation
accounts for most of the observed ENSO impacts in
several fields, such as precipitation and temperature
[see Trenberth et al. (1998) for a review].

In the NAE sector the situation is more intricate, as
the amplitude of the impacts is weaker and less statistically
significant, due to the dominant internal variability,
and the underlying dynamics driving the ENSO tele-
connection are still unsettled. However, a modest but
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systematic ENSO signal, robust and stationary over
the last 300 years, has been identified in late winter
[January—-March (JFM)] for surface temperature, pre-
cipitation, and sea level pressure [see Bronnimann (2007)
for a review]. A simple approach to reveal this “‘canoni-
cal” ENSO signal in sea level pressure (SLP) is by linear
regression onto the Nifio-3.4 index, as in Fig. 1c (details in
section 2). The strongest extratropical signal is in the
North Pacific sector, the deepened Aleutian low men-
tioned above, but a significant response is also present
in the North Atlantic, with one positive center located at
high latitudes, covering Greenland and part of Canada,
and one negative center at about 40°N, extending
from the eastern coast of the United States to almost
the eastern boundary of the basin. This ENSO-related
dipole is often termed “NAO-like,” alluding to the
North Atlantic Oscillation, the dominant mode of vari-
ability in the NAE region. Indeed, the NAO spatial
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signature also exhibits a dipole in sea level pressure, as
shown in Fig. 1d, where an NAO index was defined and
used for the linear regression. The depicted pattern,
well established in the literature [see Hurrell et al.
(2003) and Hurrell and Deser (2009) for reviews],
corresponds to the negative NAO phase and, despite
the overall larger amplitude and spatial extent, a simi-
larity to the pattern associated with ENSO is evident. This
visual resemblance is confirmed by the spatial correlation
between the two patterns in Figs. 1c and 1d, which is 0.87
over the NAE sector (20°-90°N, 90°W—4(0°E).

The main aim of this work is to understand whether the
response to ENSO in the NAE sector should be interpreted
as associated with NAO variability, beyond the similarity in
their surface signatures. While doing so, we will also ex-
amine some features of the tropospheric pathway of the
ENSO-NAE teleconnection; the more recent, widely dis-
cussed stratospheric pathway hypothesis (e.g., Cagnazzo
and Manzini 2009; Polvani et al. 2017) will not be addressed
in this manuscript. Additionally, we discuss the contribution
of ENSO to the predictive skill of two atmospheric models.

ENSO events involve a variety of spatiotemporal patterns
(Timmermann et al. 2018); along with the “conventional”
eastern Pacific (EP) ENSO, several studies identified a
second mode, the central Pacific (CP) ENSO, with SST
anomalies peaking around the date line [see Capotondi
et al. (2015) for a review]. Although not all events fit ex-
clusively in one category, recent works pointed at different,
possibly nonlinear extratropical impacts related to the two
types of ENSO (e.g., Graf and Zanchettin 2012; Zhang et al.
2015, 2019). In this study, we focus on the so-called conven-
tional ENSO, for which robust atmospheric teleconnections
to the Northern Hemisphere have been established (e.g.,
DeWeaver and Nigam 2002; Hoerling and Kumar 2002;
Kumar et al. 2005); these teleconnections are linearly
related to Nifio-3.4 SST variability (Zhang et al. 2016).

An added value of this work is to provide an analysis
of the ENSO-NAE teleconnection from a JFM per-
spective: although DJF- and JFM-based analyses lead to
comparable SLP patterns (not shown; cf. Deser et al.
2017), as they are both dominated by the JF response,
several studies have reported intraseasonal (month to
month) differences in the ENSO-NAE teleconnection,
such as a shift in the SLP response in the Atlantic basin
from a monopole in November-December to a dipole
in January-February (see King et al. 2018; Ayarzagiiena
et al. 2018, and references therein). More generally,
the entire ENSO-forced wave train in the Northern
Hemisphere shows marked differences between Decem-
ber and January (when the classical wave-like response
really emerges; e.g., Livezey and Mo 1987; Alexander et al.
2002) that are not well captured by models, which tend to
simulate January-like patterns in both months (Bladé et al.
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2008). For these reasons, many authors suggest avoiding
December when studying the winter ENSO-NAE tele-
connection and indicate JFM as a more suitable
choice than DJF [e.g., Bladé et al. 2008; Fereday et al.
2008; see Bronnimann (2007) for a review]. With this
fully JFM-based study, we follow their recommenda-
tion and hope that it will encourage other authors to
adopt the same practice.

We begin by examining the ENSO and NAO signals
in several atmospheric fields in observations and con-
tinue by considering model outputs from an intermediate-
complexity AGCM (atmospheric general circulation model)
and a state-of-the-art one. Finally, the skill of the two models
is evaluated with and without the effects of ENSO.

2. Data and methods
a. Observational data

The primary dataset is the NOAA Twentieth-Century
Reanalysis v2¢ (NOAA-20CR), a long record (1851-
2014) of global atmospheric fields reconstructed by
assimilating surface pressure and using observed sea
surface temperature (SST) and sea ice distribution as
boundary conditions. The atmospheric model has T62
horizontal spectral resolution and 28 levels in the vertical
(L28), up to ~2.5hPa (Compo et al. 2011). We repeated
our analyses using the ECMWF twentieth-century
reanalysis (ERA-20CR) dataset, which is another long-
term reanalysis (1900-2010) with similar boundary
conditions and assimilation system, but higher resolution:
T159L.91, with the top at 0.01 hPa (Poli et al. 2016). We
found no appreciable differences in most cases (see
Fig. Al in the appendix) as the troposphere behaves
similarly in the two products, but dissimilarities do
emerge in the stratosphere (see Fig. A2). Other datasets
used are the GPCC Full Data Reanalysis (v7) at 0.5° X 0.5°
resolution for precipitation (Schneider et al. 2011) and the
Met Office HadISST1.1 for SST (Rayner et al. 2003).

b. Models

We analyze integrations of the International Center
for Theoretical Physics (ICTP) AGCM (v. 41), nick-
named SPEEDY (Simplified Parameterizations, Primitive-
Equation Dynamics), forced with observed SST anomalies
(HadISST1.1). The simulations consist of a 10-member
ensemble over the period 1901-2014. SPEEDY is an
intermediate-complexity AGCM with a coarse horizontal
resolution (T30 in the standard configuration used here) and
eight vertical levels, with a crude lower stratosphere (the top
two layers are at 100 and 30hPa). These features and the
simplified parameterizations allow a low computational
cost, but still the model compares reasonably well with
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observations in relevant climate aspects and atmospheric
teleconnections (Kucharski et al. 2013, and references
therein).

The ECMWF ERA-20CM dataset is a 10-member
ensemble of atmosphere-only integrations forced with
SST and sea ice cover from HadISST2, for the period
1899 to 2010 (Hersbach et al. 2015). The AGCM is an ad-
aptation of the Integrated Forecasting System (IFS) version
cy38rl, with the same resolution as ERA-20CR (T159L91).

¢. Methods

We focus on the period from 1901 to 2014 (1901-2010
for ERA-20CM, 1901-2013 for GPCC); choosing long-
term records responds to the need of working with a large
set of ENSO events to avoid sampling issues (Deser et al.
2017), but our results fully agree with previous findings
obtained using shorter periods [e.g., NCEP-NCAR in
Bronnimann (2007); ERA-40 in Garcia-Serrano et al.
(2011); ERA-Interim in Zhang et al. (2016)]. All fields are
linearly detrended after computing JFM averages.

In the reanalysis, we obtain the spatial signatures of
ENSO and the NAO with linear regressions. For ENSO,
we use the Nifio-3.4 index (N3.4), defined as the area-
averaged SST anomalies over 5°S-5°N, 170°-120°W.
This index is commonly used to describe the conven-
tional ENSO (e.g., Deser et al. 2010) and its tele-
connections (e.g., Sterl et al. 2007; Yang and DelSole
2012); using the Nifio-3 index (SST anomalies aver-
aged over 5°S-5°N, 150°-90°W) provides identical
patterns (not shown). We use EOF analysis to compute the
NAO index as the first principal component (PC) of SLP
over the NAE domain (20°-90°N, 90°W—40°E). For the
sake of comparison with the ENSO regressions, we choose
the NAO index associated with a negative NAO phase.

In the models, the experimental setup enables us to ideally
separate the forced and internal variability, which are in-
trinsically mixed in the observations. The ensemble mean
mostly contains the response to the prescribed forcing, while
the deviations from the ensemble mean, emerging from
having perturbed the initial conditions in the different
members, represent the atmospheric internal variability un-
related to the boundary forcing. In section 3b, we separately
study the patterns arising from the forced and internal vari-
ability using EOF analysis. An index describing the leading
boundary-forced component is defined as the first PC of
the ensemble-mean SLP in the Northern Hemisphere
(20°-90°N); the regression maps of ensemble-mean variables
onto this index represent the “forced” response. To estimate
the internally generated variability in the NAE sector, we
first compute the residuals around the ensemble mean for all
10 members; then, we use the concatenated residual time
series as input for another EOF analysis and for linear re-
gressions onto the corresponding leading PC of the SLP.
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In the second part of section 3a, we diagnose the
dynamics involved in the teleconnection patterns using
transient-eddy momentum flux (¢/v') to examine synoptic-
scale waves, and meridional eddy heat flux (v*T*) for
planetary-scale waves. To obtain u'v/, we apply a 24-h
filter (e.g., Wallace et al. 1988; Chang and Fu 2002) to
daily data of zonal and meridional wind from NOAA-
20CR to retain high-frequency variability, and com-
pute monthly means of their daily covariance. The term
v*T* is computed from the same daily data but with no
time filtering; instead, we consider the daily deviations
from the zonal mean for each variable and again produce
monthly-mean covariances (e.g., Newman and Nash 2000
Hinssen and Ambaum 2010).

Finally, in section 3b(2) we evaluate the skill of the
models in ensemble-mean fields by computing the anom-
aly correlation coefficient (ACC) with NOAA-20CR. As
this is a point-by-point evaluation, the data are previously
regridded by interpolating from higher to lower resolu-
tions. To assess statistical significance, we use a two-tailed ¢
test for correlation in the regressions and a one-tailed ¢ test
in the case of ACC, both at a 95% confidence level. To
avoid too liberal statistical thresholds, we use an effective
sample size that takes into account the autocorrelation of
the time series (Bretherton et al. 1999).

3. Results

a. Observational teleconnections

1) REGRESSION MAPS

Despite sharing some common features at the sur-
face, the ENSO and NAO teleconnections show little
similarity when considering their upper-level signa-
tures. In the regression map of 200-hPa geopotential
height (Z200) onto the N3.4 index, the familiar ENSO-
forced Rossby wave train is evident (Fig. 1a). The upper-
tropospheric counterpart of the deepened Aleutian low is
prominent among the series of centers arching eastward
across the Pacific and North America, with maximum
amplitude exceeding 50m; a weaker negative anomaly
(maximum ~ 25m) is centered over the eastern United
States, well to the west of the corresponding feature at the
surface (its approximate center is marked with a faded
black cross), as further discussed in section 3a(2). There is
no significant response over the eastern North Atlantic or
Europe. In contrast, the negative lobe of the upper-level
signature of the NAO (Fig. 1b) covers the entire NAE
sector, spreading far into continental Europe. The zonally
elongated, almost annular-shaped anomalies, which project
on the circumglobal waveguide pattern (Branstator 2002;
Garcia-Serrano and Haarsma 2017), are weak over the
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North Pacific (up to —20 m, about half the values in the
North Atlantic). The closest feature in the two patterns is the
positive anomaly north of 60°N, but a closer inspection reveals
marked differences, as the NAO-related anomalies are again
more zonally symmetric and stronger, with a broader extent
and centered in a different location (cf. the anomaly in Fig. 1b
with the star marking the approximate location of the
ENSO-related center in Fig. la). Note also that the
temporal correlation between the N3.4 and NAO indices
is only 0.24, indicating a shared variance of less than 6%.

The anomalies in the upper-level zonal circulation
also differ between the two modes, as can be seen in the
top panels of Fig. 2, which show the regression maps of
200-hPa zonal wind (U200) onto the N3.4 and NAO
indices and the corresponding climatology (thick con-
tours). Not surprisingly, the strongest response to ENSO
occurs again in the North Pacific (Fig. 2a), where a re-
inforced zonal flow south of 40°N (maximum values
above 5ms™1) is found; a band of negative, weaker
anomalies (—1 to —2ms™!) is present around 50°N.
The overall result is a lengthening and equatorward
displacement of the North Pacific jet. A similar di-
polar anomaly along latitude bands is present in the
North Atlantic: however, the amplitudes are slightly
weaker (the positive anomalies are now less than
4ms~!) and the anomalies are mainly confined to the
western part of the basin. In contrast, the anomalous
pattern associated with the NAO (Fig. 2b) exhibits
strong anomalies throughout the entire NAE sector
(amplitudes above 5Sms™ ' in both signs) that influence
the exit of the North Atlantic jet.

The middle panels of Fig. 2 show the regression maps
of transient-eddy momentum flux at 200 hPa (x'v/200), a
diagnostic for eddy-mean flow interaction. Concerning
the NAO (Fig. 2d), the anomalous momentum carried
by synoptic-scale eddies appears key in shaping the as-
sociated circulation and precipitation patterns (Fig. 2f):
the equatorward flux of westerly momentum (blue
shading) in the exit region of the North Atlantic eddy-
driven jet, with convergence of eddy momentum flux
around 35°N, is consistent with the meridional dis-
placement of the jet exit. The storm tracks are also
shifted equatorward so that the synoptic disturbances
tend to be diverted toward southern Europe, leading to
the wet—dry dipole in precipitation typical of the NAO
(Fig. 2f). In the case of ENSO, anomalous transient-
eddy activity accompanies the large-scale impact on
the North Pacific atmospheric circulation linked to the
Rossby wave train [Fig. 2¢; see Trenberth et al. (1998)
for review]. In contrast to the NAO, the exit of the
North Atlantic jet is not affected (Figs. 2a,c), leading
to nonsignificant impacts on European precipitation
(Fig. 2e; e.g., Mariotti et al. 2002).
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2) VERTICAL CROSS SECTIONS

As noticed earlier, the ENSO-related negative anomaly
in Z200 in the NAE is centered over the eastern United
States (around 80°W; Fig. 1a). To explore the relationship
between this center of action and the anomaly of the same
sign at surface, centered eastward at roughly 50°W, we
first examine the vertical structure of the anomalous geo-
potential height field (Z). A height-longitude cross section
averaged over 30°-40°N is examined, consistent with the
approximate location of the two centers of action; the
linear regression onto the N3.4 index (Fig. 3a) shows that
the surface and upper-level negative anomalies are part of
the same vertical structure, with three main features: a
limited longitudinal extent, as opposed to the NAO, which
shows a broader structure (Fig. 3b); a well-defined
maximum around 200 hPa, as expected for a forced
Rossby wave train (e.g., Ambrizzi and Hoskins 1997);
and a westward tilt with height. This tilt is a well-known
aspect of vertically propagating large-scale Rossby
wave trains (e.g., Lau 1979; Hsu and Wallace 1985),
but in the context of the ENSO-NAE teleconnection
it has barely been addressed (Garcia-Serrano et al.
2011), despite being an important dynamical feature
of this teleconnection. Figure 3c shows the regression
of v*T* (where the asterisks denote deviations from
the zonal mean; see section 2) in the same cross sec-
tion: an anomalous positive heat flux collocated with the
tilted geopotential height anomaly dominates the signal in
the ENSO case, consistent with the westward tilt with
height (e.g., Vallis 2006). Unlike for ENSO, the NAO v*T*
anomalies are stronger close to the surface rather than at
upper levels (Fig. 3d), which is consistent with an NAO-
related change in the baroclinic region of eddy genesis (e.g.,
Vallis and Gerber 2008; Gerber and Vallis 2009). Addi-
tionally, as expected from the horizontal maps of Fig. 1, the
NAO geopotential height anomalies (Fig. 3b) show a
wider structure and less westward tilt with height than
their ENSO counterpart (Fig. 3c). Note that the well-
known equivalent barotropic structure of the NAO is
not readily apparent in this cross section due to the
southwest—northeast orientation of the anomalies in the
North Atlantic (cf. the negative center in Fig. 1b with
the parallels at 30° and 50°N), but is revealed by re-
computing the cross section along the latitude of maxi-
mum Z200 anomalies (as shown in Fig. A3).

b. Simulated teleconnections
1) FORCED AND INTERNAL VARIABILITY IN THE
MODELS

The SST-forced variability in the two models is exam-
ined by considering the ensemble mean of the AMIP-like
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FIG. 2. Asin Fig. 1, but for (top) U200, (middle) «'v/200, and (bottom) precipitation from GPCC (1901-2013). Thick
contours in (a)—(d) indicate the JFM climatology of U200.

10-member simulations. Figures 4c and Sc show the
leading EOFs of the ensemble-mean SLP in SPEEDY
and ERA-20CM, respectively, north of 20°N; that is,
the patterns maximizing the SST-forced variance of SLP
in the Northern Hemisphere. The associated fraction of
explained variance is 44.9% for SPEEDY, and 47.7%

19

for ERA-20CM. The spatial patterns are, for both
models, reminiscent of the canonical ENSO telecon-
nection in the extratropics: the black marks help the eye
spot the similarity, as they indicate the approximate
location of the main centers of action in the observa-
tional teleconnection (Fig. 1c). Both models show a
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FIG. 3. As in Fig. 1, but for height-longitude profiles of (top) geopotential height and (bottom) v*T* averaged
over 30°—40°N.

signal in the North Pacific indicative of a strengthening
of the Aleutian low, and negative anomalies in the North
Atlantic approximately at the location of the mid-
latitude center of action that is part of the observed
ENSO-NAE dipole, with amplitudes that are also
comparable. There are, however, some differences in
shape and extent. In particular, the negative SLP signal

in SPEEDY is at a maximum farther into the eastern
North Atlantic, whereas the positive anomalies at high
latitudes are weaker and more confined with respect to
observations; the opposite happens in the polar region in
ERA-20CM (cf. Fig. 1c with Figs. 5Sc and 6c). These
differences between models and observations are likely
due to imperfect formulations and biases in the models,
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FIG. 4. Forced and internal variability in SPEEDY (JFM; 1901-2014). (a) Linear regression of ensemble-mean
7200 anomalies onto the first PC of ensemble-mean SLP north of 20°N. (b) Linear regression of residual Z200
anomalies onto the first PC of residual SLP in the NAE domain. (c) EOF1 of ensemble-mean SLP north of 20°N.
(d) EOF1 of residual SLP in the NAE domain. Contours indicate statistically significant areas at 95% confidence
level. The X and % symbols show the locations of the ENSO teleconnection in NOAA-20CR (see Fig. 1).

although it has to be acknowledged that substantial
uncertainty resides in both in situ and reanalysis data.
However, internal atmospheric variability may domi-
nate any discrepancy.

The fact that ENSO dominates the SST-forced vari-
ability in the Northern Hemisphere is confirmed by
examining the corresponding anomalies in the upper
troposphere, here illustrated by regressing the ensemble-
mean Z200 onto the leading principal component of
ensemble-mean SLP (Figs. 4a and 5a). The resulting
maps strongly resemble the ENSO response (Fig. 1a)
with the highs and lows closely reproducing the location
of the observed ENSO-induced wave train (cf. black
marks). In in the NAE region, the negative center over
the western North Atlantic is accompanied by a second
one farther east, toward Europe (more evident in
ERA20-CM, present but not significant in Fig. 1a); this
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secondary center of action has been suggested to be the
result of a wave train split (Garcia-Serrano et al. 2011)
or the signature of a pathway involving the strato-
sphere (Cagnazzo and Manzini 2009). We can verify
that ENSO is indeed responsible for this boundary-
forced variability by examining the SST patterns asso-
ciated with the SLP principal components. The distinctive
signature of ENSO in the tropical Pacific is evident in the
regression maps of Fig. 6, together with well-known ENSO
signals in other basins, such as the warming of the Indian
Ocean and parts of the subtropical Atlantic [e.g., see
Alexander et al. (2002) for a review]. Finally, the connection
between these SST-forced EOFs and ENSO is confirmed
by the correlation of the SLP principal components with the
N3.4 index: 0.87 for SPEEDY and 0.82 for ERA-20CM.
We now focus on the internally generated variability,
as described in section 2c. The first EOF of the residual
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FIG. 5. As in Fig. 4, but in ERA-20CM (JFM; 1901-2010).

SLP over the NAE is the regional mode explaining the
largest fraction of internal variance (47.8% for SPEEDY
and 43.7% for ERA-20CM), and the associated patterns
are shown in Figs. 4d and 5d. In the North Atlantic, the
similarity with the dipolar signature of the observed
NAO is clear (cf. Fig. 1d), with minor differences in lo-
cation. In both models, anomalies of smaller amplitude in
phase with those in the Atlantic basin, absent in the ob-
servational NAO (Fig. 1d; see also Fig. A1d), are present
in the North Pacific, possibly related to model biases in
the local atmospheric circulation (at least in SPEEDY,
which overestimates the eddy activity there; see Garcia-
Serrano and Haarsma 2017). Similar remarks apply to
Z200 (Figs. 4b and 5b), as in both cases the patterns
strongly resemble the upper-level, circumglobal signature
of the observed NAO (cf. Fig. 1b).

2) SKILL

We complement the analysis by evaluating the pre-
dictive skill of the ensemble means in capturing ob-
served variability, using NOAA-20CR as reference. In

both models, the ACC (i.e., correlation between re-
analysis and ensemble-mean anomalies; see section 2)
maps of Z200 show areas of moderate to high skill (0.4—
0.7) in the North Pacific and North Atlantic (Fig. 7, top
panels) that can be attributed to the Rossby wave train
associated with ENSO: the regions with higher values
approximately correspond to the centers of action in the
SST-forced patterns (Figs. 4a and 5a). The skill is more
modest at the surface (bottom panels in Fig. 7); still, both
models show significant SLP skill in the eastern North
Pacific and western North Atlantic at midlatitudes. The
SST-forced variability that is present at high latitudes is
masked by the large total variability, leading to poor, not
significant skill: indeed, the standard deviation of SLP
has well-known maxima at high latitudes over the North
Pacific, the North Atlantic, and the Siberian coast, a
feature that is reproduced by the models (Figs. 8c,d). In
other words, the signal-to-noise ratio is low at high lat-
itudes, while it is high enough in midlatitudes to allow
for some predictability and significant skill. To estimate
how much of this midlatitude skill is ENSO-related, we
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FIG. 6. Linear regression of JFM ensemble-mean SST anomalies onto the first PC of en-
semble-mean SLP north of 20°N in (a) SPEEDY (1901-2014; Fig. 4c) and (b) ERA-20CM
(1901-2010; Fig. 5c). Contours indicate statistically significant areas at 95% confidence level.

remove the linear contribution of ENSO by using the
residuals of the linear regression onto the N3.4 index
to recompute the ACC of SLP. Without ENSO, the
skill drops in most regions (Figs. 8a,b). The North
Atlantic is left with no significant values, except for a
small region around Newfoundland (slightly more
extended in SPEEDY), approximately corresponding
to the node of the ENSO-related and NAO dipolar
patterns (Figs. 4c,d and 5¢) and to a relative minimum
in total variability (Figs. 8c,d). Some ENSO-unrelated
skill is also found in the subtropical North Atlantic,
which may indicate predictability originating from the
tropical Atlantic. The SLP skill that is present at
midlatitudes in the North Atlantic, at least in the
western and central parts of the basin (Figs. 7c,d), is
therefore likely related to the tail of the ENSO-forced
wave train and its westward tilt with height discussed
in section 3a.

It has to be acknowledged that some skill discussed
here may arise from SST anomalies that are in part driven
by atmospheric processes and would not necessarily be
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predictable in a coupled framework; hence, it may not
translate into actual predictability.

4. Summary and discussion

In the first part, we compared the three-dimensional
structure of the observed late-winter (JFM) ENSO and
NAO atmospheric anomalies in the Northern Hemi-
sphere, the starting point of the study being the simi-
larity between the surface signature of ENSO and the
NAO over the NAE sector (Figs. 1c,d). A linear ap-
proach with reanalysis data spanning the twentieth
century reveals that this similarity is limited to the sur-
face and does not extend to the upper troposphere: not
only are the regression maps of Z200 onto the N3.4
and NAO indices distinct in their spatial structure
(Figs. 1a,b), but more importantly the patterns suggest
different mechanisms involved. The anomalous centers
in SLP associated with ENSO are linked to the well-
known Rossby wave train crossing the NPA sector.
A nonlinear approach, such as the use of separate
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FIG. 7. Anomaly correlation coefficient (ACC) maps of (a) Z200 and (c) SLP ensemble-mean detrended
anomalies in SPEEDY with respect to NOAA-20CR (JFM; 1901-2014). (b),(d) As in (a),(c), but in ERA-20CM
(1901-2010). Contours indicate statistically significant areas at 95% confidence level.

composites for El Nifio and La Niila, provides similar
results concerning the ENSO-NAE teleconnection
(not shown), in agreement with Deser et al. (2017) and
Garfinkel et al. (2019), who found no significant non-
linearities in SLP for DJF, and Ayarzagiiena et al.
(2018), who assessed linearity in JF. In contrast, the
upper-level circulation anomalies associated with the
NAO display a more zonally symmetric pattern remi-
niscent of the circumglobal waveguide pattern, which
is linked to the zonal propagation of disturbances
trapped in the westerly jet (Branstator 2002; Garcia-
Serrano and Haarsma 2017). These patterns related to
ENSO and the NAO are not new, but in this context
they provide clear evidence that the two teleconnections
are widely different.

The use of transient-eddy momentum fluxes high-
lights further differences. The anomalous ©/v'200 as-
sociated with the NAO (Fig. 2d) strongly affects the

circulation over the North Atlantic and Europe, influ-
encing the exit of the eddy-driven jet and displacing the
preferred meridional location of the storm tracks, in
line with the notion that the NAO is tightly related to
the variability of the North Atlantic jet (e.g., Vallis and
Gerber 2008; Gerber and Vallis 2009). The comparison
with the corresponding ENSO pattern reveals weaker
transient-eddy convergence acting closer to the core of
the eddy-driven jet, rather than affecting the storm
tracks (Fig. 2¢). Thus, synoptic-scale systems and their
two-way interaction with the climatological flow ap-
pear to be a fundamental aspect of the NAO, but are
relatively minor actors in the ENSO-NAE telecon-
nection. This essential difference is also reflected in the
precipitation patterns associated with the two modes
(Figs. 2e.,f): the shift in the North Atlantic storm
track due to anomalous eddy activity accounts for
the wet—dry dipole over Europe typical of the NAO
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FIG. 8. (a),(b) As in Figs. 7c and 7d, respectively, but using the residual anomalies of the linear regression onto
N3.4. (c),(d) Interannual standard deviation of SLP across all 10 members in SPEEDY and ERA-20CM,

respectively.

[see Hurrell et al. (2003) and Hurrell and Deser (2009) for
reviews]. In contrast, the lack of significant ENSO-related
precipitation anomalies over Europe is consistent with
the minor impact ENSO has on the regional storm track.

The notion that ENSO and the NAO are independent,
with the latter largely encompassing internal variability, is
supported by the results obtained with two ensembles of
AGCM simulations used to separate SST-forced and in-
ternally generated variability. The main assumption is
that the ensemble mean retains the forced atmospheric
component arising from the imposed, interannually
varying SSTs. In practice, some internal variability is
probably still present, given the relatively small en-
semble size (10 members) and the high level of sto-
chastic noise in the NAE region (e.g., Deser et al.
2017). For clarity, we stress that in ERA-20CM the
prescribed forcing also features sea ice concentration
(unlike in SPEEDY) and that the prescribed SST field
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is itself an ensemble, accounting for observational
uncertainty. There are no other assumptions concern-
ing the forced component or the source of the signals:
ENSO is not a priori singled out. However, the leading
SST-forced component in the Northern Hemisphere
circulation appears to be strongly related to ENSO:
first, it shows similarities with the observed ENSO
teleconnection, at the surface and particularly in the
upper troposphere (cf. the left panels of Figs. 4 and 5
with Figs. 1a,c); second, its signature in the SST field
projects on that of ENSO; finally, there is a strong
temporal correlation with the N3.4 index. Our results
are consistent with the recent work by Zhang et al.
(2016), who used a similar approach to revisit and study
the forced atmospheric teleconnections in an AGCM
with 50 members; from their analysis, based on the 500-
hPa geopotential height (DJF) for the period 1979-
2014, the first boundary-forced EOF mode in the
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FIG. Al. As in Fig. 1, but using ERA-20CR (1901-2010).

Northern Hemisphere corresponds to the linear,
symmetric response to ENSO and its PC is highly
correlated with the Nifio-3.4 index (0.9), thus de-
scribing the same canonical teleconnection of ENSO
addressed here.

On the other hand, the analysis carried out using the
residuals (right panels of Figs. 4 and 5) shows that the
NAO arises from internal atmospheric processes and
that boundary forcing does not play a key role in driving
the NAO at interannual time scales. The comparison
between the SST-forced and internally generated pat-
terns in two very different models supports the hy-
pothesis that the atmospheric responses to ENSO and
the NAO emerge from separate dynamics and are not
physically linked. This idea was already suggested by
several previous works: van Oldenborgh et al. (2000),
Giannini et al. (2001), Czaja et al. (2002), Handoh et al.
(2006), and Hu et al. (2013), among others.

Examining the forced variability in the two models al-
lows for some interesting considerations on the canonical

ENSO-NAE teleconnection. The two AGCMs are widely
different in spatial resolution, parameterizations, and
overall complexity, and most importantly in how they
treat the stratosphere: ERA-20CM features a fully re-
solved stratosphere with 91 model levels, while in
SPEEDY only two levels crudely represent the lower
stratosphere. Despite that, they both capture the sur-
face signature of ENSO in the Euro-Atlantic sector
reasonably well (Figs. 4c and 5¢). This result shows that
the tropospheric pathway for the teleconnection is
properly reproduced in both models (Figs. 4a and 5a)
and suggests that the stratosphere may not play a major
role in forcing the canonical signal, although further
investigation is needed.

Finally, an assessment of the models’ skill in capturing
observed variability shows results in agreement with
estimates of potential predictability by Kumar et al.
(2005). In addition, it emerges that the large-scale wave
train associated with ENSO, and in particular its tail and
vertically tilted structure, may account for the modest
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FIG. A2. (a),(b) Regression map of Z30 anomalies in JFM using NOAA-20CR (1901-2014) onto the N3.4 and
NAO index, respectively. (c),(d) As in (a),(b), but using ERA-20CR (1901-2010). Contours indicate statistically

significant areas at 95% confidence level.

but significant skill in the western-central North Atlantic
at midlatitudes.

5. Conclusions

The main objective of this work was to understand if
the similarity between the dipolar pattern of SLP
anomalies in the NAE associated with ENSO in late
winter (JFM) and the surface NAO signature is in-
dicative of other common aspects and possibly of a
relationship between these two phenomena.

Our conclusion is that the late-winter ENSO-NAE
teleconnection is dynamically distinct from the NAO,
with differences in terms of both signatures and involved
mechanisms. Considering the upper-level dynamics is
crucial, since the contrast already emerges between the
ENSO-induced arching wave train propagating north-
eastward, with no dipole over the Atlantic basin, and
the circumglobal, more zonally symmetric perturbations
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related to the NAO. The differences are evident in other
fields and diagnostics, such as transient-eddy momentum
flux, meridional eddy heat flux, and precipitation, indi-
cating the need to go beyond the SLP anomalies when
characterizing the ENSO response in the NAE sector.

Thus, a more general term such as “dipole-like” or
simply ““dipole over the Atlantic”” should be preferred to
the widely used “NAO-like” when discussing the “‘ca-
nonical” winter surface signature of the ENSO-NAE
teleconnection. We also suggest that the relative ampli-
tudes of Aleutian low anomalies and dipolar anomalies
in the North Atlantic may be used as a simple metric to
interpret whether anomalous dipolar structures in the
NAE region are related to the ENSO teleconnection or,
instead, to the hemispheric signature of the NAO.

Finally, we highlight that ENSO, which is shown
to dominate the forced variability in the Northern
Hemisphere, contributes to the North Atlantic mid-
latitude predictability at the surface.
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that marks the maximum (negative) values in the regression of
7200 onto the NAO index.
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APPENDIX

Additional Results

As mentioned in the main text (section 2a), the
analysis carried out with NOAA-20CR was repeated
using ERA-20CR. Figure A1 shows the regression maps
onto the N3.4 and NAO index of SLP and Z200, to be
compared with Fig. 1. In Fig. A2, the corresponding

MEZZINA ET AL.

921

patterns in the lower stratosphere (30hPa) from the
two datasets are compared. As both reanalyses only
assimilate surface data, they should be used with caution
above the tropopause (Fujiwara et al. 2017). NOAA-
20CR, in particular, has coarser vertical resolution with
respect to ERA-20CM (L28 vs L91) and is known to be
affected by strong biases in the stratosphere (Compo
et al. 2011).

Figure A3a shows the NAO vertical structure of ge-
opotential height anomalies along the path of latitudes
corresponding to the maximum values in the regressions
of Z200 (shown in Fig. A3b), as discussed in section 3a(2).
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Chapter 3

Multi-model assessment of
the late-winter extra-tropical
response to El Nino and La

Nina

This chapter contains the research article Mezzina et al. 2021a and addresses
objectives 1, 2 and 3 from Sect. 1.3.
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Abstract

El Niflo-Southern Oscillation (ENSO) is known to affect the Northern Hemisphere tropospheric circulation in late-winter
(January—March), but whether El Nifio and La Nifia lead to symmetric impacts and with the same underlying dynamics
remains unclear, particularly in the North Atlantic. Three state-of-the-art atmospheric models forced by symmetric anoma-
lous sea surface temperature (SST) patterns, mimicking strong ENSO events, are used to robustly diagnose symmetries
and asymmetries in the extra-tropical ENSO response. Asymmetries arise in the sea-level pressure (SLP) response over the
North Pacific and North Atlantic, as the response to La Nifia tends to be weaker and shifted westward with respect to that of
El Nifio. The difference in amplitude can be traced back to the distinct energy available for the two ENSO phases associated
with the non-linear diabatic heating response to the total SST field. The longitudinal shift is embedded into the large-scale
Rossby wave train triggered from the tropical Pacific, as its anomalies in the upper troposphere show a similar westward
displacement in La Nifia compared to El Nifio. To fully explain this shift, the response in tropical convection and the related
anomalous upper-level divergence have to be considered together with the climatological vorticity gradient of the subtropi-
cal jet, i.e. diagnosing the tropical Rossby wave source. In the North Atlantic, the ENSO-forced SLP signal is a well-known
dipole between middle and high latitudes, different from the North Atlantic Oscillation, whose asymmetry is not indicative
of distinct mechanisms driving the teleconnection for El Nifio and La Nifia.

Keywords ENSO - NAO - Atmospheric teleconnections - Climate modeling

1 Introduction

The teleconnection of El Nifio-Southern Oscillation (ENSO)
to the North Atlantic-European (NAE) sector is a long-
explored topic that, however, is still controversial in several
Electronic supplementary material The online version of this aspects. A first cornerstone on the [opic_and Sta_rting poin[
artidle (https://doi.org/ 11‘)'1}?,0;’?003 8%’%%0'0541;}’? C(;mains of this study—was set in a review by Bronnimann (2007),
supplementary material, which 1s avatlable to authorized users. who concluded that a robust ENSO signal exists over the
5< Bianca Mezzina NAE region in late winter (January to March, JFM): a dipole

bianca.mezzina@bsc.es in sea-level pressure (SLP) with centers over the mid-lati-
tude and high-latitude North Atlantic (see “Appendix 1”). He
referred to this signal as “canonical”, though acknowledging
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(B}mupl of Ms‘*tef’rOIOgy’ Universitat de Barcelona (UB), the existence of other, “non-canonical” views. While Bron-
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, P nimann (2007) described this canonical pattern as “close to
*  CNRM, Universit¢ de Toulouse, Météo-France, CNRS, symmetric” for El Nifio and La Nifia, recent studies revisit-
Toulouse, France . . . . ... . . .

.\ ing the topic and targeting linearities/non-linearities deliver

Climate Simulations and Predictions Division, Fondazione contradictory results, with some reporting a symmetric sig-
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(CMCC), Bologna, Italy nal (e.g. Deser et al. 2017; Ayarzagiiena et al. 2018; Wein-

) ) ) ) ) berger et al. 2019) and others claiming asymmetry (e.g.
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Trascasa-Castro et al. 2019; Hardiman et al. 2019; Jiménez-
Esteve and Domeisen 2019). The actual “linearity” of the
ENSO-NAE teleconnection thus remains unresolved, and
addressing this issue is the primary objective of this study.

Another key aspect of the ENSO-NAE teleconnection
which is nothing but settled is the dynamical mechanism
leading to the canonical SLP dipole. In particular, two main
pathways are suggested for this teleconnection: via the
troposphere and via the stratosphere. Regarding the tropo-
spheric pathway, the poleward-propagating Rossby wave
train (see “Appendix 17) driving the well-established tel-
econnection in the North Pacific (Trenberth et al. 1998),
first described by Horel and Wallace (1981) and Hoskins and
Karoly (1981), is a suitable candidate (e.g. Garcia-Serrano
et al. 2011; Mezzina et al. 2020), although other mecha-
nisms have been proposed (e.g. Toniazzo and Scaife 2006;
Jiménez-Esteve and Domeisen 2018). The stratospheric
pathway would involve a response to ENSO in the extra-
tropical stratosphere, typically consisting of changes in the
strength of the polar vortex, followed by downward propa-
gation of the anomalies into the troposphere that then trig-
ger North Atlantic Oscillation (NAO)-like variability (see
Domeisen et al. 2019 for a review). The two hypotheses are
not mutually exclusive, and some studies suggest that El
Nifio and La Nifia may have different preferred pathways,
in particular when strong versus weak events are considered
(e.g. Hardiman et al. 2019; Trascasa-Castro et al. 2019). The
polar vortex response will be briefly examined in this study,
which instead focuses on the tropospheric pathway. One of
our objectives is to show that the canonical NAE signal asso-
ciate with El Nifio and La Nifia can be mostly explained in
terms of the same tropospheric dynamics.

The underlying idea of this study is to use idealized
experiments with atmospheric models forced by symmetric
anomalous SST patterns representing El Nifio and La Nifia
to diagnose symmetries and asymmetries in the extra-tropi-
cal response. With this approach, potential asymmetries can
be attributed purely to atmospheric processes and isolated
from other effects related to the ENSO diversity (Capotondi
et al. 2015). Previous studies adopted a similar method
(e.g. Hoerling et al. 2001), including very recent ones (e.g.
Jiménez-Esteve and Domeisen 2019; Trascasa-Castro et al.
2019), but, to the best of our knowledge, it is the first time
that this is done in a multi-model framework. The experi-
ments analyzed here are in fact run with the same protocol
using three state-of-the-art models; that these models pro-
vide consistent results will add robustness to our conclu-
sions. We aim not only at diagnosing asymmetries in the
extra-tropical ENSO-related SLP signal, but also at under-
standing their cause by examining all the steps involved in
the tropospheric pathway of the atmospheric response, start-
ing from the tropical Pacific. The interaction of heat-induced
anomalies in the tropical upper troposphere with the mean
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flow in the sub-tropics is key to understanding SST-forced
teleconnections (Sardeshmukh and Hoskins 1988; Qin and
Robinson 1993), and it will be carefully examined here in
order to trace back the asymmetric behavior of the extra-
tropical SLP response.

While we will present results for the entire Northern
Hemisphere, including the North Pacific, our primary tar-
get is the NAE sector. For this reason, the study is based
on late winter (JEM), when the canonical signal is more
robust (Bronnimann 2007), since intra-seasonal changes
between early winter (November—December) and late winter
(January—February) occur (e.g. Moron and Gouirand 2003;
Gouirand et al. 2007; Bladé et at. 2008; King et al. 2018;
Ayarzaguena et al. 2018). Note that the use of different sea-
sons across NAE-oriented studies may be contributing to
the lack of agreement on the symmetric character of the
teleconnection.

We will call asymmetry any deviation from what is
expected to be a linear, symmetric behavior, i.e. an identi-
cal pattern with same amplitude but opposite sign for El
Nifio and La Nifia. The term “non-linearity” is often used
to describe these deviations but, in the context of the ENSO
teleconnection, it may refer to several aspects: the impacts
of El Niflo versus La Nifia (e.g. Hoerling et al. 1997), of
strong versus moderate/weak events (e.g. Toniazzo and
Scaife 2006), of different ENSO “flavors”, such as the Cen-
tral Pacific and Eastern Pacific El Nifios (e.g. Capotondi
et al. 2015). Garfinkel et al. (2019), for example, discuss
all these aspects referring to them as “non-linearities”. The
last two issues—distinct flavors and strength—are intention-
ally left out in this work, which focuses on the response to
strong, Eastern Pacific-like events of opposite polarity. In
this context, the term “non-linearity” could be used without
ambiguity, but we choose the more neutral “asymmetry” as
it does not suggest the involvement of non-linear physical
processes such as the triggering of different pathways.

Another point that will be addressed here, not concerning
the asymmetries but of crucial importance for the full under-
standing of the canonical NAE dipole, is the relationship
between the ENSO-forced variability in the Euro-Atlantic
sector and the NAO. While Bronnimann (2007) already
stressed that the canonical dipole resembles “though not
exactly” the North Atlantic Oscillation, in the following
years little effort was dedicated to distinguishing the canoni-
cal “NAO-like” dipole from the NAO itself (e.g. Garcia-Ser-
rano et al. 2011). Here, we adopt a complementary approach
to confirm the results of Mezzina et al. (2020), who used
reanalysis data and AMIP-like simulations to show that the
ENSO-NAE teleconnection, despite some similarity at the
surface, is dynamically distinct from the NAO.

After describing the models, experimental protocol and
methods in Sect. 2, we examine the tropical and extra-trop-
ical tropospheric response to El Nifio- and La Nifia-like
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forcings across the three models (Sect. 3), and in Sect. 3.5
we compare it to the internal variability associated with the
NAO. In Sect. 3.6, we discuss the stratospheric response
to EN and LN, and also compare it with the NAO-related
variability. We summarize and discuss our results in Sect. 4,
while the main conclusions are provided in Sect. 5.

2 Data and Methods
2.1 Models and experimental set-up

All experiments analysed here are atmosphere-only simu-
lations. The multi-model ensemble, contributing to the
ERA4CS-funded MEDSCOPE project, consists of three
state-of-the-art models. The first one is the atmospheric com-
ponent of the climate model EC-EARTH3.2, the ECMWF
Integrated Forecasting System (IFS) cycle 36r4, at T255
horizontal resolution (approx. 0.7° in longitude-latitude,
~80km) with 91 vertical levels up to 0.01 hPa (see Davini
et al. 2017 and Haarsma et al. 2020; hereafter EC-EARTH).
The second one is the atmospheric component of the climate
model CNRM-CM6-1, ARPEGE-Climat v6.3 at T127 hori-
zontal resolution (~ 1.4° at the equator), also with 91 vertical
levels up to 0.01 hPa (see Voldoire et al. 2019; Roehrig et al.
2020; hereafter CNRM). Lastly, the atmospheric component
of the climate model CMCC-SPS3, CAMS5.3, with a hori-
zontal resolution of about 110km and 46 vertical levels up
to 0.3hPa (see Sanna et al. 2017; hereafter CMCC).

The suite of experiments includes a control simulation
and two perturbed runs. Observational SSTs (HadISST2.2;
Titchner and Rayner 2014) are used to define the bound-
ary conditions, and all radiative forcings are kept fixed at
year 2,000 to represent present-day conditions and avoid the
effect of long-term trends. The control simulation (CTL)
is run with climatological SSTs computed over the period
1981-2010 and integrated for 50 years after spin-up. CTL
is also used to provide atmospheric initial conditions for the
sensitivity experiments. The latter are designed to study the
forced response to symmetric warm and cold ENSO events.
The El Nifio experiment (EN) is performed with SST anom-
alies that mimic a strong, canonical eastern-Pacific El Nifio
event; the La Nifia experiment (LN) has identical prescribed
pattern but with flipped-sign SST anomalies, i.e. multiplied

(a) EN SST

(b) LN SST

by — 1. The time-evolving anomalous SSTs, superimposed
on the climatological condition of CTL, are built using
linear regressions of detrended monthly SST anomalies
onto the Nifio3.4 index (area-averaged SST anomalies
over 5°N-5°S;170°W-120°W) in DJF, and over the period
1981-2010 to ensure reliability and quality of data for the
ENSO pattern in the satellite era. The EN/LN experiments
are run for a complete ENSO cycle, from June 1st (year
0) to May 31st (year 1). The imposed SST anomalies are
restricted to 20°S—20°N (see Fig. 1) and are augmented to
reach a maximum amplitude of about 2.7 °C (2.4 °C) in
DJF (JFM), similar to previous studies (e.g. Taguchi and
Hartmann 2006), in order to compensate for the damping by
surface heat fluxes that results from considering the ocean
as an infinite reservoir of heat capacity (atmosphere-only
simulations). The amplitude of the SST anomalies is realistic
and comparable to the strongest observed El Nifio events
(1982/83, 1997/98, 2015/16).

2.2 Methods

The forced atmospheric response associated with El Nifio
(La Nifa) is estimated by computing the difference between
the ensemble mean of the 50 winters in EN (LN) and CTL;
unless otherwise indicated (e.g. Sect. 3.5), we will refer to
this response to EN/LN as forced patterns or anomalies.
Several direct outputs of atmospheric fields are examined:
sea-level pressure (SLP), 3D geopotential height (Z), and
precipitation (PCP). Additionally, to assess the generation
of anomalous vorticity that triggers the Rossby wave energy
propagation (Sect. 3.3), we compute the Tropical Rossby
Wave Source as:

TRWS = —V/, - V <E +f>

where V' is the anomalous divergent wind, ¢ is the clima-

tological relative vorticity, and fis the planetary vorticity or
Coriolis parameter (Sardeshmukh and Hoskins 1988; Qin
and Robinson 1993); monthly zonal and meridional wind
are used to first integrate the velocity potential y from the
divergence, and then to derive the divergent wind v, (e.g.
Sardeshmukh and Hoskins 1987).

- S — |-
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Fig. 1 JFM average of the SST anomalies prescribed in the a EN and b LN experiments
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Fig.2 Ensemble-mean SLP
anomalies for (left) EN and
(right) LN with respect to

CTL in JFM: EC-EARTH
(top), CNRM (middle), CMCC
(bottom). Blue contours show
values exceeding the color scale
limit at — 8, — 12, — 16hPa.
Black contours (solid for
positive, dashed for negative
anomalies) indicate statistically
significant areas at the 95%
confidence level

In Sect. 3.5 we evaluate changes in storm-track activity by
computing the Eddy Kinetic Energy at 500 hPa as (Hoskins
et al. 1983; Trenberth 1986):

EKE = %(u’u’ + v’v’)

where the covariances are computed from daily horizontal
wind and applying the 24-h difference filter (e.g. Wallace
et al. 1988; Chang et al. 2002) and then performing seasonal
averages. Note that other diagnostics such as geopotential
height variance at 500 hPa (Blackmon 1976; Lau 1988) or
EKE at 200 hPa yield identical results.

CTL is used to study the unforced, internally-generated
variability associated with the NAO (Sect. 3.5). Specifi-
cally, after defining the NAO index as the 1st Principal
Component/EOF of SLP anomalies over the NAE region
(20°N-90°N-90°W-40°E), its positive (NAO*) and

@ Springer

(a) EN (EC-EARTH) SLP

(b) LN (EC-EARTH) SLP

hPa

- N w e on oo
- N w b w0

negative (NAO™) phases are computed based on the upper
and lower terciles of the index, respectively, from the 50
winters. Composite NAO™-NAO™ maps of different vari-
ables, thus displaying patterns with NAO™ polarity, are dis-
cussed in Sects. 3.5 and 3.6.

The zonal shift and amplitude ratio between the responses
in EN and LN are quantified by first computing, separately
in the two experiments, the coordinates of the strongest
response in the examined region (X, ¥,uq)- For the shift,
the difference between the longitudes (x’EnI;’X - fn};]x) is evalu-
ated, with positive values indicating an eastward shift in EN
with respect to LN. For the ratio, the area-average over a box
centered at (X, Vi) 15 Used to estimate the amplitude of
the response in EN and LN, and the ratio between them is
computed (EN/LN). The box has varying size according to
the variable: x,,, + 10° and y,,, .+ 5° for SLP and Z200; + 5°

max—

in both directions for PCP; x,,,.+ 5° and y,, ..+ 2° for TRWS.

max—
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As stated in the Introduction, the target of the study is
the late-winter ENSO teleconnection and hence all figures
are presented for JEM. Statistical significance of the ENSO-
forced response and NAO-related internal variability is
assessed by applying a Student’s #-test for the difference of
means at the 95% confidence level. An F-test for the differ-
ence of variances is used in the case of the amplitude ratio,
also at the 95% confidence level.

3 Results

3.1 Forced extra-tropical response: sea-level
pressure

Looking for insights on the canonical ENSO-NAE telecon-
nection, we begin by examining the forced SLP patterns in
the EN and LN experiments. All models agree in showing
the strongest response over the North Pacific: the expected,
well-documented deepening of the Aleutian Low in EN
(Fig. 2a, c, e) and weakening in LN (Fig. 2b, d, f; e.g. Tren-
berth et al. 1998; Alexander et al. 2002). Two aspects stand
out, given that these patterns are forced by symmetric SST
anomalies: (i) the response in LN is much weaker, about
half the amplitude of that in EN, and (ii) it is shifted west-
ward with respect to that in EN by about 10°-20°, depend-
ing on the model. These features, which will also emerge in
other regions and fields, are robust across the three models,
and the differences between the forced patterns, namely
the asymmetric component of the response (EN +LN), are
mostly statistically significant (see Online Resource 1).

In the NAE sector, a dipole with centers of action in mid
and high latitudes is present in both EN and LN, with oppo-
site polarity, consistent with the canonical late-winter sig-
nature of ENSO (see Introduction). As in the North Pacific,
a clear disproportion exists in terms of amplitude between
EN and LN, while a westward longitudinal shift of about
20° is also present but not readily apparent due to the less
defined nature of the anomalies in LN, probably linked to
their weakness (see Sect. 3.4). Some inter-model variability
is noticeable: the mid-latitude anomaly varies in shape and
extent in LN, and in EN a distinct secondary center of action
over the Mediterranean appears in EC-EARTH and CNRM,
but not so clearly in CMCC. However, the fundamental
structure of the El Nifio and La Nifia related patterns—i.e.
the dipole over the North Atlantic—is consistent among the
models.

The surface response to the symmetric ENSO forcing in
the Northern Hemisphere thus appears to be roughly sym-
metric except for the two aspects mentioned above: the zonal
shift and the amplitude difference.
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3.2 Forced tropical response: convection

‘What is the origin of the zonal shift and amplitude difference
of the extra-tropical ENSO teleconnection? To address this
question, we take a step back and examine the deep con-
vection response to the SST forcing in the tropical Pacific.
While the prescribed anomalies are symmetric in the two
sensitivity experiments (see Sect. 2), the total SST resulting
from their combination with the climatology is obviously
different; but the full SST field, and the total amount of heat-
ing provided, is what ultimately determines the development
of tropical convection. First, a threshold of around 27 °C is
required to trigger deep convection, both in observations
(e.g. Graham and Barnett 1987) and models (e.g. Numaguti
and Hayashi 1991), a condition that is fulfilled all over the
tropical Pacific in EN (yellow contour in Fig. 3a, c, e) but
only in the western part of the basin, over the Warm Pool, in
LN (Fig. 3b, d, f). Second, tropical convection is related to
low-level moisture convergence which is, in turn, affected by
the SST gradient (e.g. Lindzen and Nigam 1987; Back and
Bretherton 2009). Using total (not anomalous) precipitation
as a proxy, we can confirm that the longitude of maximum
convection is approximately located where the zonal gradi-
ent of SST changes sign (cf. shading and red/blue contours
in Fig. 3). Thus, in EN the maximum precipitation north of
the Equator is located east of the Date Line (around 170°W;
Fig. 3a, c, e), in contrast to LN, which always shows a maxi-
mum west of it (around 160°E; Fig. 3b, d, f). In terms of
anomalies with respect to CTL, convection/PCP is essen-
tially weakened in LN, while it is enhanced but also shifted
to the east in EN (not shown). Therefore, there is a westward
shift of tropical convection in LN with respect to EN, con-
sistent with what we noticed in the extra-tropical SLP pat-
terns (Sect. 3.1). The longitudinal shift of the deep convec-
tion response, however, varies from 30° to 40°, depending
on the model, almost twice the value of the SLP shift in the
extra-tropics. The EN/LN amplitude asymmetry observed
in the extra-tropical SLP is already apparent in the tropical
response, since the precipitation amplitude in LN is about
half that in EN, with the exception of CMCC, where they
have comparable magnitudes (Fig. 3). Not surprisingly, the
overall cooler tropical Pacific in LN provides less diabatic
heating and promotes weaker convection with respect to EN,
despite the symmetric anomalous SST forcing.

3.3 Forced tropical response: upper-level divergent
wind and tropical Rossby wave source

The low-level convergence and associated rising motion are
balanced at upper levels by divergent flow; hence, our next
step is to examine the anomalous divergent wind (V/I ) at
200 hPa, which is the level of approximate maximum out-
flow. In EN, the tropical Pacific is dominated by anomalous
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equatorial divergence around 160°E-160°W, consistent
with the reinforced convective activity there (cf. Fig. 3a, c,
e and Fig. 4a, c, e); convergence is observed to the east and
west, at around 100°E and 50°W, resulting from large-scale
compensation (e.g. Garcia-Serrano et al. 2017). In contrast,
the suppression of climatological convection in LN is mani-
fested as anomalous convergence over the western Pacific
(Fig. 4b, d, f). There are, again, no striking differences
among the models, except for the overall weaker signal in
CMCC (in both EN and LN), in agreement with the response
in precipitation.

Anomalous upper-level divergence is the essential trigger
of the quasi-stationary large-scale Rossby wave train that
constitutes the main extra-tropical response to ENSO (e.g.
Trenberth et al. 1998); however, this is only part of the story.
The generation of Rossby waves due to tropical heating can
be described in terms of the Rossby Wave Source (RWS), a
diagnostic that involves the interaction between divergence
and vorticity (Sardeshmukh and Hoskins 1988). In particu-
lar, the most effective source to excite extra-tropical telecon-
nections is the advection of climatological vorticity by the
anomalous divergent flow (Qin and Robinson 1993), called
the tropical component of the Rossby Wave Source (TRWS;
see Sect. 2.2). The TRWS is depicted in Fig. 4 (shading); for
clarity, some anomalies are masked out in this figure, but the
full TRWS is shown and discussed in “Appendix 2”
(Fig. 12). The anomalies, with opposite sign, have roughly
the same structure in EN and LN: a horseshoe-like pattern
with maxima around 5°N and 30°N (the horseshoe shape in
LN is not evident due the contour interval, see Fig. 12).
These maxima can be explained by examining the two

PCPiotat, dSST torat /dx

(a) EN (EC-EARTH)

components of TRWS separately, v; and V <§j +f ), shown

in Fig. 13 of “Appendix 2”. The gradient of climatological
vorticity (computed from CTL) is small in the central tropi-
cal Pacific, close to the Equator, but this is where the strong-
est anomalous divergent wind is found. In contrast, the North
Pacific jet is responsible for the strong gradient of climato-
logical vorticity around 30°N that, combined with the mod-
erate v/ anomalies there, generates the subtropical maximum
in TRWS (cf. Figs. 4, 13). Note that the realistic zonally-
asymmetric mean flow is what determines the “distorted”
horseshoe-like shape of TRWS, which would tend to have
zonally-aligned maxima otherwise (Qin and Robinson 1993;
Ting 1996). Through the anomalous divergent wind, TRWS
inherits part of the asymmetry between EN and LN observed
in tropical convection. Using the TRWS maximum located
at about 30°N as a reference, the TRWS anomalies in EN are
1 to 2.5 stronger than in LN—depending on the model—,
similarly to the difference in precipitation. The zonal shift
in convection and in the tropical divergent outflow, on the
other hand, is mitigated by the interaction with the mean
flow, whereby it decreases from 30° to 40° in precipitation
to 20°-30° in TRWS (Fig. 4).

In line with the deep convection response, CMCC is
showing a weaker signal compared to the other models in
divergent wind and in the TRWS maximum around 5°N, in
both EN and LN. The subtropical TRWS maximum, on the
other hand, has similar amplitude in all the models. In addi-
tion, while in EC-EARTH and CMCC the TRWS anomaly
linked to the jet is clearly stronger than the one in the tropics,

(b) LN (EC-EARTH) PCPotat, dSS T roral /dX
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Fig. 3 Ensemble-mean PCP (shading), zonal SST gradient (red and
blue contours, indicating+0.2 and —0.2 107® °C/m, respectively)
and SST at 27°C (yellow contour) for (left) EN and (right) LN in
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100°E 150°E 180°  160°W 10°W

JFM: EC-EARTH (top), CNRM (middle), CMCC (bottom). For
clarity, the zonal SST gradient is smoothed and only shown in the
box 130°E-100°W; 20°S-20°N
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Fig.4 Ensemble-mean 200-hPa TRWS (shading), divergent wind
(arrows) and Z200 (contours; interval =30m) anomalies for (left) EN
and (right) LN in JFM: EC-EARTH (top), CNRM (middle), CMCC
(bottom). For TRWS, only the strongest negative (positive) anomalies

in CNRM the two appear to have comparable magnitude in
EN, probably because of the very intense rainfall response
and hence anomalous divergent wind (Fig. 4c).

3.4 ENSO-forced extra-tropical response: upper
levels

After examining the Rossby Wave Source, the following step
is to finally turn to the forced wave train itself. As it is con-
ventionally detected in the upper-level (200 hPa) geopoten-
tial height, its anomalies for the two sensitivity experiments
are shown as contours in Fig. 4. A succession of highs and
lows curving away from the tropical Pacific is evident in
both EN and LN, with opposite signs, forming the well-
known arching wave train (e.g. Horal and Wallace 1981;
Hoskins and Karoly 1981).

Starting from the ENSO region and focusing on the extra-
tropics, poleward of 30°N, the first center of action is found
in the North Pacific. In EN, it is centered east of the Date
Line and extends up to the western coast of North America,
while in LN it is shifted westward by about 10°-20°, roughly
straddling the Date Line and reaching the western bound-
ary of the basin. This well-known center of action is the
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in the tropical North Pacific are shown in EN (LN), see Fig. 12 for
the full field. Only statistically significant TRWS and v/, anomalies
(95% confidence level) are shown. For Z200, non-signif{cam values
are plotted with lighter contours

upper-tropospheric counterpart of the SLP anomalies in the
North Pacific (Aleutian Low) described in Sect. 3.1. The
high (low) in EN (LN) approximately located over Canada
and covering the polar region is the second center of action
of the wave train; while in EN it has a clear center and con-
sistent location across the models, it looks less defined in
LN, particularly in the cylindrical projection that is used
here. Finally, the tail of the wave train reaches the western
mid-latitude North Atlantic in EN, but its LN equivalent is
located inland over North America. There is some inter-
model variability concerning this zonal shift, which ranges
from 15° to 35°, but the shift is overall larger than the one
in the North Pacific. On the other hand, the EN/LN asym-
metry in amplitude is a common aspect to all the anomalies
belonging to the wave train: the extra-tropical upper-level
response in EN is about double the response in LN.

On a side note, we highlight that the tropical Gill-type
response (Matsuno 1966; Gill 1980) does not exhibit a clear
shift in longitude, but only weaker amplitude in LN com-
pared to EN, consistent with the weaker signal in tropical
convection.

@ Springer



B. Mezzina et al.

3.5 ENSO-forced extra-tropical response: a closer
look at the North Atlantic

The tail of the ENSO-induced wave train projects at the sur-
face on the mid-latitude lobe of the SLP dipole in the North
Atlantic discussed in Sect. 3.1. This is clearly revealed by
computing height-longitude cross sections of the anoma-
lous geopotential height averaged over the latitudinal band
between 35°N-45°N, which is approximately where the
7200 and SLP mid-latitude anomalies are found in the NAE
sector (Figs. 2, 4). The vertically tilted structure, depicted in
Fig. 5, shows a maximum around 200 hPa that corresponds
to the center of action over the western North Atlantic in
7200 (Fig. 4), while the amplitude decreases towards the
surface, consistent with the fact that the maximum tropi-
cal outflow and thus the maximum TRWS occur at upper
levels (Jin and Hoskins 1995; Ambrizzi and Hoskins 1997)
and with the structure of balanced stationary waves in an
atmosphere in which the zonal wind increases with height
(Held et al. 2002). The SLP center over the mid-latitude
North Atlantic (Fig. 2) is part of this 3-dimensional anoma-
lous structure. In LN the vertical pattern is less defined, but
the eastward shift of the surface response with respect to
the upper-level maximum is still evident (Fig. 5b, d, f). In
Fig. 5, the westward shift of the whole anomalous pattern
in LN with respect to EN is consistent with those described
in Sects. 3.1 and 3.4. The maximum at the surface in LN is
not as evident as in EN (see also Fig. 2), but, if we follow the
general westward tilt with height of the pattern and consider
the maximum at upper levels, the longitude of the surface
maximum can be estimated to be around 60°W (80°W) in
EN (LN), implying a zonal shift of about 20°.

The westward tilt with height is an intrinsic feature of
large-scale Rossby waves and it provides important infor-
mation on the dynamics of the ENSO-related SLP dipole
in the NAE sector, particularly in the context of the debate
around its relationship with the NAO (see Introduction and
Mezzina et al. 2020). To investigate this issue, we examine
the NAO-related variability in the three models by consid-
ering the CTL experiment, where the variability is purely
internal to the atmosphere (see Sect. 2). The distinctive sig-
nature of the NAO in SLP, a dipole in the North Atlantic, is
accurately reproduced by all models (Fig. 6a, c, ¢). There is
a certain similarity with the ENSO patterns of Fig. 2 (see
also Fig. 11 in “Appendix 1), but note how the NAO-related
mid-latitude anomaly is centered around the zero Merid-
ian, almost in quadrature with the ENSO-forced patterns,
particularly for EC-EARTH (cf. Figs. 2, 6a). This surface
pattern is accompanied by upper-level anomalies (Z2200)
that are essentially barotropic, with no vertical tilt, over
the North Atlantic (Fig. 6b, d, f) and are reminiscent of the
circumglobal waveguide pattern on the hemispheric scale
(Branstator 2002). Extending the analysis to transient-eddy
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activity, the NAO meridionally shifts the storm tracks
reaching western Europe, leading to a wet-dry dipole in
precipitation there (Fig. 7c, f, i). In contrast, the impact of
ENSO is more limited to the North Atlantic Ocean (left and
middle columns of Fig. 7), with its maximum anomaly in
EKE located approximately at the node of the NAO signal.
This longitudinal distinction between the ENSO-forced and
NAO-related patterns is robust across the models and statis-
tically significant (not shown).

3.6 ENSO-forced extra-tropical response: lower
stratosphere

Following the numerous studies suggesting that the ENSO-
NAE teleconnection may be, partially or totally, driven by
the stratospheric pathway (see Introduction), it is worth
exploring the models’ response in the lower polar strato-
sphere (50 hPa geopotential height, Z50; e.g. Ineson and
Scaife 2009). In Fig. 8 (left and middle columns), displaying
750 anomalies, it can be seen that the models show a signal
consistent with previous studies (see Bronnimann 2007 for a
review): a dominant positive (negative) anomaly in EN (LN)
indicating the weakening (strengthening) of the polar vor-
tex, accompanied with weaker, opposite-singed centers of
action over the North Pacific and North Atlantic. The signal
is roughly symmetric in sign, but the vortex response in EN
is stronger than in LN, with the exception of EC-EARTH
(Fig. 8a, b) where the positive anomaly in EN is rather weak
and confined to central-northern North America, similarly to
the corresponding center of action in Z200 (cf. Figs. 4a, 8a).
The three models agree in the North Pacific, where the sig-
nal is consistent with the tropospheric wave train, displaying
a similar longitudinal shift and a slightly weaker magnitude
in LN with respect to EN, suggesting a tropospheric origin
of the Z50 anomalies.

Less consistency is found in the North Atlantic, where a
significant signal in LN is present only in CMCC, roughly
symmetric to EN (cf. Fig. 8g, h), although all three models
yield the canonical SLP dipole (Fig. 2). But it is actually
in the NAE sector where the stratosphere is suggested to
play an important role, a hypothesis mainly inspired by the
tendency of stratospheric vortex anomalies to project onto
dipolar, NAO-like patterns on seasonal time scales (e.g.
Hitchcock and Simpson 2014; see Kidston et al. 2015 for a
review). For this reason, similarly to the previous section,
we also examine the NAO-related variability in CTL. The
strongest center of action is still in the polar vortex (Fig. 8c,
f, i), but the shape of the circulation anomalies is different
than the ENSO-forced response: the configuration of the
anomalous vortex in the NAO pattern covers the whole polar
cap but is elongated along the axis western North Atlantic-
eastern Eurasia (Fig. 8c, f, 1), while in EN and LN the vor-
tex anomalies are confined to the western hemisphere (left
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and middle columns of Fig. 8), except for EN in CNRM
(Fig. 8d). These differences can be emphasized with a wave-
number decomposition of the patterns, which shows that the
wavenumber-1 component of EN and LN is almost in quad-
rature with the NAO-related component (Fig. 9). A similar
orthogonality of the patterns is also found in the wavenum-
ber-2 component (see “Appendix 3”).

4 Summary and discussion

To guide the discussion, we summarize our results in a sche-
matic figure (Fig. 10). For each model and variable exam-
ined (PCP, SLP, TRWS, SLP, Z200), we build a scatter plot
of the longitudinal shift in LN relative to EN versus the
ratio of the amplitudes, computed as described in Sect. 2.2.
For clarity, we consider the North Pacific (Fig. 10a) and the
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North Atlantic (Fig. 10b) separately and focus on the mid-
latitude response. The two panels thus show the same points
for TRWS and PCP, which represent the response over the
tropical Pacific, but different ones for SLP and Z200, which
describe the mid-latitude signal in the two regions. Note
that we used the subtropical maxima of TRWS (at 30°N)
to encapsulate the behavior of the TRWS anomalies, as
this maximum is more clearly defined than the one in the
equatorial region. The purpose of this figure is not to find a
relationship between the shift and ratio, but to summarize
how the fields behave in response to the symmetric forcing
mimicking El Nifio and La Nifia.

The left panel describes the asymmetric behavior in the
North Pacific (blue symbols), in terms of both amplitude,
with EN showing anomalies 2-3 times larger than LN, and
location, with a shift of 10°-20° (Fig. 10a). This result,
which applies to strong El Nifio- and La Nifa-like SST
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Fig.6 SLP (left) and Z200
(right) composites of NAO™—
NAOY for CTL in JFM: EC-
EARTH (top), CNRM (middle),
CMCC (bottom). Red and blue
contours show values exceed-
ing the color scale limit at +38,
+ 12, + 16 hPa. Black contours
(solid for positive, dashed for
negative anomalies) indicate
statistically significant areas at
the 95% confidence level

forcings, is in agreement with previous works using simi-
lar sensitivity experiments (e.g. Hoerling et al. 1997, 2001;
Sardeshmukh et al. 2000; Jiménez-Esteve and Domeisen
2019; Tracasa-Castro et al. 2019) but is in conflict with Rao
and Ren (2016b), who reported no asymmetry for strong
events. In the same study, however, Rao and Ren observed
asymmetries in coupled experiments for both the strong and
moderate case. On the other hand, the composites in Gar-
finkel et al. (2019), who used AMIP-like experiments, also
show a longitudinal shift and amplitude difference between
El Nifio and La Nifia (see their Fig. 1), although the authors
do not comment on them. Observational studies using rea-
nalysis data deliver mixed conclusions as well. De Weaver
and Nigam (2002) found a symmetric upper-level response
with only a small longitudinal shift (~10°), while Deser et al.
(2017) report no significant nonlinearities in SLP and only
indicate regional differences in amplitude, although their
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results show a zonal shift consistent with the one found here
(see their Fig. 10). Composites using ECMWF ERA-20CR
in JFM lead to a similar result, with minor—but signifi-
cant—differences in the North Pacific (see “Appendix 47).
In contrast, Hoerling et al. (1997, 2001) and Rao and Ren
(2016a) point out clear asymmetries. With some limitations,
discussed below, our study advocates for an asymmetric
response to El Nifio and La Nifia in sea-level pressure, which
is directly inherited from the upper tropospheric Rossby
wave train (cf. SLP and Z200 in Fig. 10a). Convection in
the tropical Pacific appears to be the primary source of this
asymmetry, but with an even larger shift (Fig. 10a, green).
Once the interaction between the anomalous tropical diver-
gence and the climatological vorticity is considered via the
TRWS (Fig. 10a, red), the shift is reduced and approaches
that in SLP and Z200, with the three variables tending to
cluster in the scatter plot.
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PCP, EKE500

(a) EN (EC-EARTH)

(d) EN (CNRM)

PCP, EKE500 (e) LN (CNRM)

(h) LN (CMCC)

Fig.7 Left and middle columns: ensemble-mean PCP (shading)
and 500-hPa EKE (contours; interval=8m?s~?) anomalies for EN
(left) and LN (right) with respect to CTL in JEM: EC-EARTH (top),
CNRM (middle), CMCC (bottom). Right column: same, but for

While some consistent asymmetries are still present, the
overall picture in the North Atlantic is not as clear as in the
North Pacific (Fig. 10b). Z200 has a ratio comparable to
the North Pacific, around 2, but larger values and spread
for the shift, which ranges from 15° to 35°. For two of the
models, the shift is closer to that of TRWS than to that in
precipitation (not so in CNRM), confirming the importance
of the interplay between the anomalous tropical divergence
and the mean flow. The large deviation of SLP from the
rest of the variables in the scatter plot is linked to the ratio
rather than the shift, partly because the upper-level Rossby
wave train in LN projects onto land at the surface, tending
to vanish (Fig. 5; e.g. Branstator 2002) and partly because
of the large internal atmospheric variability in the region
(e.g. Deser et al. 2017). Most observational studies indicate
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NAO™-NAO" in CTL. Only statistically significant PCP anomalies
(95% confidence level) are shown. For EKE, non-significant values
are plotted with lighter contours

a large degree of linearity of the ENSO-NAE teleconnection
in late-winter, such Ayarzagiiena et al. (2018), although an
amplitude asymmetry is present in their composites, and
Bronnimann (2007). Focusing on DJF, Deser et al. (2017)
found minor, non-significant asymmetries consistent with
those in Fig. 15 for JEM, while the monthly maps of Jimé-
nez-Esteve and Domeisen (2018) display a complex, non-
linear response from December to March. For Zhang et al.
(2019), who separate Central Pacific and Eastern Pacific
events, there is no linearity at all for the latter (in JEM).
Works using simulations and specifically addressing asym-
metries in the North Atlantic are relatively limited in num-
ber. Earlier studies include Sardeshmukh et al. (2000) and
Pozo-Vazquez et al. (2001), who reported asymmetries in
the region, and recently a renewed interest in this topic has
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(a) EN (EC-EARTH) 750

(d) EN (CNRM) Z50

-100
-120
-140

Fig.8 Left and middle columns: ensemble-mean Z50 anomalies for
EN (left) and LN (right) with respect to CTL in JFM: EC-EARTH
(top), CNRM (middle), CMCC (bottom). Right column: same, but for
NAO™-NAO" in CTL. Red and blue contours show values exceeding

arisen. Jiménez-Esteve and Domeisen (2019), using a set-up
similar to ours but with an intermediate-complexity model,
identified asymmetries in the North Atlantic for strong
ENSO events, but did not discuss their origin in depth. Tras-
casa-Castro et al. (2019), Hardimann et al. (2019) and Wein-
berger et al. (2019), using sensitivity experiments, coupled
models and AMIP-like simulations, respectively, reached
contrasting conclusions: asymmetry in the first two cases
and symmetry in the latter. A common aspect to these three
studies, in spite of the different results, is the analysis and
discussion of the role of the polar stratosphere. In particular,
Weinberger et al. (2019) report no significant “non-linearity”
in the presumed stratospheric pathway to the NAE in winter,
but a weaker amplitude in the tropospheric circulation for
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the color scale limit at +200, + 300, + 400 m. Black contours (solid
for positive, dashed for negative anomalies) indicate statistically sig-
nificant areas at the 95% confidence level

La Nifia compared to El Nifio is present in their composites
(see their Fig. 1).

Our results suggest that asymmetries are present in the
NAE region associated with strong El Nifio- and La Nifia-
like SST patterns in terms of amplitude and zonal shift, but
the structure of the SLP pattern is similar and driven by
the same dynamics: the dipolar pattern, consistent with the
canonical view of Bronnimann (2007), is associated with the
tropospheric Rossby wave train and its westward tilt with
height (Fig. 5). In addition, comparison of the ENSO- and
NAO-related patterns in SLP, Z200, transient-eddy activity
and precipitation in the forced and control experiments indi-
cate dynamical differences between the ENSO-NAE telecon-
nection and the NAO (Figs. 6, 7), supporting the conclusions
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(a) EN wnl (EC-EARTH) 750

(h) LN wnl (CMCC)

Fig.9 Left and middle columns: wavenumber-1 component of the
ensemble-mean Z50 anomalies for EN (left) and LN (right): EC-
EARTH (top), CNRM (middle), CMCC (bottom). Right column:

of Mezzina et al. (2020) based on reanalysis and AMIP-like
experiments. The stratospheric response to ENSO, which
is quite linear in sign but with a consistent asymmetry in
amplitude (Fig. 8), does not project onto the NAO-related
pattern either; instead, their wavenumber-1 and 2 compo-
nents are largely orthogonal (Figs. 9, 14).

Note that, when discussing the asymmetries, we do not
examine in-depth the other lobe of the NAE dipole—the one
at high latitudes—because of its distorted structure at the
surface. However, we consider that the two opposite-signed
anomalies over the North Atlantic belong to the same dipolar
system and are primarily driven by the same tropospheric
dynamics, i.e. the Rossby wave train triggered from the trop-
ical Pacific. Therefore, we draw our conclusions indistinctly
for the entire dipole of the ENSO-NAE teleconnection.
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(b) LN wnl (EC-EARTH) 750

(c) NAO wnl (EC-EARTH) 750

same, but for NAO™—NAO" in CTL. Black contours (solid for posi-
tive, dashed for negative anomalies) indicate statistically significant
areas at the 95% confidence level

Some notes on the strength and limitations of the experi-
mental set-up follow. The anomalous SST patterns pre-
scribed as forcing are built from linear regression onto the
Nifio3.4-index and the same shape, with flipped sign, is used
to represent El Nifio and La Nifia. Several studies adopted
the same approach (e.g. Hoerling et al. 2001; Rao and Ren
2016b; Jiménez-Esteve and Domeisen 2019; Tracasa-Castro
et al. 2019), which here we justify by the aim of focusing
on asymmetries arising from one source only, i.e. cooling
versus warming of the tropical Pacific, while excluding
other factors such as pattern diversity, variations in timing
and SST amplitude differences. More importantly, not only
are El Nifio and La Nifa represented with the same spatial
pattern, but also with same amplitude, in contrast with the
observed skewness: indeed, La Nifia events comparable to
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Fig. 10 Shift-ratio scatter plots summarizing the asymmetries in the
EN and LN experiments. The maximum response in EN and LN is
considered. The horizontal axis indicates the ratio of the amplitudes
(EN/LN, positive sign), while the vertical axis represent the longitu-
dinal shift in LN relative to EN. The response over the tropical Pacific
is considered for PCP and TRWS, and over the mid-latitude North

the strongest El Nifios are not present in the observational
records (e.g. Burgers and Stephenson 1999; Timmermann
et al. 2018). Recently, Hardiman et al. (2019) emphasized
this lack of “strong” La Nifias in observations and stressed
the need to fill this gap with model studies, as such events
may happen in the future. “Unrealistically” strong La Nifias
are also considered in Jiménez-Esteve and Domeisen (2019)
and Tracasa-Castro et al. (2019). As discussed above, these
and other similar studies deliver contrasting conclusions
concerning the asymmetric response to strong and weak
El Nifio versus La Nifia, particularly in the North Atlantic,
stressing the need to further investigate the dynamics of the
atmospheric teleconnection of strong ENSO events of both
signs. In this context, our study provides relevant contribu-
tions to address this gap, with consistent results that are sup-
ported by three different state-of-the-art models.

Finally, note that in the analysis of the Rossby Wave
Source (Sect. 3.3) we did not include its extra-tropical com-
ponent, ERWS = —({ +)V - V,z’ as it is considered to be
part of the response and associated with wave propagation
(Qin and Robinson 1993; Ting 1996). Works including both
terms suggest another source region in the Gulf of Mexico/
Caribbean Sea to explain the ENSO-forced SLP dipole in
the NAE sector (e.g. Hardiman et al. 2019). This source,
which is present in our experiments (see ERWS in Online
Resource 2) and also reflected in TRWS (Fig. 12), is related
to the large-scale response of the Atlantic Hadley cell to the
ENSO-induced changes in convection over northern South
America (e.g. Wang 2005; Garcia-Serrano et al. 2017), but

@ Springer

Pacific (left) and North Atlantic (right) for SLP and Z200. See text
for details. Unlabeled squares represent the multi-model ensemble
mean. All points are significant at the 95% confidence level for the
shift, while empty circles and squares indicate variables that do not
pass the significance test for the ratio. Error bars indicate +0.5¢ for
the multi-model mean

is located downstream of the Rossby wave train crossing the
North Pacific (Fig. 4) that is our target. On the other hand,
notice that the zonal shift described for TRWS, underlying
the longitudinal shift in the ray path of EN/LN, is mirrored
in ERWS as both follow the displacement of the Pacific Had-
ley cell in response to ENSO, the former over the subtropics
and the latter in the extra-tropics (north of 30°N).

5 Conclusions

Analyzing sensitivity experiments with symmetric SST
forcing mimicking strong warm and cool ENSO events, and
using three state-of-the-art models, we draw the following
conclusions:

e Even in the presence of a symmetric forcing, asym-
metries arise in the SLP response over both the North
Pacific (Aleutian Low) and NAE sector (North Atlantic
dipole). The response to La Nifia SST anomalies tends to
be weaker and shifted westward relative to the one asso-
ciated with El Nifio anomalous forcing. This asymmetry
is mostly inherited from the large-scale extra-tropical
Rossby wave train excited in the upper troposphere.

e The response of tropical convection to the SST forcing is
the underlying cause for the extra-tropical asymmetries.
Warm (cold) SST anomalies during EN (LN) superim-
posed onto the mean state enlarge (restrict) the region
suitable for the triggering of deep convection (SST above
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27°C) and increase (decrease) the amount of available
diabatic heating, while the longitude of maximum con-
vection is found east (west) of the Date Line due to the
different SST gradient.

e The anomalous deep convection triggers a similarly
shifted anomalous divergent wind response. In order to
explain the more modest longitudinal shift of the extra-
tropical SLP signal, the anomalous divergence needs to
be considered in tandem with the mean flow (Rossby
Wave Source).

e The ENSO surface signal in the NAE sector is the
“canonical” dipole between mid and high latitudes, with
asymmetries in terms of amplitude and longitude but not
structure. These asymmetries are not indicative of differ-
ent mechanisms driving the teleconnection for El Nifio
and La Nifia. Instead, in both cases the ENSO telecon-
nection to the North Atlantic is mainly associated with
the downstream part of the Rossby wave train from the
tropical Pacific and its tilt with height, and it is unrelated
to the NAO dynamics.

Our results show that ENSO does not trigger NAO-related
variability neither in the troposphere nor in the stratosphere,
thus questioning the view of the ENSO-NAE teleconnection
as an excitation of the NAO via the stratosphere. Hence, we
suggest that the dynamics of the stratospheric pathway may
need to be revisited.

Finally, we remark on an issue that was mentioned in
Sect. 3.4: the tropical signal in Z200, which does not display
a clear zonal shift between EN and LN, unlike the extra-
tropical one (Fig. 4). The theoretical frameworks describing
the tropical Gill-type response and the extra-tropical Rossby
wave train are distinct, the former being largely baroclinic
and the latter barotropic (e.g. Lee et al. 2009; Ting 1996) and
it is not clear whether they are part of the same global-scale
response. As remarked by De Weaver and Nigam (2002),

47

the equatorial response has received little attention and still,
18 years later, a satisfactory description reconciling the trop-
ical and extra-tropical responses is missing.
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Appendix
Appendix 1: Linear response

Figure 11 shows the linear component of the ENSO response
in SLP and Z200, i.e. ensemble-mean differences between
EN and LN. The benchmarks of the ENSO-NAE telecon-
nection discussed in the Introduction, the SLP dipole and
the large-scale Rossby wave train, are evident in the three
models.
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Fig. 11 Ensemble-mean SLP (a) EN-LN (EC-EARTH) SLP (b) EN-LN (EC-EARTH) 2200
(left) and Z200 (right) differ-
ences between EN and LN in
JEM: EC-EARTH (top), CNRM
(middle), CMCC (bottom).

Red and blue contours show
values exceeding the color

scale limit at +8, + 12, + 16, +
20hPa (SLP) and +200, + 250,
+300m (Z200). Black contours
(solid for positive, dashed for
negative anomalies) indicate
statistically significant areas at
the 95% confidence level

Appendix 2: Full TRWS and TRWS components

Figure 12 complements Fig. 4 by depicting the full TRWS
anomalies (only statistically significant values are shown);
the contours are adapted to show the horseshoe-like pattern
in LN.
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Fig. 12 Ensemble-mean 200-hPa TRWS anomalies for (left) EN and (right) LN with respect to CTL in JEM: EC-EARTH (top), CNRM (mid-
dle), CMCC (bottom). Only statistically significant anomalies (95% confidence level) are shown. Anomalies are smoothed in CMCC for clarity

Figure 13 is provided to help the interpretation of the
TRWS response by displaying separately its components,

v; andV(C +f>.

49 @ Springer



B. Mezzina et al.

(a) EN (EC-EARTH) V(C+)200, V4,200 — 5ms! (b) LN (EC-EARTH) V(C+)200, 7,200 i

10 Tm st

Fig. 13 Gradient of climatological vorticity in CTL (shading) and ensemble-mean 200-hPa divergent wind anomalies for (left) EN and (right)
LN with respect to CTL (arrows) in JEM: EC-EARTH (top), CNRM (middle), CMCC (bottom)

Appendix 3: wavenumber-2 components of Z50
Figure 14 displays the wavenumber-2 component of EN and

LN (left and middle column) in comparison with the NAO-
related component.
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(a) EN wn2 (EC-EARTH) 750 (b) LN wn2 (EC-EARTH) 750 (c) NAO wn2 (EC-EARTH) 750

(d) EN wn2 (CNRM) 750 (e) LN wn2 (CNRM) 750 (f) NAO wn2 (CNRM) 750

(g) EN wn2 (CMCC) 750 (h) LN wn2 (CMCC) 750 (i) NAO wn2 (CMCC) 750

Fig. 14 Same as Fig. 9, but for the wavenumber-2 components

Appendix 4: Observational composites from HadISST1.1, with El Nifio (La Nifia) years identified
when +1 (- 1) standard deviation is exceeded (18 EN and

Figure 15 shows JFM composites of El Nifio (top left) and 19 LN years). The bottom panels display the symmetric

La Nifia (top right) SLP anomalies using data from ECMWF  (left) and asymmetric (right) components of the response.

ERA-20C (Poli et al. 2016) over 1900-2010. The compos-

ites are built according to the JFM Nino3.4-index computed
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(a) EN (ERA-20CR) SLP

hPa

Fig. 15 Top: JFM composites of a El Nifio b La Nifia ¢ El Nifio-
La Nina and d El Nifio+La Nifia anomalies using SLP data from
ECMWF ERA-20C (Poli et al. 2016) over 1900-2010. Black con-
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(a) EN+LN (EC-EARTH) SLP

(c) EN+LN (CNRM) SLP

hPa

hPa

Online Resource 1. EN+LN ensemble-mean SLP anomalies in JFM: EC-EARTH (top), CNRM (middle),
CMCC (bottom). Blue contours show values exceeding the color scale limit at -8, -12,-16 hPa. Black

contours indicate statistically significant areas at the 95% confidence level
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(b) LN (EC-EARTH) ERWS200
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Online Resource 2. Ensemble-mean 200-hPa ERWS anomalies for (left) EN and (right) LN with respect
to CTL in JFM: EC-EARTH (top), CNRM (middle), CMCC (bottom). Only statistically significant

anomalies (95% confidence level) are shown. Anomalies are smoothed in CMCC for clarity

o7






Chapter 4

Multi-model assessment of
the late-winter stratospheric
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This chapter contains the research article Mezzina et al. 2021b and addresses
objectives 1 and 4 from Sect. 1.3.
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Abstract

The impact of El Nifio-Southern Oscillation (ENSO) on the late-winter extra-tropical stratosphere (January—March) is
assessed in a multi-model framework. Three state-of-the-art atmospheric models are run with prescribed SST anomalies
representative of a strong ENSO event, with symmetric patterns for El Nifio and La Nifia. The well-known temperature
perturbation in the lower stratosphere during El Nifio is captured by two models, in which the anomalous warming at polar
latitudes is accompanied by a positive geopotential height anomaly that extends over the polar cap. In the third model, which
shows a lack of temperature anomalies over the pole, the anomalous anticyclone is confined over Canada and does not expand
to the polar cap. This anomalous center of action emerges from the large-scale tropospheric Rossby wave train forced by
ENSO, and shrinking/stretching around the polar vortex is invoked to link it to the temperature response. No disagreement
across models is found in the lower stratosphere for La Nifia, whose teleconnection is opposite in sign but weaker. In the
middle-upper stratosphere (above 50 hPa) the geopotential height anomalies project on a wavenumber-1 (WN1) pattern for
both El Nifio and, more weakly, La Nifia, and show a westward tilt with height up to the stratopause. It is suggested that this
WNI1 pattern arises from the high-latitude lower-stratospheric anomalies, and that the ENSO teleconnection to the polar
stratosphere can be interpreted in terms of upward propagation of the stationary Rossby wave train and quasi-geostrophic
balance, instead of wave breaking.

Keywords ENSO - Atmospheric teleconnections - Climate modeling - Stratosphere

1 Introduction

When referring to El Nifio-Southern Oscillation (ENSO),

the term “stratospheric pathway” is now commonly used to
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2016; Weinberger et al. 2019), although there is still some
controversy as to whether this atmospheric response is truly
symmetric (e.g. Manzini et al. 2006; Hurwitz et al. 2014;
Rao and Ren 2016a, b; Hardiman et al. 2019), where the
skewness of the ENSO forcing may play a role. Addressing
the (a)symmetry of the ENSO stratospheric response is one
of the aims of the present model-based study, taking advan-
tage of an experimental set-up with symmetric idealized SST
forcing to represent El Nifio and La Nifia.

The mechanisms leading to the ENSO response in the
polar stratosphere are also unsettled. The well-known tropo-
spheric Rossby wave train excited by ENSO (Horel and Wal-
lace 1981; Hoskins and Karoly 1981) has its first center of
action over the North Pacific and a second one over Canada.
Early studies suggested that during El Nifio the stationary
wave pattern is reinforced in the lower stratosphere by the
center of action over Canada, which strengthens the clima-
tological Aleutian High and vertically propagates to the
mesosphere (e.g. van Loon and Labitzke 1987; Hamilton
1993a, b, 1995; Sassi et al. 2004; Manzini et al. 2006). In
contrast, a more recent interpretation of the ENSO impact
on the polar stratosphere relies on the first center of action,
which strengthens and expands (weakens and contracts) the
climatological Aleutian Low in the troposphere during El
Nifio (La Nifa). Thus, for El Niflo, linear constructive inter-
ference is suggested to take place between the perturbed
Aleutian Low and the climatological stationary wave pat-
tern, and the opposite for La Nifia (e.g. Garfinkel and Hart-
mann 2008; Ineson and Scaife 2009). According to this view,
during El Nifio anomalous vertically-propagating planetary
waves grow with height and eventually break, decelerat-
ing the polar vortex and warming the stratosphere (e.g. see
Domeisen et al. 2019 for a review), while wave breaking
inhibition is associated with a stronger vortex during La
Niiia (e.g. Iza et al. 2016). In this study, we examine the
vertical structure of the ENSO-forced circulation anomalies
and their interaction with the climatological state and pro-
vide evidence to support the key roles of the center of action
over Canada and the stratospheric Aleutian High, as opposed
to the tropospheric Aleutian Low. In addition, by combining
this analysis with other diagnostics such as the Eliassen-
Palm (EP) flux and its divergence, we revisit the paradigm
of the stratospheric impact of ENSO through anomalous
“irreversible” (see Waugh and Polvani 2010 for a review)
wave breaking, with arguments based on large-scale dynam-
ics, including quasi-geostrophy and thermal wind balance.

Historically, the hypothesis of the stratospheric pathway
emerged in an effort to understand the elusive ENSO tel-
econnection to the North Atlantic-European (NAE) region
(e.g. Bronnimann 2007). The idea is that, as suggested for
other stratospheric perturbations (see Kidston et al. 2015
for a review), the stratospheric ENSO signal may propagate
downwards and project onto a dipolar sea-level pressure
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(SLP) pattern over the North Atlantic. This would be in
agreement with the observed late-winter (January—March)
“canonical” response to ENSO in the NAE sector, which
consists of a SLP dipole between mid and high latitudes (see
Bronnimann 2007 for a review). Mezzina et al. (2021) have
used the same multi-model ensemble employed in the pre-
sent study to analyze the tropospheric pathway of the ENSO
teleconnection and have concluded that this dipole (Fig. 1) is
mostly driven by the forced, tropospheric large-scale Rossby
wave train. By assessing the stratospheric response in the
same set of sensitivity experiments, we complement their
results and provide further evidence for the minor role of
the stratosphere in the late-winter ENSO teleconnection to
the NAE region.

Sudden stratospheric warmings (SSWs) are abrupt, non-
linear events that consist of a strong deceleration and warm-
ing of the polar vortex (Matsuno 1971), similar in sign to
the El Nifio effect, but with a different time-scale (daily-
weekly). They have been suggested to play a key role in the
stratospheric pathway of El Nifio to the NAE region (e.g.
Domeisen et al. 2015; Richter et al. 2015; Calvo et al. 2017;
Bell et al. 2009; Ineson and Scaife 2009; Butler et al. 2014),
or an amplifying role for the surface response (Cagnazzo and
Manzini 2009). The relationship with the La Nifia telecon-
nection is more obscure, and overall their implication during
ENSO events is not clear, as other studies consider SSWs
and ENSO as distinct sources of variability in the North
Atlantic (e.g. Polvani et al. 2017; Oehrlein et al. 2019).
Using the same set of sensitivity experiments as in the pre-
sent study, Palmeiro et al. (2021a) have concluded that while
ENSO modifies the seasonal-mean state of the polar vortex
by conditioning it to be more (less) easily perturbed dur-
ing El Nifo (La Nifia), the actual triggering of SSWs (at
higher-frequency time-scales) is largely unrelated to ENSO.
Based on their results, in this work only anomalies at the
seasonal time-scale are considered, which implicitly include
SSWs, but the occurrence of SSWs is not explicitly taken
into account, also in agreement with their minimal contribu-
tion to the seasonal-mean state (Garfinkel et al. 2012).

This study explores the impact of ENSO on the polar
stratosphere in late winter (JFM; January—March), follow-
ing the approach of Mezzina et al. (2020, 2021) to avoid
intra-seasonal issues between early and late winter in the
canonical NAE response (e.g. Ayarzagiiena et al. 2018;
King et al. 2018), and also in recognition of the fact that
the stratospheric response to El Niflo is not well established
until January (e.g. van Loon and Labitzke 1987; Manzini
et al. 2006; Ineson and Scaife 2009). Several model-based
studies have been published on this topic, but the fact that
the same suite of sensitivity experiments is run using three
state-of-the-art high-top models (i.e., with a well-resolved
stratosphere) adds strength to this work. Furthermore, the
experimental design, tailored to isolate the impacts of a
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(a) EN (EC-EARTH) Z850

Fig. 1 Ensemble-mean geopotential height response at 850 hPa
for EN (top) and LN (bottom) in JFM: EC-EARTH (left), CNRM
(middle), CMCC (right). Magenta contours show values exceeding

symmetric, observation-based El Nifio- and La Nifia-like
forcing, distinguishes our study from previous ones using
coupled models (e.g. Calvo et al. 2017), global SST forcing
(e.g. Weinberger et al. 2019) or idealized boundary condi-
tions (e.g. Trascasa-Castro et al. 2019).

We will assess, in a multi-model approach, the (a)sym-
metry of the late-winter response to El Nifio and La Nifia
in the lower (up to 50 hPa) and middle-upper (up to 1 hPa)
stratosphere separately, to highlight the different features.
Taking advantage of the different performances of the mod-
els, we will clarify what aspects of the ENSO response in the
polar stratosphere appear to be robust and we will provide a
consistent dynamical interpretation and/or implications for
the impact on temperature and zonal wind.

After describing the experiments and methodology
(Sect. 2), the models’ climatology in the stratosphere is
briefly analyzed (Sect. 3.1). Results on the SST-forced
atmospheric circulation are presented in the rest of Sect. 3,
first examining the zonal-mean response (Sects. 3.2-3.3),
then focusing on the lower stratosphere (Sects. 3.4-3.5) and
finally on the middle-upper stratosphere (Sect. 3.6). Addi-
tional remarks on the dynamical aspects of the temperature

(b) EN (CNRM) Z850

(c) EN (CMCC) 2850
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the color scale limit at — 100 m. Black contours (solid for positive,
dashed for negative anomalies) indicate statistically significant areas
at the 95% confidence level

response are presented in Sect. 3.7. The main findings are
summarized and discussed in Sect. 4.

2 Data and methods
2.1 Models and experimental set-up

This study makes use of a coordinated set of sensitivity
atmosphere-only experiments performed with three differ-
ent state-of-the-art atmospheric general circulation models
(AGCMs) that contribute to the European ERA4CS-funded
MEDSCOPE project. The experimental protocol, aimed
to isolate the atmospheric response to El Nifio (EN) and
La Nifla (LN), as compared to neutral conditions with
prescribed climatological SST (CTL), has already been
described in depth by Mezzina et al. (2021) and Benassi
etal. (2021). Here, only a short summary is provided. Com-
mon to all simulations is: (i) the background SST climatol-
ogy, computed from HadISST v2.2 (Titchner and Rayner
2014) over 1981-2010; (ii) fixed radiative forcings (GHG,
solar, ozone, aerosols) at year 2000, representative of
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present-day conditions; and, (iii) the ensemble size, con-
sisting of 50 winters. The baseline experiment (CTL) was
run for 50 years after spin-up, providing atmospheric ini-
tial conditions for the ENSO experiments. The anomalous
boundary conditions were created by regressing detrended
monthly SST anomalies onto the DJF Nifio3.4 index to set an
ENSO cycle from June (year 0) to May (year 1), restricted to
the central-eastern tropical Pacific (e.g. as in Jiménez-Esteve
and Domeisen 2019), and amplified to have a maximum
anomaly of 2.7/2.4 °C in DJF/JEM (e.g. as in Taguchi and
Hartmann 2006). The EN and LN SST forcings are sym-
metric and opposite in sign and can be considered as ideal-
ized strong eastern-Pacific events. Further details, including
visualization of the SST patterns, can be found in Mezzina
et al. (2021).

The AGCMs correspond to the atmospheric components
of the following climate models (with lon X lat grid/verti-
cal levels): EC-EARTH version 3.2, 512X 256/L91 up to
0.01 hPa (Davini et al. 2017); CNRM Climate Model version
6-1, 256 128/L91 up to 0.01 hPa (Voldoire et al. 2019;
Roehrig et al. 2020); CMCC Seasonal Prediction System
3,360 x 180/L46 up to 0.3 hPa (Sanna et al. 2017). These
three AGCMs are considered “high-top” models since they
properly resolve the stratosphere, particularly the northern
polar stratosphere. They also simulate QBO-like variability
in the tropical stratosphere (e.g. see Palmeiro et al. 2020 for
EC-EARTH), but the potential impact of the (internally-gen-
erated) QBO on the ENSO teleconnections has been mini-
mized as all simulations start from the same atmospheric
initial conditions from a continuous run, so that the different
easterly/westerly QBO phases are equally sampled in the
CTL and EN/LN experiments. More details on the AGCMs
can be found in Mezzina et al. (2021).

2.2 Diagnostics and methods

In quasi-geostrophic (QG) theory, large-scale Rossby wave
propagation and its interaction with the mean flow can be
diagnosed by the Eliassen-Palm (EP) flux (e.g. Andrews
et al. 1987; Vallis 2017):

F, = —pacos (p[u*v*]

F, = pacos quR—]J\; [v*T*]

where p is the air density, a is the Earth radius, ¢ is lati-
tude, R is the gas constant (287 m%s~2 K1), fis the Corio-
lis parameter or planetary vorticity, H is the scale-height
(7 km), and N? is the squared Brunt-Viisild buoyancy fre-
quency. [u*v*] is the eddy momentum flux and [v*T*] the
eddy heat flux, where * indicates perturbation from the
zonal-mean and /] denotes a zonal-mean. The divergence
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of the EP flux (V . F) appears in the momentum equation
and encapsulates the eddy forcing of the mean flow, with EP
flux divergence (convergence) implying acceleration (decel-
eration) of the zonal-mean zonal wind. These diagnostics are
examined in Sect. 3.3. Details on the scaling of F_ and F, are
described in the caption of Fig. 4.

The QG potential vorticity can be defined as (e.g.
Andrews et al. 1987; Vallis 2017):

where g is the gravity, f; is a suitable reference of the Corio-
lis parameter at some origin ¢ , (note that ® = fyy, with @
the geopotential), y is the geostrophic streamfunction, and
zis the vertical log-pressure coordinate. The first term is the
geostrophic relative vorticity (§ = V2y), the second repre-
sents the planetary vorticity (f = 2Qsin @), and the third
term is the stretching vorticity. The potential vorticity is con-
served following the (geostrophic) flow in the absence of
frictional and diabatic effects. The vertical gradient of y (and
its curvature, the second derivative) increases (decreases)
where relative vorticity decreases or becomes more anticy-
clonic (increases or becomes more cyclonic). This can be
more easily diagnosed by taking the (zonal-eddy) pertur-
bation potential vorticity (e.g. Plumb 1985; Andrews et al.

1987):
13 ow
R R
pdz\"N? 0z

Note that the two views presented above are dynami-
cally equivalent. In fact, from the zonal-mean QG poten-
tial vorticity equation, the divergence of the EP flux can
be expressed as (e.g. Andrews et al. 1987; Vallis 2017):
p'\V.F= [v*q*]; thereby, EP flux divergence (conver-
gence) is associated with a poleward flux of positive (nega-
tive) potential vorticity.

Furthermore, in hydrostatic balance, changes in poten-
tial vorticity can be related to temperature variations via
the hypsometric equation (e.g. Andrews et al. 1987):

H *
e Hhov
R oz

The link between potential vorticity and temperature
might be more easily interpreted using isentropic coordi-
nates and Ertel’s formulation (e.g. Vallis 2017), but this is
beyond the scope of the present study.

Ensemble-mean differences between the EN/LN experi-
ments and the CTL simulation are computed to estimate
the forced atmospheric response to ENSO. Statistical
significance has been assessed with a Student’s #-test for
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difference of means at the 95% confidence level. Note that
while monthly outputs were stored at several vertical lev-
els from 850 to 1 hPa, for daily outputs only seven vertical
levels in the stratosphere were available from the multi-
model: 200, 100, 70, 50, 30, 20, 10 hPa. Observational
composites based on reanalysis are shown and detailed in
Appendix 1.

3 Results
3.1 Stratosphere climatology

Since the aim of the study is to investigate the impact of
ENSO on the stratosphere, we first describe the models cli-
matological geopotential height (Z) at various levels (Fig. 2).
In the lower stratosphere (at 100 and 50 hPa, Fig. 2g-1), the
low-pressure center corresponding to the polar vortex (shad-
ing) is slightly off-centered with respect to the pole and elon-
gates towards Siberia and Canada, while it retracts over the
North Pacific due to the presence of a large-scale anticyclone
(the Rocky Mountain Ridge; Nigam and DeWeaver 2003)
that appears clearly in the zonal-eddy field (Z*, contours). In
the middle-upper stratosphere (at 10 and 1 hPa) the vortex
is much more zonally symmetric and stronger (Fig. 2a—f,
shading), although still showing marked deviations from the
pole. Here, the zonal-eddy field is dominated by an anti-
cyclone, the Aleutian High, and a cyclone, representing a
displacement of the vortex: together, they form a couplet
that tilts westward with height, indicating upward propaga-
tion of stationary wave activity, into the mesosphere (Harvey
and Hitchman 1996; Harvey et al. 2002). With increasing
height, the westerly winds strengthen so that only the longest
waves can propagate upwards (Charney-Drazin wave filter-
ing; Charney and Drazin 1961). Hence at 10 and 1 hPa a pre-
dominantly wavenumber-1 (WN1) pattern is found in the Z*
field (Fig. 2a—f), while some WN2 component is present at
50 hPa (Fig. 2g—i) and additionally some WN3 component at
100 hPa (Fig. 2j-1). All models capture these climatological
features well, although EC-EARTH systematically shows a
weaker vortex, particularly at 50 and 10 hPa (Fig. 2, left col-
umn; see Fig. 3a, g), a known bias of this model (Palmeiro
etal. 2021b).

3.2 Zonal-mean zonal wind and temperature

We begin the analysis of the ENSO impact on the strato-
sphere by examining the anomalous response of the zonal-
mean zonal wind in the EN experiment (Fig. 3, top row). A
negative anomaly north of 60°N is present in CNRM and
CMCQC, peaking in the middle stratosphere (~ 10 hPa) and
extending from the lowermost stratosphere to beyond 1 hPa
(although the statistical significance is model dependent;

Fig. 3b,c), implying a deceleration of the polar vortex
(Fig. 3b, c, green contours). In both models, this weaken-
ing of the westerly winds is accompanied by a warming of
the lower stratosphere north of 70°N (Fig. 3e,f), peaking at
approximately 100 hPa and extending from just above the
tropopause (green contour) to ~10 hPa, consistent with ther-
mal wind balance. Both the weakening of the vortex, in the
middle-upper stratosphere, and the warming of the polar cap,
in the lower stratosphere, are well-documented aspects of the
El Nifio teleconnection to the stratosphere and also appear
in our observational composites (Fig. 11a, ¢ in Appendix 1).
A different response, however, is found in the third model,
EC-EARTH, which fails to capture the expected changes in
the stratospheric polar cap (Fig. 3a, d). Note that, in contrast,
in the troposphere, a southward shift in the mid-latitude jet
is observed in all models (Fig. 3, top).

Interestingly, EC-EARTH does not show the same
wrong performance for LN: all three models show a robust
increase in the zonal-mean zonal wind at subpolar latitudes
maximizing at around 10 hPa, as well as a cooling over the
lower stratospheric polar cap (Fig. 3, third and fourth rows),
again consistent with thermal wind balance. In CMCC, the
response in EN is about 50% stronger than in LN, which is
also less significant (cf. Fig. 3c, f, i, and 1); on the contrary,
in CNRM, the magnitude of the anomalies appears compa-
rable or even stronger in LN (cf. Fig. 3b, e, h, and k), but, as
we will discuss later in Sect. 3.6, this is a consequence of the
zonal average. This almost linear response for LN was not
necessarily expected—although also found in other models
(e.g. Calvo et al. 2010; Hurwitz et al. 2014; Trascasa-Castro
et al. 2019; Weinberger et al. 2019)—given that the observed
La Nifia signal is weak and not significant in our composites
(Fig. 11e, g) or other observational studies (e.g. Manzini
et al. 2006).

Note also that EC-EARTH simulates a weaker, south-
ward shifted polar vortex compared to CNRM and CMCC
(Fig. 3, green contours). This difference in the mean flow
may have some impacts, but it is unlikely a relevant fac-
tor for the discordant EN signal in EC-EARTH, given that
the same behavior is not observed for LN. This peculiarity
of the ENSO response in EC-EARTH and the comparison
with the other two models offers a unique opportunity to
clarify the key mechanisms of the ENSO teleconnection to
the stratosphere.

3.3 Eliassen-Palm flux and divergence

Changes in the upward propagation and breaking of plan-
etary waves is commonly considered as the main factor
driving the ENSO impact on the polar stratosphere. Fail-
ure in capturing this anomalous wave-mean flow interac-
tion may be responsible for the unrealistic response in the
zonal-mean zonal wind and temperature in EC-EARTH for
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(a) CTL (EC-EARTH) Z1 (b) CTL (CNRM) Z1 (c) CTL (CMCC) z1
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Fig.2 JFM climatology of geopotential height (shading) and zonal- EC-EARTH (left), CNRM (middle), CMCC (right). Contour inter-
eddy geopotential height (contours) from CTL at 1 hPa (first row), val: + 100, £ 300, + 500 in the first two rows; +50,+ 150, 4250 in the
10 hPa (second row), 50 hPa (third row) and 100 hPa (fourth row): two bottom rows
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Fig.3 a-f Ensemble-mean zonal-mean zonal wind (top row) and line in the temperature panels depicts the tropopause level from CTL,
temperature (second row) anomalies for EN with respect to CTL in according to the WMO’s definition (lowest level at which the lapse
JFM: EC-EARTH (left), CNRM (middle), CMCC (right). g-1 Same rate decreases to 2 °C/km or less). Dotted areas indicate statistical

Latitude

as (a—f), but for LN. Green contours in the zonal wind panels show significance at the 95% confidence level

its climatology from CTL (contour interval: 10 ms™") and the green
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Fig.4 Top: EP flux (arrows) and EP-flux divergence (shading) anom-
alies for EN with respect to CTL in JF: EC-EARTH (left), CNRM
(middle), CMCC (right). Bottom: same as Top, but for LN. The EP
flux is shown as F/pa and scaled by 4/1000/p as in Taguchi and

EN. To explore this possibility, we examine the anomalous
EP flux and its divergence (Fig. 4; see Sect. 2.2). Although
the wave driving of the stratospheric circulation might be
almost instantaneous (e.g. Shaw et al. 2014), we only con-
sider JF, as in previous studies, as that is when the ENSO-
related anomalous wave injection is expected to peak (e.g.
Garcia-Herrera et al. 2006; Bell et al. 2009). We begin by
analyzing the divergence of the EP flux, V - F' (Fig. 4, shad-
ing), recalling that negative (positive) anomalies indicate
divergence (convergence) of zonal momentum (u#*v*) and
deceleration (acceleration) of the flow. For EN (Fig. 4, top),
a dominant negative V - F anomaly is present in all cases
throughout the atmosphere, in agreement with previous stud-
ies (e.g. Taguchi and Hartmann 2006; Trascasa-Castro et al.
2019), but with differences in magnitude and significance. In
particular, all models show maximum EP-flux convergence
in mid-latitudes at lower levels (below 70 hPa), consistent
with the weakening of the tropospheric jet at its poleward
flank (Fig. 3, top), observed even in EC-EARTH (Fig. 3a).
Another negative maximum is present at higher latitudes
in the upper levels (~ 10 hPa), which is consistent with the
middle stratospheric anomalies in zonal-mean zonal wind
in CMCC and CNRM (Fig. 3b, c) but inconsistent with the
(lack of) signal in EC-EARTH (Fig. 3a). This inconsistency
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Hartmann (2006); to improve visibility, F, is multiplied by 100, as in
Rao and Ren (2016a). Black contours (solid for positive, dashed for
negative anomalies) indicate statistical significance at the 95% confi-
dence level for the EP-flux divergence

suggests that anomalous wave breaking may not actually
drive the weakening of the polar vortex in these models. This
hypothesis is further supported by the anomalous EP flux
divergence in LN (Fig. 4g—i), which is qualitatively sym-
metric to that in EN, in agreement with previous studies
(e.g. Iza et al. 2016; Trascasa-Castro et al. 2019), but much
weaker and less significant, particularly in CNRM (Fig. 4e)
even though that is the model with the largest strengthening
of the polar vortex (Fig. 3h).

The vertical component of the EP flux (F,), which is
proportional to [v*T*], is related to the vertical propaga-
tion of wave activity, and thus upward (downward) point-
ing vectors suggest enhanced (reduced) wave propagation
towards higher levels. In EN, all models show EP-flux
vectors pointing poleward in the lower stratosphere (up to
50 hPa; recall that Fy is proportional to —[u*v*]), and again
behave similarly at 10 hPa, where they tend to turn equa-
torward (Fig. 3a—c). Between 50 and 10 hPa, the EP-flux
vectors in CNRM and CMCC turn upwards at high lati-
tudes (north of 60°~70° N), while the vertical component
of the EP flux seems negligible in EC-EARTH, a difference
that we will further discuss in Sect. 3.6. In LN, the EP-
flux vectors do not clearly indicate a suppression of wave
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propagation, except in the upper levels and at high latitudes
(Fig. 4, bottom).

3.4 Longitude-latitude structure of temperature
anomalies in the lower stratosphere

While zonal-mean profiles are a common approach to exam-
ine the vertical structure of the ENSO anomalies, looking at
the spatial distribution of the signal in the longitude-latitude
plane at some key levels is convenient to gain further insight
into the models’ response (e.g. Baldwin and O’Sullivan

(a) EN (EC-EARTH) T50

Fig.5 Ensemble-mean temperature anomalies for EN with respect
to CTL in JFM at 50 (top), 100 (middle) and 200 hPa (bottom): EC-
EARTH (left), CNRM (middle), CMCC (right). Black contours (solid

(b) EN (CNRM) T50

1995; Sassi et al. 2004; Manzini et al. 2006; Garfinkel and
Hartmann 2007; Cagnazzo and Manzini 2009). Due to the
wave filtering exerted by strong westerly winds, different
anomalous patterns are expected in the lower and middle-
upper stratosphere, similarly to what is seen in the clima-
tology (see Sect. 3.2): for this reason, here we show maps
of anomalous temperature at 200, 100 and 50 hPa (Figs. 5
and 6), while the response above 50 hPa is discussed in
Sect. 3.6. Note that in mid-latitudes and further north, the
200 hPa level is located above the tropopause (see green
contour in Fig. 3). For EN, the lowermost stratosphere shows

(c) EN (CMCC) T50

for positive, dashed for negative anomalies) indicate statistically sig-
nificant areas at the 95% confidence level
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(a) LN (EC-EARTH) T50

Fig.6 Ensemble-mean temperature anomalies for LN with respect
to CTL in JFM at 50 (top), 100 (middle) and 200 hPa (bottom): EC-
EARTH (left), CNRM (middle), CMCC (right). Black contours (solid

a cooling at subpolar latitudes over North America and the
North Atlantic (Fig. 5g—i). The peak in the warming of the
polar cap in a zonal-mean sense is found around 100 hPa
(Fig. 3b, c), but a positive temperature anomaly over polar
latitudes is already present at 200 hPa in CMCC and CNRM,
albeit displaced towards the North Pacific sector (Fig. 5h, i).
While the subpolar cooling is also present in EC-EARTH,
the warming over the polar cap is strikingly absent (Fig. 5g),
indicating that this model is not simulating a displaced or
weaker response masked by the zonal mean but is not yield-
ing a response over the polar cap at all. The same situation
is seen at higher levels, where CNRM and CMCC show an
even stronger polar warming (Fig. 5b, c, e, and f), while EC-
EARTH lacks any significant signal in that region (Fig. 5a,
d). Note that, in contrast, no discrepancy is found between
the models in the troposphere (Fig. S1). For LN (Fig. 6),
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(b) LN (CNRM) T50

(c) LN (CMCC) T50

for positive, dashed for negative anomalies) indicate statistically sig-
nificant areas at the 95% confidence level

instead, and as with the zonal mean (Fig. 3, bottom row), the
temperature response is similar across the models, with the
main feature being the cooling over the polar cap between
200 and 50 hPa, which, as in the case of EN, is located in the
North Pacific sector (Fig. 5d—i). The temperature anomalies
are weaker than in EN (by ~25% for the polar anomaly) but
significant, even in EC-EARTH. In the observational com-
posites, the polar cap anomalies appear more zonally sym-
metric (Fig. 11d), but the statistical significance for La Nifia
is limited to the North Pacific sector (Fig. 11h).

3.5 Longitude-latitude structure of geopotential
height anomalies in the lower stratosphere

To gain further insight into the lower stratospheric response,
we now examine maps of anomalous geopotential height
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(a)EN(EC-EARTH) Z50

Fig.7 Ensemble-mean geopotential height anomalies for EN with
respect to CTL in JFM at 50 (top), 100 (middle) and 200 hPa (bot-
tom): EC-EARTH (left), CNRM (middle), CMCC (right). Orange
and magenta contours show values exceeding the color scale limit

at 200, 100 and 50 hPa (Figs. 7 and 8). For EN (Fig. 7), a
prominent difference stands out between EC-EARTH and
the other two models: the magnitude and extension of the
high-latitude positive center of action. In CNRM and CMCC
(Fig. 7, middle and right columns), the positive anomaly
at 200 hPa is stronger over North America with moderate
values over the polar cap (Fig. 7h,i). It strengthens with
increasing height (Fig. 7e,f), comparing well with the rea-
nalysis (Fig. 11b), and shows maximum amplitude at 50 hPa
north of 70°N (Fig. 7b, ¢) and again, like the temperature

(b)EN(CNRM) Z50

(c)EN(CMCC) Z50

140
120
100

at+200, and +300 m. Black contours (solid for positive, dashed for
negative anomalies) indicate statistically significant areas at the 95%
confidence level

anomalies, placed in the North Pacific sector (Fig. 5b, c, e,
f, h, and i). The anomalous anticyclonic circulation associ-
ated with this high-pressure system over the polar cap is
also dynamically consistent with the weakening of the lower
stratospheric westerly winds (Fig. 3b, c), in accordance with
quasi-geostrophic balance. In EC-EARTH, by contrast, this
positive center of action has smaller amplitude already at
200 hPa (Fig. 7g). More importantly, while it is centered
over Canada as in the other two models, it only weakly
extends towards the pole. At upper levels, it further weakens
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(a)LN(EC-EARTH) Z50

Fig.8 Ensemble-mean geopotential height anomalies for LN with
respect to CTL in JFM at 50 (top), 100 (middle) and 200 hPa (bot-
tom): EC-EARTH (left), CNRM (middle), CMCC (right). Black con-

over the polar cap, where it shows almost no signal, and is
confined to the Western Hemisphere between ~ 180° and
120° W (Fig. 7d, a). The lack of circulation anomalies over
the polar region agrees with the missing response in the
zonal-mean zonal wind at 100 and 50 hPa (Fig. 3a), again
in accordance with quasi-geostrophic balance, drawing the
attention to this anomalous anticyclone over Canada, as
already noted by Sassi et al. (2004). Note that, in all mod-
els, the negative anomaly in the Pacific (the first center of
action of the Rossby wave train forced by EN) reinforces the
climatological Aleutian Low in the troposphere, but in the
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(b)LN(CNRM) Z50

(c)LN(CMCC) Z50

140
120
100

-100
=120
=140

tours (solid for positive, dashed for negative anomalies) indicate sta-
tistically significant areas at the 95% confidence level

stratosphere it is mostly superimposed to positive values of
the climatological stationary wave pattern, preventing linear
constructive interference over the mid-latitude eastern North
Pacific (cf. Figures 7 and 2g-1). In the North Atlantic sector,
the dipole-like pattern near the surface (Fig. 1a—c) extends
to only 200 hPa (Fig. 7g—i), with only the southern lobe
remaining at 100 hPa and disappearing beyond that.
Similarly to what was observed for temperature, EC-
EARTH largely agrees with the other models for LN
(Fig. 8). The forced wave train tends to be shifted westward
in mid-latitudes compared to its EN counterpart (Mezzina
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et al. 2021) and the negative anomaly over Canada peaks
at higher latitudes, i.e., north of 70°N (cf. bottom rows in
Figs. 7 and 8). It amplifies with increasing altitude but main-
tains its structure, largely covering the polar cap (Fig. 8a—f),
although slightly displaced towards the North Pacific sector,
like the temperature anomalies (Fig. 6a—f). The anomalous
cyclonic circulation associated with this low-pressure system
over the polar cap is again consistent with the strengthen-
ing of the zonal-mean westerly winds at lower stratospheric
levels (Fig. 3h-i), according to quasi-geostrophic balance.
As for temperature, weak significance is found in the obser-
vational composite for La Nifia (Fig. 11f), in line with the
zonal-mean zonal wind response (Fig. 11e).

We have found that EC-EARTH is able to capture the
expected geopotential height response for LN, but not for
EN, in contrast to the other models (which behave symmetri-
cally). While this model is not completely failing in simulat-
ing the anomalous high over Canada in EN, the lack of posi-
tive geopotential height anomalies over the polar cap in the
lower stratosphere is consistent with the wrong zonal wind
response and appears to be related to the missing warming
of the lower stratosphere.

3.6 ENSO signal in the middle-upper stratosphere

We now turn to the middle-upper stratosphere and examine
in detail the circulation (Z) response to ENSO above 50 hPa.
For EN (Fig. 9), CNRM and CMCC show already at 10 hPa
a pattern with a strong WN1 component, which dominates at
all levels (Fig. 9, middle and right columns). This response
appears to be related to the lower-stratospheric anomalies,
which propagate upwards, as suggested by the westward tilt
with height, and adopt this predominantly WN1 structure
due to the stronger westerly winds and the Charney-Drazin
wave filtering (Fig. 2; see Sect. 3.1). In these two models,
the geopotential height anomalies, which grow in ampli-
tude with increasing height (cf. Figures 9 and 7), are largely
in phase with the climatological wave pattern at all levels.
In particular, the positive anomaly strengthens the strato-
spheric Aleutian High, while the negative one reinforces the
cyclonic circulation associated with the vortex displacement
in the North Atlantic sector (cf. Figs. 9 and 2): the net result
is a weakening of the vortex (Fig. 3b, c) and a displacement
towards Greenland (e.g. Harvey and Hitchman 1996; Harvey
et al. 2002; Nigam and DeWeaver 2003). In EC-EARTH, in
contrast, the 10 hPa pattern is more reminiscent of a WN2
structure, related to the distinct lower stratospheric response
and to the weaker climatological winds between 50 and
10 hPa (Fig. 3a), which do not effectively filter out smaller
components. At 5 and 1 hPa, the winds are strong enough
for the WN1 component to become dominant (Figs. 3a, 9a,
d) and the response is more similar to that of the other two

models, again showing a strengthening of the stratospheric
Aleutian High. Note, however, that the anomalies barely
reach the polar cap, which is consistent with the errone-
ous response in the zonal-mean zonal wind at high latitudes
(Fig. 3a).

The westward tilt with height of the anomalies in the
middle-upper stratosphere is a common aspect to all mod-
els (Fig. 9) that indicates upward propagation of (station-
ary) wave activity, which is in turn associated with positive
anomalous v*T™ (see Sect. 2.2). This would appear to be in
contrast with the lack of a vertical EP-flux component in EC-
EARTH between 50 and 10 hPa (Fig. 4a); we note, however,
that anomalous positive v*T* is present at 50 hPa outside
the polar cap (Fig. 12d), cancelling out in the zonal mean.
It is only at 10 hPa that anomalous positive v*T™* appears at
high latitudes, north of 70°N, and dominates the zonal mean
(Fig. 12a), consistent with the EP-flux vectors and in agree-
ment with CNRM and CMCC (Figs. 4, 12). Therefore, there
is upward wave propagation from the lowermost through-
out the middle-upper stratosphere in all models, including
EC-EARTH.

As before, for LN there is more consistency across the
models (Fig. 10), although CMCC shows a stronger WN1
pattern that is symmetric in structure to that in EN (cf.
Figs. 9 and 10, right column): here, the anomalies are out of
phase with the climatological stationary eddy field and the
stratospheric Aleutian High is weakened, thereby the vortex
is reinforced and shifted towards the North Pacific sector (cf.
Figs. 10 and 2, right columns). While it is less evident, in
EC-EARTH and CNRM, the cyclonic anomaly is also off-
centered with respect to the pole, towards the North Pacific
(Fig. 10, left and middle columns), hence also destructively
interfering with the climatological Aleutian High (see
Fig. 2). This overall WN1 component of the response to
La Nifia in the upper stratosphere (see also Mezzina et al.
2021) is in agreement with the model results of Manzini
et al. (2006). In all models, the westward tilt with height
is again evident, but less pronounced than for EN. While
the amplitude of the circulation anomalies slightly increases
with height from the lower (Fig. 8) to the middle strato-
sphere, they weaken and lose statistical significance at the
stratopause (1 hPa), particularly in EC-EARTH (Fig. 10a)
and CMCC (Fig. 10c), which may be indicative of wave
dissipation at this level.

Note that the response in LN is again weaker than in EN,
highlighting the importance of examining longitude-latitude
maps of the anomalies at some key levels to complement
the zonal-mean analysis, which instead showed a similar
amplitude for EN and LN in CNRM (see Sect. 3.2), due
to the WNI1 character of the response. This is also true for
the temperature anomalies, which appear to be confined to
the lower stratosphere in the zonal mean (Fig. 3), but are in
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(a)EN (EC-EARTH) Z1

==

for EN

Fig.9 Ensemble-mean geopotential height anomalies
with respect to CTL in JFM at 1 (top), 5 (middle) and 10 hPa (bot-
tom): EC-EARTH (left), CNRM (middle), CMCC (right). Orange
and magenta contours show values exceeding the color scale limit

fact present with a similar WNT1 pattern in the middle-upper
stratosphere (not shown; in agreement with Sassi et al. 2004;
Mangzini et al. 2006).

3.7 Interpreting the polar cap temperature
anomalies

The presented results suggest that the ENSO circulation
anomalies in the stratosphere are mainly associated with a
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(b)EN (CNRM) Z1

(c)EN (CMCC) Z1

3
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at+200, +300, +400 and + 500 m. Black contours (solid for positive,
dashed for negative anomalies) indicate statistically significant areas
at the 95% confidence level

propagating wave rather than a dissipating wave, in agree-
ment with previous studies (e.g. Sassi et al. 2004; Manzini
et al. 2006). It relies on the SST-forced, stationary tropo-
spheric Rossby wave train, which propagates upwards and
is eventually filtered into a WN1 pattern with no apparent
wave breaking. As such, and since the fundamental mecha-
nism underlying Rossby wave propagation is that potential
vorticity of the fluid parcels is conserved (e.g. Vallis 2017),
the ENSO temperature anomalies in the lower stratosphere,
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(a)LN (EC-EARTH) Z1

Fig. 10 Ensemble-mean geopotential height anomalies for LN
with respect to CTL in JEM at 1 (top), 5 (middle) and 10 hPa (bot-
tom): EC-EARTH (left), CNRM (middle), CMCC (right). Orange
and magenta contours show values exceeding the color scale limit

which are in hydrostatic balance with the geopotential height
anomalies (see Fig. S2 in the Supplementary Material), could
be interpreted in terms of changes in stretching vorticity (see
Sect. 2.2). For EN, linked to the anomalous anticyclonic cir-
culation over Canada, a decrease in relative vorticity would
be balanced by anomalous shrinking of some layers in the air
column, implying an anomalous differential warming while
conserving angular momentum. Yet, where horizontal motion
dominates vertical motion, i.e. mid-latitudes, changes in thick-
ness are negligible; hence, for this shrinking to be effective,
the wave train has to reach the polar vortex region (Fig. 2), as
in CNRM and CMCC (Fig. 7, middle and right column), but
not in EC-EARTH (Fig. 7, left column). For LN, similarly,

(b)LN (CNRM) Z1

(c)LN (CMCC) 21

3

140

100

-100
-120
-140

at+200, +300, +400 and + 500 m. Black contours (solid for positive,
dashed for negative anomalies) indicate statistically significant areas
at the 95% confidence level

the anomalous cyclonic circulation at high latitudes would be
associated with anomalous stretching and differential cool-
ing, to balance the increase in relative vorticity. In this case,
however, the arching pathway of the wave train is such that it
consistently spreads over the polar vortex region in the three
models (Fig. 8), yielding a robust cooling of the polar cap
(Figs. 3j-1, 6).

This framework of thermodynamic adjustment in the lower
stratosphere, based on the balance of relative vorticity and
stretching vorticity, operates at monthly time-scale in both the
EN and LN experiments (see Figs. S3—S8 in the Supplemen-
tary Material). Further research is warranted to explore this
hypothesis more in depth.
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4 Summary and discussion

We have used three state-of-the-art atmospheric models
(EC-EARTH, CNRM and CMCC) and 50-member ensem-
bles to study the impacts of idealized and symmetric El
Nifio and La Nifia SST forcings on the Northern Hemi-
sphere polar stratosphere in late winter (JFM). We have
analyzed the ensemble-mean responses to strong ENSO
events and found that they are similar to each other and
to observations for La Nifia, but not for El Niflo, whose
response is misrepresented by one of the models, and have
profited from this difference to investigate the driving
mechanisms of the ENSO teleconnection to the polar strat-
osphere. It is commonly considered that anomalous verti-
cal propagation and breaking of planetary waves is key
for the ENSO impact on the polar vortex. However, our
results suggest that the ENSO response in the stratosphere
is mainly driven by the upward propagation of the wave-
number-1 (WN1) component of the tropospheric Rossby
wave train triggered by ENSO, starting over Canada at
the tropopause and reaching the stratopause while tilting
westward with height and projecting on the stratospheric
Aleutian High. At lower stratospheric levels, the ENSO-
forced geopotential height anomalies at high latitudes are
hydrostatically consistent with temperature anomalies
around the polar vortex, which is interpreted in terms of
shrinking/stretching since they are linked to a (reversible)
distortion of the vortex without wave breaking. In accord-
ance with quasi-geostrophic balance, the geopotential
height anomalies associated with the upward propagation
of the high-latitude WN1 pattern are responsible for the
zonal wind anomalies related to the polar vortex. These
temperature and zonal wind perturbations in the zonal
average are those required to maintain thermal wind bal-
ance, implying a consistent anomalous vertical zonal-wind
shear at middle-upper stratospheric levels. In the follow-
ing, our main findings are discussed into context:

1. The two models that properly capture the well-known
temperature and zonal wind El Nifio signal in the late-
winter stratosphere, i.e. warming at lower levels at polar
latitudes and weakening of the polar vortex, indicate that
the response to La Nifia is symmetric in terms of opposite
signed-patterns, but has smaller amplitude (about half).
Mixed results are present in the literature concerning this
(a)symmetry. The studies around the time of Bronnimann’s
(2007) review and in the subsequent years only addressed
the impact of El Nifio (e.g. Bell et al. 2009; Cagnazzo and
Manzini 2009; Ineson and Scaife 2009) or mainly followed
a linear El Nifio-La Nifia approach (e.g. Sassi et al. 2004;
Taguchi and Hartmann 2006), although in some cases
weaker and less significant anomalies for La Nifia were
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reported (e.g. Manzini et al. 2006). More recently, Hurwitz
et al. (2014), Rao and Ren (20164, b) and Hardiman et al.
(2019) found a large degree of symmetry in the polar strato-
spheric response to strong, canonical El Nifio and La Nifia
events, as did Calvo et al. 2017 (El Nifio) and Iza et al. 2016
(La Nifia), using coupled simulations and several reanalysis
products. Weinberger et al. (2019) examined a 41-member
ensemble forced with observed SSTs and also found linear-
ity for El Nifio and La Nifia. Trascasa-Castro et al. (2019)
used an idealized, symmetric ENSO-like SST forcing of
increasing amplitude: for strong events, they found win-
ter anomalies in the zonal-mean zonal wind and EP flux/
divergence symmetric in sign but weaker in La Nifia. Our
results in the stratosphere are similar to what Mezzina et al.
(2021) found for the troposphere, where the asymmetry
in the magnitude of the response was related to the differ-
ent energy available from the tropical Pacific in the two
ENSO phases (linked to total SSTs). They suggested that
the asymmetry in the tropospheric and surface response
is not indicative of different mechanisms at play for the
teleconnection of El Nifio and La Nifia, and here we reach
the same conclusion for the impacts on the stratosphere.

The anomalous circulation over Canada of tropospheric
origin is key for the ENSO response in both the lower
and middle-upper stratosphere. In the case of El Nifio (La
Nifia), it is an anticyclonic (cyclonic) circulation belong-
ing to the large-scale Rossby wave train that constitutes
the main feature of the tropospheric response to ENSO.
In the two models that are properly capturing the strato-
spheric response to El Nifio, this center of action extends
north of 70° N even at 200 hPa and increases with height
in amplitude and extent, reinforcing the climatological
Aleutian High in the middle-upper stratosphere. In the
model that does not capture the weakening of the vor-
tex and the lower-stratospheric warming, the anomalous
center of action remains confined outside the polar cap at
all levels, growing with height only in the upper strato-
sphere (above 10 hPa), where it also reinforces the Aleu-
tian High. For La Nifia, instead, the anomalous cyclonic
circulation is correctly placed in all the models, possi-
bly because of the slightly different arching path of the
tropospheric Rossby wave train (Mezzina et al. 2021).
As reviewed by Bronnimann (2007), the relevance of the
ENSO-related geopotential height anomaly over Canada
was already reported in the earlier works addressing
the ENSO impacts on the stratosphere (van Loon and
Labitzke 1987; Hamilton 1993a, b, 1995; Baldwin and
O’Sullivan 1995), and was later stressed by other studies
such as Sassi et al. (2004), Manzini et al. (2006) and Cag-
nazzo and Manzini (2009). In this latter work, the authors
presented results from a “high-top” model that simulates,
for El Nifio, an anomalous anticyclone at 50 hPa expand-
ing over the polar cap, and from a “low-top” model for
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which the anomaly remains confined over Canada, simi-
larly to EC-EARTH (see their Fig. 3); they also found
that the zonal-mean temperature anomaly at 80°N was
weaker in the “low-top” model (see their Fig. 1). That this
anomalous circulation over Canada could play such a key
role is somewhat in contrast with the more recent inter-
pretation of the ENSO teleconnection to the stratosphere
in terms of linear constructive (destructive) interference
of the strengthened (weakened) tropospheric Aleutian
Low during El Nifio (La Nifia) with the climatological
wave pattern in the North Pacific mid-latitudes (e.g. Gar-
finkel and Hartmann 2008; Ineson and Scaife 2009; see
the review by Domeisen et al. 2019). Our results instead
agree with the early studies and stress the crucial role of
the anomalous circulation over Canada.

3. We suggest that the temperature anomalies in the lower
stratosphere could be interpreted in terms of shrinking/
stretching. The anomalous relative vorticity associated with
the center of action over Canada, anticyclonic (cyclonic)
for El Nifio (La Nifia), is balanced by anomalous shrink-
ing (stretching) at polar latitudes, whose thermodynami-
cal adjustment imply anomalous differential warming
(cooling). We note that this anomalous circulation over
Canada constitutes the key center of action of the wave-
number-1 (WN1) pattern that is filtered as it propagates
vertically through the stratosphere. Our results suggest an
alternative view to the current understanding of the ENSO
impact on the stratosphere, based on the wavenumber-0
(WNO) response of the polar vortex driven by increased
(decreased) wave forcing during El Nifio (La Nifia), asso-
ciated with a deceleration (acceleration) and a warming
(cooling) (see Domeisen et al. 2019 for a review). Our find-
ings, instead, agree with previous works showing that the
zonally-asymmetric, WN1 response to ENSO prevails over
WNO, zonal-mean changes of the stratospheric circulation
(e.g. Hamilton 1993a, 1993b; Baldwin and O’Sullivan
1995; Sassi et al. 2004), as well as with theoretical con-
siderations where stationary, conservative, linear planetary
waves, such as the ENSO-forced Rossby wave train, are
incapable of inducing changes in the zonal-mean strato-
spheric flow (see Andrews et al. 1987 for a review).

4. The ENSO signal in the middle-upper stratosphere (above
50 hPa) projects onto a WN1 pattern, reminiscent of the
climatological stationary eddy, for both El Nifio and, more
weakly, La Nifia. The El Nifio- (La Nifia-) related geo-
potential height anomalies are in phase (out of phase) with
the climatological wave pattern and reinforce (lessen) the
climatological Aleutian High in the middle-upper strato-
sphere, resulting in a weakening (strengthening) of the
polar vortex and a displacement towards the North Atlantic
(North Pacific) sector. These features have been reported in
previous works, from earlier (e.g. van Loon and Labitzke
1987; Hamilton 1993a, b, 1995; Sassi et al. 2004; Manzini

et al. 2006) to more recent ones (e.g. Rao and Ren 2016a,
b), but only for El Nifio. Moreover, the anomalies show a
westward tilt with height, which indicates upward propaga-
tion of wave activity, as reported in the same earlier stud-
ies (e.g. Hamilton 1995; Sassi et al. 2004; Manzini et al.
2006). Our results suggest that this response is related to
the upward propagation of the lower-stratospheric anoma-
lies and that thus wave breaking is not associated with this
response (see point 3.); instead, the wave activity continues
to propagate upwards into the higher stratosphere and the
mesosphere, aligned with Sassi et al. (2004).

The results presented here complement those of
Mezzina et al. (2020, 2021) in suggesting that the
ENSO signal over the NAE region, the “canonical”
SLP dipole between mid and high latitudes, is mostly
driven by the tropospheric pathway. Indeed, even in EC-
EARTH the canonical SLP dipole is present during El
Nifio—although weaker over high latitudes compared to
the other models—despite the erroneous stratospheric
response. However, we acknowledge that lower-strato-
spheric circulation anomalies may propagate to the sur-
face and induce SLP anomalies at polar/high latitudes
via, for example, the same potential vorticity adjustment
described above, as suggested by Ambaum and Hoskins
(2002). Experiments with a stratosphere nudged to clima-
tology (versus a free stratosphere), as in Jiménez-Esteve
and Domeisen (2019), would allow to further isolate
the stratospheric and tropospheric contributions to the
ENSO-NAE signal.

There are many scientific questions concerning the
ENSO impact on the stratosphere and the teleconnection
to the NAE sector that remain open, but one that is not
often discussed concerns a secondary center of action in
SLP that was noticed, but not discussed, in Mezzina et al.
(2020, 2021). It appears over Europe in the geopotential
height field in the troposphere and lower stratosphere
(Figs. 7, 8), albeit not always clearly. It is not straight-
forward to associate this anomaly with tropospheric pro-
cesses, such as a split of the main wave train crossing
the North Pacific-American sector (Garcia-Serrano et al.
2011) or a secondary wave train triggered from the tropical
Atlantic (Toniazzo and Scaife 2006), or with stratospheric
ones, e.g. linked to the displacement of the polar vortex at
50-10 hPa, nor is it clear its role in the teleconnection, for
which investigation is required.

Appendix 1: observational composites
Figure 11 shows observational composites of El Nifio

(a—d) and La Niifia (e-h) in JFM. We use the same dataset
(ECMWF ERA-20CR; Poli et al. 2016), period (1900-2010)

@ Springer
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Fig. 11 a—d JFM composites of
El Niflo anomalies using data
from ECMWEF ERA-20CR (Poli
et al. 2016) over 1900-2010:
zonal-mean zonal wind (a)

and temperature (c); 100-hPa
geopotential height (b) and
temperature (d). e-h Same, but
for La Nifia. Green contours in
the zonal wind panels show its
climatology (contour interval:
10 ms™") and the green line in
the zonal-mean temperature
panels depicts the tropopause
level, according to the WMO’s
definition (lowest level at which
the lapse rate decreases to 2 °C/
km or less). Black contours
(solid for positive, dashed for
negative anomalies) indicate
statistically significant areas at
the 95% confidence level
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(a)EN(EC-EARTH) v*¥T*10

(b)EN(CNRM) v*T*10

(c)EN(CMCC) v*T*10

Fig. 12 Ensemble-mean eddy-heat flux anomalies for EN with
respect to CTL in JF at 10 (top) and 50 hPa (bottom): EC-EARTH
(left), CNRM (middle), CMCC (right). Red and blue contours
show values exceeding the color scale limit at+200,=+300,+400

and methods as in Mezzina et al. 2021, stratifying El Nifio
(La Nifia) years according to a threshold of + 1 (— 1) stand-
ard deviation of the JFM Nifio3.4-index. 18 EN and 19 LN
years are selected, using SST from HadISSTI.1.

Appendix 2: longitude-latitude maps of v*T*

Figure 12 shows maps of anomalous v*7* in EN at 50 and
10 hPa, as discussed in Sect. 3.7.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-05836-3.
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anomalies) indicate statistically significant areas at the 95% confi-
dence level
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Figure S1. Ensemble-mean temperature anomalies at 500 hPa for EN (top row) and LN (bottom
row) with respect to CTL in JFM: EC-EARTH (left), CNRM (middle), CMCC (right). Black
contours (solid for positive, dashed for negative anomalies) indicate statistically significant areas

at the 95% confidence level
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(a) EN EC-EARTH (b) EN CNRM (c) EN CMCC

Figure S2. Temperature anomalies at 100 hPa estimated from the geopotential height at 200 and
50 hPa (see Sect. 2.2). EN (top) and LN (bottom) with respect to CTL in JFM: EC-EARTH (left),
CNRM (middle), CMCC (right). Black contours (solid for positive, dashed for negative
anomalies) indicate statistically significant areas at the 95% confidence level. To be compared

with Figs. 5g-i and 6g-i.

85



EC-EARTH

Figure S3. Monthly (January, February, March) temperature anomalies at 200, 100 and 50 hPa
in EC-EARTH. EN (top) and LN (bottom) with respect to CTL. Black contours (solid for
positive, dashed for negative anomalies) indicate statistically significant areas at the 95%

confidence level.
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Figure S4. Same as Figure S3, but for CNRM.
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Figure S5. Same as Figure S3, but for CMCC.
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Figure S6. Same as Figure S3, but for geopotential height.
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Figure S7. Same as Figure S4, but for geopotential height.
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Figure S8. Same as Figure S5, but for geopotential height.
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Chapter 5

Tropospheric pathways of the
late-winter ENSO
teleconnection to Europe

This chapter contains the research article Mezzina et al. 2022 and addresses
objective 5 from Sect. 1.3.

Mezzina, B., Garcia-Serrano, J., Ambrizzi, T., Matei, D., Manzini, E., & Bladé, 1. (2022).
Tropospheric pathways of the late-winter ENSO teleconnection to Europe. Submitted to

Environ. Res. Lett.
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Abstract

The late-winter signal associated with the El Nifio-Southern Oscillation (ENSO) over the Eu-
ropean continent is unsettled. Two main anomalous patterns of sea-level pressure (SLP) can be
identified: a “wave-like” pattern with two opposite-signed anomalies over Europe, and a pattern
showing a single anomaly (“semi-isolated”). In this work, potential paths of the tropospheric
ENSO teleconnection to Europe and their role in favoring a more wave-like or semi-isolated pat-
tern are explored. Outputs from historical runs of two versions of the MPI-ESM coupled model,
which simulate these two types of patterns, are examined. A novel ray-tracing approach that ac-
counts for zonal asymmetries in the background flow is used to test potential propagation paths in
these simulations and in observations; three source regions are considered: the tropical Pacific, the
North America/North Atlantic, and the tropical Atlantic. The semi-isolated pattern is suggested
to be related to the well-known Rossby wave train emanating from the tropical Pacific, either via a
split over northern North America or via reflection due to inhomogeneities in the background flow.
The wave-like pattern, in turn, appears to be related to a secondary wave train emerging from the
tropical Atlantic. The competition between these two pathways contributes to determining the

actual surface response.

1 Introduction

El Nifio-Southern Oscillation (ENSO) has been as-
sociated with a late-winter (January-March) sig-
nal in the North Atlantic-European (NAE) region,
a “canonical” sea-level pressure (SLP) dipole be-
tween mid and high latitudes (e.g. Bronnimann
2007). The western part of this dipole, which is
located over the North Atlantic, is robust and has
been shown to be mostly driven by tropospheric
processes (e.g. Mezzina et al. 2020, 2021a). In
contrast, controversy still exists concerning the
eastern part of the signal, located over the Eu-
ropean continent, since disagreement is present in
both observations (Fig.1 top) and models (Fig. 1,
bottom), also depending on the methodology and
season used. In some cases, a “wave-like” pat-

95

tern with two anomalies of alternating sign over
Europe is present (Fig. 1la, e.g. Toniazzo and
Scaife 2006, Hardiman et al. 2019). In others,
a pattern with a single anomaly, negative for El
Nifio (e.g. Fraedrich and Miiller 1992), is visi-
ble, sometimes appearing as an extension of the
mid-latitude lobe of the canonical dipole (Fig. 1d,
e), sometimes as a detached center (Fig. 1b,c,f);
hereafter, we will refer to this pattern as “semi-
isolated”. The semi-isolated pattern is usually ac-
companied by an upper-level anomaly of the same
sign over northern Europe (e.g. Blackmon et al.
1983, Bronnimann 2007, Bronnimann et al. 2007,
Garcfa-Serrano et al. 2011, Mezzina et al. 2020),
but the relationship between the lower-level and
upper-level signatures has not been settled, nor
their overall nature, robustness and dynamics.



It is well-known that the dominant feature of
the ENSO teleconnection to the NH extra-tropics
is a large-scale tropospheric Rossby wave train em-
anating from the tropical Pacific and propagating
at upper levels, with a first center of action over
the Aleutian Low (cyclonic for El Nino), a second
one of opposite sign over Canada, and finally, as
it bends south-eastward, a tail over eastern North
America (again cyclonic for El Nifio; see Tren-
berth et al. 1998 for a review). The surface pro-
jection of this tail has been related to the western
portion of the canonical dipole with a vertically-
tilted structure (e.g. Mezzina et al. 2020, 2021a).
Similarly, the signal over Europe may be related
to this “main” wave train through a split occur-
ring over northern North America, as suggested by
Garcfa-Serrano et al. (2011) following theoretical
considerations by Hoskins and Karoly (1981) and
Karoly et al. (1989), or via reflection over east-
ern North America by zonal inhomogeneities in
the background flow (e.g. Branstator 1983, 1985;
Trenberth et al. 1998 and references therein). A
secondary wave train is also a plausible hypothesis:
Toniazzo and Scaife (2006) identified, for strong El
Ninos, a source region in the tropical Atlantic pos-

(a) ERA-INTERIM

Zhang et al. 2016

(b) NOAA-20CR

sibly emerging from the response of the Walker cir-
culation (see also Garcia-Serrano et al. 2017), and
linked it to the wave-like pattern over Europe. Ad-
ditional ENSO-related wave sources have also been
detected over the Gulf of Mexico-Caribbean Sea
region (e.g. Rodriguez-Fonseca et al. 2016, Fere-
day et al. 2018, Ayarzagiiena et al. 2018, Hardi-
man et al. 2019), suggesting the presence of a
third wave train. On the other hand, the semi-
isolated pattern has been proposed to be linked
to the downward propagation of ENSO anoma-
lies from the polar stratosphere (e.g. Cagnazzo
and Manzini 2009). While we acknowledge a pos-
sible role of the stratosphere (see Mezzina et al.
2021b), in this work we pursue a comprehensive
understanding of the ENSO-NAE teleconnection
in terms of tropospheric dynamics, which appear
to dominate in the western North Atlantic.

We will explore potential paths for the tropo-
spheric ENSO teleconnection to Europe and try
to reconcile the different observed/simulated re-
sponses with the theoretical basis of linear Rossby
wave propagation using a novel ray tracing ap-
proach. Ray tracing is a concept borrowed from
geometrical optics to describe the propagation of

Deser et al. 2017 AyarzagUena et al. 2018

(c) HadSLP

Mezzina et al. 2020

(e) MEDSCOPE

-4

Mezzina et al. 2021 Palmeiro et al. 2020

(f) EC-EARTH3.1

Figure 1: SLP anomalies associated with ENSO in several reanalyses (top) and models (bottom) reproduced from
previous studies. (a) SLPXN3.4 (linear regression of SLP anomalies onto the Nifio3.4-index), JFM, ERA-INTERIM,
1979-2014, as in Zhang et al. (2016) (b) EN-LN composites, DJF, NOAA-20CR, 1920-2013, as in Deser et al. (2017)
(¢) EN-LN composites, JF, HadSLP, 18732015, as in Ayarzagiiena et al. (2018) (d) SLPxN3.4, JFM, ERA-20CM
atmospheric model integrations, 1901-2010, as in Mezzina et al. (2020) (e¢) EN-LN experiments, JEM, MEDSCOPE
multi-model mean (sensitivity experiments with El Nifio- and La Nifia-like SST forcing), as in Mezzina et al. (2021a) (f)
SLPxN3.4, JFM, EC-EARTHS3.1, 100-year coupled simulations as described in Palmeiro et al. (2020).
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wave energy along “rays” aligned with the local
group velocity. It was first consistently applied to
atmospheric Rossby waves by Hoskins and Karoly
(1981), who developed it in the framework of a
zonally-symmetric basic state, a strong assump-
tion to considerably simplify the equations. It
was soon pointed out, however, that zonal asym-
metries in the background flow, particularly those
related to the local jets, can affect propagation
by reflecting the wave trains (see Trenberth et al.
1998 for a review), but the extension of the theory
to a “fully wavy” (i.e. in both zonal and merid-
ional directions) mean flow is extremely complex
(Karoly 1983). On the other hand, as noted by
Branstator (1983), a longitudinally-varying flow
can be viewed as a series of sub-regions in which
the zonally-symmetric theory is locally valid, an
argument used by Hoskins and Ambrizzi (1993)
to qualitatively interpret results from a barotropic
model with an observed mean state in terms of
ray propagation. In this study, we have further
extended this approach to develop a ray tracing
algorithm that locally calculates the group veloc-
ity from a realistic, horizontally inhomogeneous
flow, but in which reflection is treated similarly to
the zonally-symmetric case. This approach, that is
novel to the best of our knowledge, allows us to vi-
sually represent ray paths in a realistic flow, over-
coming the limitations of using a strictly zonally-
symmetric flow, albeit in a simplified manner.

We will consider outputs from two versions
of the same state-of-the-art coupled model, both
with a realistic mean flow, in which the ENSO re-
sponse over Europe is different, and examine po-
tential tropospheric pathways by using our ray-
tracing approach and launching rays from several
regions to test the various hypotheses related to
the main and secondary wave trains. Our results
may help understand the processes relevant for the
ENSO teleconnection to the European continent
and highlight which models’ aspects need more at-
tention in order for this teleconnection to be prop-
erly simulated and predicted (e.g. Dawson et al.
2011, Li et al. 2020).

2 Methods

2.1 Models, data and methods

We examine outputs from the CMIP5 historical
runs (1850-2005, 3 members) of two versions of
the MPI-ESM coupled model, with same horizon-
tal resolution in the atmosphere (T63/1.9°), same
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top (0.01 hPa), but different vertical resolution: 47
levels in the low-resolution (LR) version and 95 in
the mixed-resolution (MR) one (Giorgetta et al.
2013). Further details on the model, which has
been long used as a seasonal forecast system, can
be found in Baehr et al. (2015) and Domeisen et
al. (2015) for LR, and Dobrynin et al. (2018) for
MR. The forced ENSO response is estimated by
computing the linearly detrended anomalies of the
concatenated members and applying linear regres-
sion onto the Nifio3.4 index (N3.4) obtained from
sea surface temperature (SST). Results from the
models are compared in Sect. 4 with observational
ones using the NOAA-20CR reanalysis (Compo et
al. 2011). January-to-March (JFM) is the target
season. Statistical significance is assessed with a
two-tailed t-test at the 95% confidence level.

2.2 “Hybrid” ray tracing

We consider large-scale, stationary Rossby waves
and assume a constant zonal wavenumber k, as in
the zonally-symmetric case (e.g. Hoskins and Am-
brizzi 1993). The horizontal components of the
group velocity, which determine the direction of
the ray, are computed at each step from the cli-
matological zonal wind U as:

23°k? 23"kl
Cr = C, =
© K! YK

1)

where 8* = 3 — %227 is the meridional gradient
of absolute vorticity, and K2 = k? + %2 = g*/U
is the total stationary wavenumber. Note that,
for K, to be real, positive 5* and U are required.
Also, as observed by Hoskins and Karoly (1981),
the slope of the ray is proportional to the merid-
ional wavenumber [ and inversely proportional to
the zonal wavenumber k, so that shorter waves
(larger k) are expected to have a more zonal tra-
jectory (see also Hoskins and Ambrizzi 1993 for
more details). In the case of a zonally-averaged
U, maps of {2 (for a fixed k) would feature turning
latitudes where 2 = 0 that would act as barri-
ers and reflect all the rays. However, when 2 is
computed from the full mean flow, 2D regions of
negative 12 appear, instead of simple turning lati-
tudes (Figs. S1 and S2 in the Supplementary Ma-
terial), and it is not straightforward to determine
the trajectory of a ray approaching these “forbid-
den” areas. To overcome the problem, our hy-
brid approach consists in treating the forbidden
regions as if they were local turning latitudes from



(a) MR  Z200 x N3.4

(c) MR SLP x N3.4

(b) LR

(d) LR

Z200 x N3.4

SLP x N3.4

Figure 2: Linear regression onto N3.4 of 200-hPa geopotential height (top) and sea-level pressure (bottom) anomalies
in the two model’s versions: MR (left) and LR (right). JFM. Contours indicate statistically significant areas at the 95%

confidence level.

the zonally-symmetric case. Namely, we build ad-
justed maps of positive 12 by replacing point-by-
point the negative values with the average from
the nearest neighbors with /2 > 0 , and insert
latitudinal — but zonally-asymmetric — barriers
to roughly represent the original negative regions
(for k = 3, compare the hatched regions and the
thick horizontal lines in Fig. 4; see Fig. S1 for
k = 2,4). That is, a ray is free to propagate
everywhere, with group velocity computed from
the positively-adjusted {2, until it eventually hits
a barrier and undergoes total reflection (same an-
gle of incidence). Despite its simplicity, this ap-
proach allows to bypass the unclear aspects of a
ray entering an irregular region of negative 1% |
while maintaining some important aspects related
to the zonal asymmetries (see Sect. 3.3). The
basic state used in the analysis is the JFM clima-
tology of the 200-hPa zonal wind smoothed with
longitudinal running windows of 15°.

3 Results

3.1 Extra-tropical response

The deepening of the Aleutian Low related to the
main wave train in the North Pacific is captured

by both models (Fig. 2 bottom). In contrast,
the SLP dipole over the North Atlantic is fully
present only in MR (Fig. 2c), whereas in LR it
is confined to North America, west of 60°W (Fig.
2d). Over the European continent, the extended
negative lobe of the North Atlantic dipole domi-
nates in MR (Fig. 2c), yielding an semi-isolated
pattern, while in LR a more wave-like pattern is
present, since a positive anomaly centered over the
Mediterranean basin is accompanied by a weaker
and non-significant anomaly of opposite sign over
north-eastern Europe (Fig. 2d). This difference
is partly reflected at upper levels, in the 200-hPa
geopotential height (Z200; Fig. 2, top). The sig-
nal over Europe consists of a positive center of
action over the Mediterranean in LR (Fig. 2b),
which is also present in MR but shifted to the west
and confined to lower latitudes (Fig. 2a). More-
over, a small but significant negative anomaly is
evident over northern Europe in MR, roughly at
the same location of the SLP anomaly (cf. Figs.
2a and 2c), as observed in previous studies (e.g.
Blackmon et al. 1983, Bronnimann 2007, Garcia-
Serrano et al. 2011), suggesting a relationship be-
tween this upper-level center of action and the SLP
semi-isolated pattern. In contrast, the upper-level
response in the North Pacific and North Ameri-
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ca/western North Atlantic regions differs very lit-
tle between the two models (Fig. 2, top). In LR, it
is slightly shifted westward, particularly the nega-
tive center over North America, which may explain
why the SLP signal in the Atlantic is limited to the
western part of the basin, assuming that the mid-
latitude lobe of the canonical SLP dipole is related
to the tail of the main wave train (e.g.Mezzina et
al. 2020, 2021a).

These two versions of MPI-ESM constitute
a good framework to investigate the reasons for
the different ENSO signals reported over Europe,
since they can be used to represent a more semi-
isolated response, in the case of MR, or a wave-like
pattern, in the case of LR.

3.2 Forcing, tropical response and
mean flow

A distinct extra-tropical ENSO response in cou-
pled simulations such as the ones examined could
arise from variations in the oceanic forcing, but
it does not appear to be the case here, since
the SST patterns associated with the N3.4 are
very similar (Fig. 3 bottom, shading). Like-
wise, the anomalous tropical upper-level diver-
gence, represented by the 200-hPa velocity poten-
tial, is slightly stronger in LR (Fig. 3 bottom,
contours) and is thus unlikely the cause for the
different signal over Europe. Concerning a pos-
sible stratospheric influence, the ENSO response
in the lower stratosphere is comparable in the two
models (Fig. S3, bottom), which both show real-
istic anomalies in the 50-hPa geopotential height
— although less significant in LR — that can be
interpreted as a weakening and displacement of
the polar vortex towards the North Atlantic sec-

tor (e.g. Mezzina et al. 2021b). Note also that
the response in the middle-upper stratosphere (10
hPa) is less significant in MR (Fig. S3a), and not
significant over the northern North Atlantic in ei-
ther of the two models (Fig. S3, top). We thus also
discard stratospheric processes as a main source of
the MR/LR differences.

Alternatively, a different path for the tropo-
spheric teleconnection is a reasonable hypothe-
sis to explain the distinct surface response, since
the propagation of large-scale stationary perturba-
tions such as the main ENSO wave train is modu-
lated by the atmospheric mean flow. Indeed, while
both models show a realistic upper-level climato-
logical zonal wind (U200; Fig. 3a,b), they do ex-
hibit some significant differences: in LR, the North
Atlantic extra-tropical jet is more zonal and the
subtropical jet is weaker, while the North Pacific
jet is comparable, particularly over the western
part of the basin (Fig. 3c). These differences in
the zonal wind may alter the propagation of the
tropospheric ENSO anomalies and lead to a dif-
ferent European response in MR and LR. In the
next section, we will address this hypothesis with
the ray tracing approach described in Sect. 2.2,
considering various source regions.

3.3 Ray tracing results

For a fixed zonal wavenumber k, the meridional
wavenumber /2 computed from the full U dis-
plays some longitudinal differences between the
two models, in particular concerning the forbid-
den regions (12 < 0) over the Mediterranean (Fig.
4, hatched regions, for £ = 3; Fig. S1 for k = 2,4
and for the full maps). In contrast, maps of 2
obtained from the zonally-averaged U are rather

120 To0 20w W

SST, CHI200
oy

120°E Too-

160° 20 c

Figure 3: Top: 200-hPa zonal wind climatology in (a) MR (b) LR (c¢) MR-LR. Contours indicate statistically significant
areas at the 95% confidence level. Bottom: linear regression onto N3.4 of SST (shading) and 200-hPa velocity potential
(contours) anomalies in (d) MR (e) LR (f) MR-LR. Only statistically significant anomalies (95% confidence level) are

plotted. All JEM.
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similar (Fig. S2); hence, an approach that consid-
ers the longitudinally-varying flow is essential in
this case. Using the “hybrid” ray tracing method,
we now examine the pathways of large scale waves,
with k& = 2,3,4, from three key regions. These
wavenumbers are chosen as they have been asso-
ciated with tropical-extratropical teleconnections
(e.g. Hoskins and Ambrizzi 1993), and correspond
to the approximate longitudinal scale of the upper-
level geopotential height anomalies.

3.3.1 Tropical Pacific (TP)

The main ENSO wave train is known to propagate
towards higher latitudes with an eastward-arching
route, reaching the western North Atlantic. Here,
we consider the hypothesis of a mid-latitude split
over North America, with part of the wave en-
ergy diverted to Europe rather than bending to-

wards the North Atlantic (Garcia-Serrano et al.
2011). Several source points in the central tropi-
cal Pacific have been selected (Fig. 4, top), none
of which located west of the Date Line, as a re-
gion of negative [? in the western North Pacific
would inhibit propagation after a few integration
steps (see also Li et al. 2020). All rays are re-
flected at high latitudes, but at different longi-
tudes and with different angles depending on the
wavenumber, so that longer waves (k = 2, light
green) roughly follow the arching structure of the
main wave train, crossing Canada and reaching
the western North Atlantic, while shorter waves
(k = 4, dark green) bend at more eastern longi-
tudes, around Greenland, and seem to reach Eu-
rope, with k = 3 (green) displaying an intermedi-
ate route. In principle, the main wave train should
contain contributions from all these wavelengths,
and the fact that the trajectories are rather similar

Figure 4: Ray paths for k& = 2 (light green), 3 (green), 4 (dark green) in MR (left) and LR (right) from different
source regions: TP (top), NANA (middle), TA (bottom). Central trajectories are plotted with thick arrows to indicate
the mean propagating path of the envelope. Filled contours show the linear regression of 200-hPa geopotential height
anomalies onto N3.4. Hatched regions indicate areas of negative 12 for k = 3. Thick horizontal lines represent the
“artificial” turning barriers for k = 3. Paths are truncated before second reflection, after leaving the domain or for

display purposes (maximum: 20 days).
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over the North Pacific/western North America but
are well separated in the North Atlantic supports
the possibility that a split such as that described
by Garcia-Serrano et al. (2011), who detected a
bifurcation over eastern North America, could oc-
cur. Note also that, while there are no major dif-
ferences between the rays in the two models, the
smaller wavenumbers that are able to reach Eu-
rope (k = 4) are closer in scale to the negative cen-
ter of action observed in MR at upper levels (Fig.
4a, shading) and less so to the positive anomaly in
LR, which has a larger extension (Fig. 4b, shad-
ing), suggesting that this mechanism may be more
relevant for the semi-isolated pattern.

3.3.2 North
(NANA)

America/North  Atlantic

A series of launching points over western North
America has been chosen to investigate the hy-
pothesis of a secondary wave source over the Gulf
of Mexico-Caribbean Sea region emerging from
inter-basins effects, as proposed by Ayarzagiiena
et al. (2018) and Hardiman et al. (2019) (Fig. 4,
middle). Rays launched from south of 30°N would
propagate almost zonally due to the small values
of 12 (see Fig. S1) and end up trapped along the
subtropical jet, hence the points have been dis-
tributed between 30°N and 50°N. Longer waves
(k = 2, light green) propagate rather meridion-
ally and turn equatorward at high latitudes, where
they merge with shorter ones (k = 4, dark green)
after reflection around 60°N. Although the end of
the trajectories partially matches the location of
the European anticyclone in LR, its amplitude is
comparable to that of the high-latitude anomaly
over Canada (15-20 m; Fig. 4d, shading). Such
a relatively strong anomaly seems more likely to
correspond to a wave train emitted by a closer
source.

In contrast, it cannot be excluded that waves
of intermediate size (k = 3, green) may be related
to the negative anomaly appearing over north-
castern Europe in MR (Fig. 4c). An alternative
conjecture to that of a secondary wave train is that
inhomogeneities in the basic state cause the main
wave train to propagate through a wavier trajec-
tory and experience a reflection (Branstator 1983,
1985, Trenberth et al. 1998) that is not captured
by our simple approach.
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3.3.3 Tropical Atlantic (TA)

The alternative secondary wave source suggested
by Toniazzo and Scaife (2006) would be located
in the tropical Atlantic. While they considered a
source close to the Equator, we have chosen start-
ing points at slightly higher latitudes, above the
zonal barrier related to the equatorial easterlies
(Fig. 4, bottom). The difference in the initial
slope of the ray trajectories is less striking than in
the previous cases, as all rays start with a quite
meridional orientation. In both models, shorter
waves (k = 4, dark green) are trapped in the sub-
tropical jet, while longer ones (k = 2, light green)
keep propagating towards high latitudes. Interest-
ingly, intermediate waves (k = 3, green) are also
trapped in the subtropics in MR (Fig. 4e), but
not in LR (Fig. 4f), where, thanks to a discontinu-
ity in the forbidden region, they propagate north-
wards. This difference in the propagation of k = 3
is consistent with the center of action of positive
sign over the Mediterranean that dominates in LR,
whose relatively strong amplitude also agrees well
with a source in the TA, and which may cancel out
a possible negative signal over Europe, explaining
the difference in the two experiments.

4 Discussion and Conclusions

We have examined outputs from two models, MPI-
ESM MR and LR, which represent examples where
the surface ENSO signal over Europe is an semi-
isolated and a wave-like pattern, respectively.

Based on our ray-tracing diagnostics, we sug-
gest that the wave-like pattern is related to an
upper-level anticyclone (for El Nifio) over southern
Europe belonging to a secondary wave train origi-
nating in the tropical Atlantic, which only reaches
the region if the mean flow allows for the propaga-
tion of intermediate-scale (k = 3) waves. This is
consistent with the results of Toniazzo and Scaife
(2006), who identified a wave source in the tropi-
cal Atlantic linked to a wave-like response but did
not specify the scale of the waves, nor did they
provide further details on their ray tracing.

The semi-isolated pattern, in turn, seems to
be linked to an upper-level negative anomaly (for
El Nifo) over northern Europe emerging from the
split and/or reflection of the main wave train.
This upper-level circulation associated with the
semi-isolated pattern was already observed in very
early studies, such as Blackmon et al. (1983), who
forced an atmospheric model with perpetual El
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Figure 5: As in Fig. 4, but for NOAA-20CR. The bottom line of sources in Fig. 4 is discarded due to the higher
latitudes of the Equatorial zonal barrier. The thick arrow is omitted for k = 3.

Nifio January conditions. Branstator (1985) com-
pared Blackmon et al.’s pattern to forced steady
solutions of a linear barotropic model with differ-
ent mean states and found that it was better repro-
duced when the total, zonally-asymmetric back-
ground flow was used: examining the distribution
of normalized wavenumber vectors, he noticed a
more meandering path in the energy propagation
compared to the zonally-symmetric case, with a
series of troughs and ridges crossing mid-latitudes
and ultimately reaching Europe. That inhomo-
geneities in the background flow could be relevant
for the propagation of the ENSO wave train to
Europe is a hypothesis that was later reported
in Trenberth et al. (1998)’s review (see their Fig.
8). We suggest that other regions previously sug-
gested to play a role in the North Atlantic, such
as the Gulf of Mexico-Caribbean Sea region (e.g.
Ayarzagliena et al. 2018, Hardiman et al. 2019),
may be interpreted in terms of this Branstator-
type reflection, rather than being considered as
sources of an additional wave train. Supporting

this interpretation, note that the center of action
over the western North Atlantic is usually weaker
than that at subpolar latitudes, and its extension
into North America at upper levels is upstream
of these suggested wave sources. Our results are
not conclusive regarding the Branstator-type re-
flection, since linear ray tracing does not iden-
tify a reflecting region, and further investigation is
needed, possibly with the inclusion of non-linear
effects.

Concerning the split hypothesis, it had been al-
ready noticed by Hoskins and Karoly (1981) that
rays emanating from a source would follow differ-
ent paths depending on the wavenumber and, as
reported by Branstator (1983), “this dependence
of propagation characteristics on wavenumber is
manifested by a split in the energy as it disperses
from the source”. Garcia-Serrano et al. (2011) re-
turned to this idea in the context of the ENSO
teleconnection to Europe in an effort to under-
stand the semi-isolated pattern, since they had
noticed, in their reanalysis dataset (ERA40), the
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presence of the corresponding (negative) upper-
level anomaly. They tested the hypothesis by com-
puting the anomalous wave activity flux, as in
Karoly et al. (1989), and observed two branches
separating over eastern North America: one bend-
ing equatorward as the wave train tail, the other
proceeding towards the North Atlantic and turn-
ing equatorwards later, around eastern Europe.
Our results support this hypothesis by indicating
that the first part of the main wave train path,
from the tropical Pacific to Canada, is similar
for all the wavenumbers considered, but a split
may occur later, with shorter waves (i.e. larger
wavenumbers) indeed reaching Europe. The split
is potentially present in both of the models dis-
cussed here, but the approximate k& = 4 scale
of the semi-isolated anomaly over Europe in MR
suggests that this pathway is more likely related
to this type of response, as Garcia-Serrano et al.
(2011) speculated, rather than to the wave-like
pattern.

Our modeling results are consistent with those
obtained using the NOAA-20CR reanalysis over
1901-2014. The ENSO surface response in this
dataset resembles the semi-isolated pattern (Fig.
1b for DJF; see Mezzina et al. 2020 for JFM),
and the upper-level response is the expected same-
signed anomaly over northern Europe (Fig. 5,
shading). The ray trajectories are similar to those
found in the models (see also Fig. S4 for %) and
again support the split hypothesis (Fig. 5a) and
endorse the possibility of Branstator-type reflec-
tion of the main wave train over North America
(Fig. 5b). However, mixed results are found when
considering sources in the tropical Atlantic, al-
though the overall trajectories are similar to the
ones in the models. All rays with & = 2 (light
green) are propagating towards Europe, and all
those with k& = 4 (dark green) are reflected equa-
torward, but for & = 3 (green) both options oc-
cur, with the rays equally distributed (3 out of 6
are reflected). These results suggest that in the
real world the wave source in the tropical Atlantic
is effective in triggering a secondary wave train,
but the amount of energy reaching Europe and its
competition with the main wave train determine
the observed signal.

We finally stress that the “hybrid” ray tracing
approach used here is not strictly valid and cau-
tion is advised in the interpretation of the results.
Despite that, we believe that it may constitute a
valid tool for further applications beyond ENSO
teleconnections, alternative or complementary to
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other diagnostics (e.g. Branstator 1985, Garcia-
Serrano et al. 2011, Benassi et al. 2021).
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5.1 Supplementary Material
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Figure S1. Meridional wave number squared (%) for a fixed zonal wave number k, computed from the
total climatological zonal wind, in MR (left) and LR (right): k=2 (top), k=3 (middle), k=4 (bottom).

Units: m. Thick horizontal lines represent the turning barriers built for the hybrid ray tracing.
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(a) MR 12 for k=2 (b) LR 12 for k=2

Figure S2. Meridional wave number squared (I?) for a fixed zonal wave number k, computed from the
total climatological zonal wind, in MR (left) and LR (right): k=2 (top), k=3 (middle), k=4 (bottom).

Units: m=.
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(a) MR Z10 x N3.4 (b) LR Z10 x N3.4

(c) MR 750 x N3.4 (d) LR Z50 x N3.4

Figure S3. Linear regression onto N3.4 of 10-hPa geopotential height (top) and 50-hPa geopotential
height (bottom) anomalies in the two model’s versions: MR (left) and LR (right). JFM. Contours indicate

statistically significant areas at the 95% confidence level.
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Chapter 6

Conclusions

6.1 Summary of the main conclusions

The late-winter ENSO-NAE teleconnection has been deeply analyzed and
the following conclusions have been drawn, one for each of the objectives listed
in Sect.1.3:

1. The late-winter ENSO surface signal over the NAE region, the “canonical”

SLP dipole between mid and high latitudes, is mostly driven by tropospheric
dynamics.
In particular, the mid-latitude lobe is primarily associated with the main
Rossby wave train emanating from the tropical Pacific, whose tail is located
over eastern North America at upper levels and, due to its westward tilt with
height, projects on the SLP lobe in the North Atlantic at surface. Similarly,
the other lobe at high latitudes is suggested to be linked to the second
center of action of this main wave train situated over Canada, although
the downward influence of lower-stratospheric circulation anomalies over
the polar cap cannot be fully excluded.

2. The late-winter ENSO-NAE teleconnection is mostly unrelated to NAO
variability, with different signatures, mechanisms and impacts in both the
troposphere and stratosphere.

While the ENSO teleconnection is dominated by the main Rossby wave
train that crosses the North Pacific and North Atlantic, the NAO is a
regional phenomenon that shows a hemispheric pattern linked to the zonal

111



propagation of disturbances into the jets, and its vertical structure in the
North Atlantic is largely barotropic, with no westward tilt with height.
Furthermore, transient-eddy dynamics is crucial for the internally-generated
NAO variability, but appears to play a minor role in the ENSO-NAE
teleconnection, which leads to different impacts in precipitation. In the
stratosphere, the wavenumber-1 components related to ENSO and the
NAO are almost in quadrature.

. The tropospheric response to El Nifio and La Nina in the North Pacific
and NAE sector shows asymmetries in terms of amplitude and location,
but the underlying mechanisms driving the ENSO-NAE teleconnection are
the same for the two phases.

The response associated with La Nina is weaker and shifted to the west
with respect to the one linked to El Nifio, both in the upper-level centers of
action of the main wave train and in the surface anomalies. The asymmetry
is arising from the different response in tropical convection due to the
different total SST field and its gradient. This is related to a different
tropical upper-level divergence, whose interaction with the subtropical
mean flow explains the extra-tropical asymmetries.

. The EI Nino signal in the northern extra-tropical stratosphere is a well-
known warming and weakening of the polar vortex, and the response to La
Nina is symmetric in structure but with smaller amplitude. In the middle-
upper stratosphere, the response projects on a wavenumber-1 pattern for
both El Nino and, more weakly, La Nina.

The ENSO stratospheric response appears to be primarily driven by the
upward propagation of the main tropospheric Rossby wave train, and
the center of action over Canada in particular. The lower-level tem-
perature anomalies can be explained in terms of relative vorticity and
thermodynamical adjustment associated with this center of action. The
lower-stratospheric anomalies propagate upwards to the middle-upper
stratosphere with a predominant wavenumber-1 component and a west-
ward tilt with height, indicating that wave-breaking is not associated with
this response.

. The surface ENSO signal over Europe tends to present two types of pattern,
which can be linked to two main potential tropospheric pathways: from
the tropical Pacific and from the tropical Atlantic. The predominance of
one pathway with respect to the other determines the surface response.
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A wave-like pattern, with two SLP anomalies of opposite sign over Europe,
is related to a secondary wave train emanating from the tropical Atlantic.
The other type of response, with a single anomaly dominating over Europe,
could be linked to the main wave train via a split over northern North
America or via reflection due to inhomogeneities in the background flow.

6.2 Future perspectives

Several open questions concerning the late-winter ENSO-NAE teleconnection
remain. The main points emerging from the previous chapters are reported here,
with some insights for future research:

— As mentioned in Chapter 3, further work is needed to reconcile the tropical
and extra-tropical responses linked to ENSO. In fact, the relationship
between the extra-tropical main wave train, which is largely barotropic,
and the tropical, mostly baroclinic, Gill-type response is not clear. Even the
longitudinal shift of the main wave train between El Nino and La Nifa (see
conclusion 3 in Sect. 6.1) is not evident in the tropics, further questioning
the relationship between the tropical and extra-tropical responses: whether
they are part of the same large-scale structure may have to be revisited
both theoretically and observationally.

— It has been shown in Chapters 2 and 3 that the canonical SLP dipole is
mainly driven by tropospheric dynamics. However, the lower-stratospheric
circulation anomalies over the polar cap, assessed in Chapter 4, may
marginally contribute to the ENSO signal in the NAE region (see conclusion
1 in Sect. 6.1). This issue could be elucidated by comparing experiments
with a stratosphere nudged to climatology and experiments with a free
stratosphere, which would allow us to separate the stratospheric and
tropospheric contributions to the ENSO-NAE signal.

— In Chapter 5, it is speculated that one of the possible pathways for the
ENSO signal over the European continent may involve a reflection of the
main wave train due to inhomogeneities in the mean flow (as suggested
by Branstator 1983; see conclusion 5 in Sect. 6.1). This reflection is not
detected by the linear approach used here, and the development of a more
complex ray tracing method, possibly including non-linear effects, could
help clarify this point.
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— The ENSO tropospheric pathways to Europe identified in Chapter 5 in
historical simulations and reanalyses should be analyzed in seasonal forecast
systems, to assess their contribution to the models’ predictive skill and
determine which models’ aspects (e.g. mean flow) are relevant for the
teleconnection to be properly captured.
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