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ABSTRACT

As the largest mode of coupled climate variability, the EI Nifio Southern
Oscillation (ENSO) carries consequences for weather patterns worldwide. In turn,
communities that live in areas affected by ENSO variability would benefit from reliable
and timely information on the occurrence of such events. To address this need, there has
been an on-going effort within the scientific community to investigate and characterize
the mechanisms that give rise to ENSO events. One of the greatest impediments to this
effort, however, is that the ENSO system can behave both as a self-sustained,
deterministic oscillation, and as a response to stochastic forcing. In this dissertation, we
uncover a key determinant of these two types of ENSO behavior — namely North Pacific
Oscillation (NPO)-induced variations in the northeasterly trade winds — and analyze how
the variations in these trade winds influence ENSO variability historically and into the
future.

The first Chapter of this dissertation provides a thorough review of previous

efforts to understand the initiation, onset, and evolution of ENSO events with a particular
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focus on the relationship between ENSO events and two NPO-related precursors, namely
the Trade Wind Charging and the Northern Pacific Meridional Mode (TWC/NPMM).

In Chapter 2 (Pivotti and Anderson 2021), we study the TWC/NPMM-ENSO
relation over 140 years and uncover that there has been a multi-decadal modulation in the
strength of TWC/NPMM’s influence upon ENSO events. Further, as a consequence of
this modulation, ENSO behavior shifted between a stochastically forced interannual
mode of variability to a multi-annual, quasi-regular one with a self-sustained oscillation
and back again over the course of the last 140 years.

In Chapter 3, we assess how the TWC/NPMM-ENSO relationship is
reconstructed in state of the art coupled climate models. We find that across the ensemble
the TWC/NPMM is reconstructed by all models as the leading ENSO precursor. Further,
a subset of better-performing models confirms that during those periods when the
TWC/NPMM-ENSO coupling is weak, ENSO oscillates regularly with constant
periodicity, whereas when the coupling is strong, ENSO shows a more stochastic
behavior.

In Chapter 4, we introduce experiments with increasing anthropogenic radiative
forcings from the same ensemble of coupled climate models evaluated in Chapter 3. We
find that ENSO events initiated by TWC/NPMM are consistently stronger than standard
ENSO events, independent of the presence/absence of increasing external forcings,
however neither TWC/NPMM-induced ENSO events nor standard events show any
systematic change in intensity in the presence of increasing atmospheric forcings.

Further, there is no systematic change in TWC/NPMM-ENSO coupling in the presence
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of increasing external forcing and hence no systematic change in the oscillatory (or
stochastic) behavior of the ENSO system.

Finally, Chapter 5 of this dissertation includes a concluding summary and
suggestions for future work. In summary, this dissertation shows for the first time that the
ENSO system can behave both as a self-sustained oscillation and as a response to
stochastic forcing, that the modulation of this behavior is linked to the strength of
TWC/NPMM-ENSO coupling, and that the strength of this coupling is the result of

multi-decadal internal climate variability and not human-induced climate change.
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CHAPTER ONE
Background

The EI Nifio Southern Oscillation (ENSO) is the largest mode of coupled oceanic-
atmospheric variability. Situated in the Tropical Pacific, it is characterized by
atmospheric as well as oceanic anomalies that oscillate between two states of opposite
sign, called El Nifio and La Nifia, over a period that varies between 2 and 7 years (Wang,
Deser, et al. 2017). The neutral condition of the Tropical Pacific can be described through
the features of the Walker circulation: relative warmer water in the western portion of the
basin and colder water in the eastern portion sustain a cell of rising air in the west, and
respectively subsiding in the east, with easterly winds at the surface and westerlies aloft.
Among the consequences of the pressure patterns of the Walker circulation, we see wetter
conditions off of the coast of Australia and South-East Asia, and dryer conditions along
the western South American coast. Similarly, at the subsurface, downwelling in the
western portion of the basin is a consequence of the build-up of warm surface water due
to trade wind-induced Ekman transport, while the opposite is true for the upwelling in the
East. In the event of a La Nifia, we record a strengthening of the Hadley cell, with all the
aforementioned features increasing in intensity. In the event of an El Nifio, instead, the
atmospheric as well as oceanic anomalies have an opposite sign with respect to the
neutral state. The sea surface temperature off of the coast of Australia and South East
Asia is colder than the mean state, while the opposite is true for the waters in the eastern
portion of the basin. These anomalies affect the Walker circulation that weakens while, at

depth, the thermocline is less steep than in the neutral state.



Importantly, the different stages of ENSO affect weather patterns, not only in the
regions surrounding the Tropical Pacific (Taschetto, et al. 2020), (Cali, et al. 2011), but
also over areas outside the tropics at higher latitudes (Liu, et al. 2016), (Alexander, et al.
2002), (Dai and Wigley 2000), and tropical regions beyond the Pacific Ocean
(Ummenhofer, et al. 2012), (Ashok, et al. 2004). These climatic impacts - including more
abundant precipitation, extended dry spells, changes in temperature, as well as more
extreme hazards like floods and wildfires - vary in intensity according to the sign, the size
and the location of the ENSO event that is causing them. For instance, EI Nifio and La
Nifia events have opposite effects on the precipitation patterns over the western coast of
South America causing an increase or a reduction in precipitation respectively (Taschetto,
et al. 2020). Similarly, the intensity of a specific ENSO event, particularly in the case of
what is called an “extreme ENSO”, dictates the magnitude of its global impacts (Santoso,
Mcphaden and Cai 2017). Further, the longitudinal location of the sea surface
temperature (SST) anomalies, particularly in the case of El Nifio, where the different
types of El Nifio have been named Eastern Pacific (EP) or Central Pacific (CP) El Nifio,
has also been shown to affect the teleconnections and thus the subsequent weather
patterns (Feng, Chen and Li 2017). Due to all of these reasons, communities that live in
areas affected by ENSO variability see their safety and livelihoods at risk and would
benefit from reliable and timely information on the occurrence of such events. If provided
with such knowledge, communities and stakeholders would be able to prepare themselves

in due time and plan resilience efforts to better handle the climatic consequences of



ENSO events. Indeed, one of the on-going efforts of the scientific community has been to
investigate and characterize the mechanisms that precede and are responsible for the
initiation of ENSO events (Amaya 2019), (Anderson 2003) and (Wang 2001). The better
we reconstruct what drives ENSO events, the better we might be able to monitor their
development and thus share this knowledge with those that might benefit from it.

One of the greatest impediments to this effort, however, is that the ENSO system
can behave both as a self-sustained, deterministic oscillation, and as a response to
stochastic forcing (Kirtman and Schopf 1998; Wang, Deser, et al. 2017). For instance,
because of positive feedbacks in the coupled ocean-atmosphere system of the equatorial
Pacific, small anomalies in the equatorial SST or in the trade winds can readily and
rapidly initiate the development of mature EI Nifios or La Nifias. At the same time, there
are multiple processes that can break down this positive feedback and allow the system to
oscillate between positive and negative phases. These processes are currently interpreted
as four realizations of a common conceptual framework called the unified oscillator
(Wang 2001). In the first hypothesis, called the delayed oscillator (Suarez and Schopf
1988), weaker trades during an El Nifio reduce the build-up of warm water in the off-
equatorial portion of the Pacific basin, initiating a baroclinic Rossby wave along the
thermocline, which propagates westward. Once the wave reaches the continent it reflects
back as an equatorial Kelvin wave and travels eastward, shoaling the thermocline in the
eastern equatorial Pacific, decreasing the positive SST anomalies, which reverses the
state of ENSO. The second mechanism, the western Pacific oscillator (Weisberg and

Wang 1997), also traces the ENSO oscillation back to thermocline waves. In this case the



Kelvin wave that reverses the ENSO oscillation originates not from westward
propagating Rossby waves, but from off-equatorial changes in thermocline depth in the
western portion of the basin triggered by off-equatorial cyclones/anti-cyclones induced in
response to the equatorial SST variations. The third mechanism, termed the recharge-
discharge oscillator (Jin 1997), invokes zonal mean changes of the thermocline depth
along the Equator, resulting in either a “charged” (deeper thermocline) or “discharged”
(shallower) state. In particular during a mature El Nifio (La Nifia), Sverdrup transport of
warm water poleward (equatorward) induced by off-equatorial changes in the trade winds
transitions the system towards the opposite state by discharging (recharging) the Equator,
resulting in a zonal mean thermocline depth that is lower (greater) than the average value.
Finally, the fourth mechanism, the advective—reflective oscillator (Picaut, Masia and du
Penhoat 1997), hypothesizes that during an El Nifio event, while the western Pacific
warm water pool (WPWP) moves eastward, the accompanying westerly wind anomalies
not only force upwelling off-equatorial Rossby waves to propagate westward, they also
induce downwelling Kelvin waves that propagate eastward. Once the respective waves
reach the continental barriers on either side of the Pacific, they reflect and travel back as
upwelling Kelvin waves and downwelling Rossby waves, respectively. The westward
zonal currents associated with the two waves subsequently augment one another in the
central Pacific and push the WPWP back to the western side of the equatorial Pacific,
reversing the ENSO system.

In the alternative framework, ENSO is seen as the coupled response to

atmospheric white noise. While in the case of a self-sustained oscillation the ENSO



system evolves with its own dynamics, in the alternative framework the stochastic
atmospheric forcings that initiate the onset of ENSO events are not part of the ENSO
system itself. Examples of these stochastic triggering mechanisms are the Westerly Wind
Bursts (WWB), the Madden-Julian Oscillation (MJO), and the North Pacific Oscillation
(NPO)-related sea-level pressure (SLP) anomalies. The WWB, as the name suggests, are
short events of westerly wind anomalies in the western portion of the tropical Pacific
which have been shown to consistently precede positive ENSO events (Puy, et al. 2019).
Their hypothesized mechanism is that by weakening the trade winds in the western
Pacific these WWBs allow the WPWP to move eastward. This, in turn, initiates
downwelling thermocline Kelvin waves that propagate eastward and increase the SST in
the eastern tropical Pacific. A recent study from (Lian, Chen and Tang 2014) argues that
the WWB can influence the occurrence of either EP or CP El Nifio depending on when
they happen in relation to the stage the ENSO oscillation finds itself in. By comparison,
the MJO is an intraseasonal mode of variability that carries SLP and convective
anomalies eastward through the Indian and Pacific Oceans. The MJO has been shown to
affect ENSO positively when the convective portion of the MJO reaches the western
Equator during boreal spring (Hendon and Wheeler 2007). At that point, the MJO
anomaly causes westerly anomalies in the trade winds in the far-western portion of the
tropical Pacific that can either initiate a downwelling Kelvin wave or induce the SST
anomalies of the WPWP to move eastward, providing the initial conditions for the

development of an El Nifio (Kapur and Zhang 2012), (Tang and Yu 2008).



Finally, anomalous SLP patterns in the subtropical North Pacific, related to the
North Pacific Oscillation (NPO), can give rise to either positive or negative ENSO events
depending on the sign of the SLP variations. For instance during a positive NPO phase,
its SLP anomalies weaken the subtropical high thus reducing the strength of the Northern
off-equatorial trade winds. These tropical westerly anomalies have a direct dynamic
impact, referred to as the Trade Wind Charging (TWC), and an indirect thermodynamic
effect due to the warmer SST anomalies underlying the weakened winds called the
Northern Pacific Meridional Mode (NPMM). Three potential mechanisms have been
hypothesized to connect NPMM to the onset of ENSO. They all link, in different ways,
the NPMM to equatorial Kelvin waves that propagate along the thermocline and initiate
El Nifio events. First, the warm extratropical SST anomalies expand south-westward due
to the positive wind-evaporation-SST (WES) feedback. Once the warm anomalies reach
the western equator, the anomalous westerly winds that accompany them can excite
equatorial Kelvin waves (Liu and Xie 1994). Secondly, the westerly wind anomalies
associated with NPMM can excite off-equatorial Rossby waves in the spring which
propagate westward and reflect as equatorial Kelvin waves (Alexander, et al., 2010).
Third, the extratropical anomalous warm SST can cause the intertropical convergence
zone to shift northward, inducing a weakening in the equatorial trade winds that can
excite equatorial Kelvin waves (Amaya, Kosaka, et al. 2019). At the same time, the
weakened off-equatorial trade winds have a dynamic impact by establishing off-
equatorial, anti-cyclonic wind stress curl that in turn induces vertically-integrated

meridional mass transport into the central portion of the Equator. The convergence of



warm water in the subsurface gives rise to a “charged” equatorial Pacific, which initiates
the onset of El Nifio events (Anderson and Perez 2015).
Scientific Questions and Findings

Given this background, the goal of this particular research project is to investigate
the relationship between ENSO and the NPO-related precursor, including the dynamics
of the TWC (Anderson, Perez and Karspeck 2013) as well as the thermodynamics of the
NPMM (Larson and Kirtman 2013). Their combined influence on ENSO is henceforth
referred to as TWC/NPMM forcing.

The motivating question for the initial chapter of this research project is: how
robust is the TWC/NPMM-ENSO relationship and has this relationship shown any
internal variability in the past?

The analysis shows that the relation between ENSO and the TWC/NPMM driver
has been strong from 1870 until 1920, then weakened during the following four decades,
before regaining strength from 1960 onward. The TWC/NPMM signal is active during
the entirety of 1870-2011, and that it is only the coupling with ENSO that weakens
between 1920 and 1960. Furthermore, a combination of composite analysis of the months
leading up to and following a positive ENSO event, and spectral analysis shows that the
internal variability of ENSO differs between the periods of strong and weak
TWC/NPMM-ENSO relationship. In particular, during 1920-1960, the ENSO signal has
a constant 6 years long periodicity, and the system’s oscillations between opposite states
are distinct. During the intervals of 1960-2011 and 1870-1920, instead, the power of the

ENSO signal is spread over a diverse range of periodicities. This led to the hypothesis



that the change in the oscillatory behavior of ENSO results from a change in its driving
mechanism. During both the first and the third periods, ENSO is responding to stochastic
forcing, hence the diverse range of oscillatory periods. Between 1920 and 1960 instead,
ENSO appears to behave like a self-sustained oscillation.

These findings on the nature of the TWC/NPMM-ENSO raise the second set of
questions, namely, how do state of the art coupled climate models simulate the
TWC/NPMM-ENSO relationship? First, do they recreate the TWC/NPMM precursor? If
so, do they capture the internal variability of the TWC/NPMM-ENSO relationship and
the concurrent internal variability of ENSO oscillatory behavior? And, in conclusion,
how does this ensemble reconstruct the TWC/NPMM-ENSO relationship in the presence
of increasing external forcings?

Despite clear variations across the ensemble, the TWC/NPMM is reconstructed
by all models as an ENSO precursors. Then, after isolating periods when the behavior of
the ENSO changed from oscillatory to stochastic, | revealed that ENSO is preceded by
TWC/NPMM when the periodicity is stochastic, but not during periods when it is
oscillatory. The models thus reproduce the same features of ENSO internal variability,
which are mirrored by changes in the TWC/NPMM-ENSO relationship as it was
identified in the reanalysis data. As I include increasing external forcings in the analysis,
| show that TWC/NPMM-related ENSO events are consistently stronger than the former
events, and that this relation holds true both with constant and increasing external
forcings. Further, the ensemble predicts a shift towards larger ENSO events whose center

of heat moves consequently westwards, in the presence of increasing external forcings.



When studying the ENSO signal, I find that in the majority of models there is an increase
of the overall power of ENSO during the years 1950-2050. However, this power trend is
not connected to specific changes in how the ENSO system oscillates. In particular, we
see no clear trends in the rate at which ENSO oscillates, nor in its stochasticity. This final
result, together with the fact that we see no shift in the strength of the TWC/NPMM-
ENSO relationship, agrees with previous findings of this thesis.

In conclusion, as ENSO’s driving mechanisms all rely on interactions between the
ocean, both at the surface as well as along the thermocline, and the overlying winds and
pressure fields, the horizontal resolution of the models could play a fundamental role in
how accurately those interactions and, consequently, the TWC/NPMM-ENSO
relationship are represented in the model. Therefore, I utilize an ensemble of state of the
art models (further details below) that is specifically designed to systematically
investigate the impacts of increasing horizontal resolution to an eddy-permitting level. |
thus test one corollary question: does horizontal resolution have an impact on a model’s
ability to reconstruct the TWC/NPMM-ENSO relationship and its variability?

The results both with constant and increasing atmospheric forcings suggest that
the horizontal resolution does not play a consistent role in the models’ ability to isolate
either ENSO or TWC/NPMM, or the internal variability of their relationship.

Data and Methods

The variables for this analysis are winter-seasonal means of SST (NDJ) and tx

(NDJF) anomalies, constrained in the region of ENSO dynamics [20S-20N, 120E-70W].

The tx Is the chosen variable to capture the westerly wind anomalies that characterize the



10

TWC/NPMM, while SST is the chosen variable to capture ENSO variability, 1 year later.
For the first study, the ocean variable (SST) is retrieved from the latest version of the
Simple Ocean Data Assimilation reanalysis with sparse observation input (SODASI.3),
and the atmospheric variable (tx) is retrieved from the 20th Century Reanalysis Version
v2c, between 1870-2011. In the second set of studies, | retrieved those same variables
from the High Resolution Model Intercomparison Project (HighResMIP) which is a
protocol-driven ensemble part of the CMIP6. | specifically focus on three sets of
HighResMIP experiments: (1) control-1950, a 100 years long simulation with constant
1950’s radiative forcing levels which correspond to a global radiative forcing of ~0.5
W/m2 (Myhre, et al. 2013); (2) hist-1950, an experiment with prescribed radiative
forcings from 1950 to 2014; and (3) highres-future, a simulation that continues from
where hist-1950 ends until 2050, with increasing external forcings prescribed to follow
the RCP8.5 scenario from the fifth IPCC. In this pathway no mitigation efforts are
implemented (Pachauri and Alle 2014) and radiative forcing reaches 8.5 W/m2 by 2100
(Riahi, et al. 2011). In particular, the third chapter focuses on the control experiments,
while the fourth carries out a comparison between control and historical+future
experiments.

Given that my focus was on the changing nature of the TWC/NPMM-ENSO
relationship, | employed a method that could capture the time correlation between the two
modes. Namely, | applied a variant of the Canonical Correlation Analysis (CCA), which
is thoroughly discussed in (Bretherton, Smith and Wallace 1992) where it is referred to as

“CCA in the basis of Principal Components™ and is an established tool for analyzing
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coupled climate variables (Graham, Michaelsen and Barnett 1987) (Anderson 2003). This
method differs from the classic CCA because the inputs do not comprise the entire fields
of interest, but a subset of Principal Components obtained by first applying the Empirical
Orthogonal Functions (EOF) on both variables. This intermediate step is of particular
importance because it significantly reduces part of the noise (Bretherton, Smith and
Wallace 1992). The CCA then returns pairs of time series, sorted such that the first one
represents the pair of modes having the highest correlation.

In the third chapter, I combine the CCA in the basis of PC’s with techniques that
are specifically designed for multi-model inter-comparisons. To start, | reconstruct the
most highly correlated fields of SST and preceding zonal wind stress for each
experiment. The ensemble performance is then quantitatively assessed with the help of
Taylor diagrams and pattern correlation analyses, by comparing the tx fields obtained in
the reanalysis data against those of the model ensemble. In the fourth chapter, | turn to
the Center of Heat Index (CHI) (Giese and Ray 2011) to carry out the spatial
characterization of the TWC/NPMM-ENSO relationship as well as to develop CHI-

analogous indices to study how the power of ENSO spreads across different periodicities.
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CHAPTER TWO
Introduction
The EI Nifio Southern Oscillation (ENSO), the largest mode of coupled
atmosphere-oceanic variability in the tropical Pacific Ocean, has attracted the attention of
the scientific community because of the widespread influence it has on large-scale
atmospheric circulations beyond the tropical Pacific (Rasmusson & Carpenter, 1982) and
the consequences it carries for weather patterns worldwide (Alexander, et al., 2002).
ENSO is a natural oscillation in the tropical Pacific comprising a mean state and two
anomalous ones: El Nifio and La Nifia. The neutral state consists of colder sea surface
temperatures (SSTs) off of the Peruvian coast and warmer water by Australia and South-
East Asia. This dipole gives rise to a gradient in sea level pressure (SLP) that sustains the
Pacific Walker circulation: convective, wet conditions in the West and dry, high pressure
conditions in the East, with easterly trade winds along the Equator. During La Nifia,
cooling of the SSTs in the east (and warming in the west) enhance the mean SST and
SLP gradient, thus intensifying the features of the Walker circulation. By contrast, during
El Nifio, anomalous warming of the SSTs in the east (and cooling in the west) generate
SST and SLP anomalies that are of opposite sign with respect to the neutral state. This
causes a weakening of the mean state; in addition the convective branch of the Walker
circulation is shifted eastwards over the Ocean (Sarachik & Cane, 2010).
The impacts of ENSO’s seesaw are felt at a global scale. The most direct effects are
changes in precipitation and pressure patterns over Northwestern South America,

Australia and the Indo-Pacific region as a consequence of the shift in the Walker
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circulation (Dai & Wigley, 2000; Cai et al., 2011). More indirectly, impacts are registered
in the extratropical Pacific: along the western North Pacific, for instance, ENSO
modulates the intraseasonal oscillation during the months of May-October (Liu et al.,
2016). Other basins are also affected by the oscillation of ENSO. In the Indian Ocean,
alternate phases of the Pacific mode have been shown to affect the internal dynamics of
the basin and the Indian Ocean Dipole (Ummenhofer et al., 2012); similarly, the Summer
Indian Monsoon precipitation can be strongly dampened by the occurrence of El Nifio
events (Ashok et al., 2004). Such events significantly affect natural ecosystems and
human settlements alike. In order to predict, and prepare for, such events and thereby
improve the resilience of affected communities and ecosystems, it is critical to examine
more closely the dynamics of ENSO.

A large body of literature has explored the complex mechanisms that trigger,
enhance and maintain the coupled atmosphere-oceanic dynamics of ENSO. The positive
feedback, first described in research by (Bjerknes, 1969), is known to enhance SST
anomalies in the Tropical Pacific, until they develop into mature ENSO events. This
cannot however explain the oscillatory behavior of the system: after full-grown EI Nifios
and La Nifas the ocean returns to its mean state or oscillates to one of opposite sign. This
oscillatory feature has been explained through four main hypotheses. They all
characterize ENSO as a self-sustained system where SST-related feedbacks and tropical
ocean dynamics force the dipole to oscillate; these four hypotheses are now seen as
special cases of the unified oscillator (Wang et al., 2017). Although these theories are

able to capture an important aspect of ENSO’s behavior, they do not provide a sufficient
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explanation for ENSO’s non-stationarity, which has been ascribed to tropical stochastic
mechanisms such as the Madden Julian Oscillation (Kapur & Zhang, 2012) and Westerly
Wind Bursts (Puy, et al., 2019). These mechanisms have been shown to alter the mean
state of the Tropical Pacific, triggering anomalies that, through aforementioned positive
feedbacks such as the Bjerknes feedback, can modulate the system and alter the
oscillation.

Most stochastic “triggering” mechanisms identified so far reside in the Tropical
Pacific. However many results suggest an extratropical influence on the ENSO onset.
Among these mechanisms, the boreal spring Arctic Oscillation has been shown to have a
significant impact, particularly on the onset of positive ENSO events (Chen, Chen and
Yu 2014); additionally both strong and weak Auletian low conditions have been found to
impact La Nifia and El Nifio respectively (Chen, Chen and Wu, et al. 2020). Further,
anomalous atmospheric conditions over the central North Pacific, related to the North
Pacific Oscillation (NPO), have been shown to consistently precede ENSO events by 9-
10 months (Anderson, 2003; Vimont et al., 2001 and Pierce et al., 2000). During this
time, NPO-induced winter-time SLP anomalies cause anomalous zonal winds that
weaken the off-equatorial trades. Weakened trade winds have both a thermodynamic and
dynamic impact on the tropical Pacific. Thermodynamically, these anomalous winds
reduce latent heat flux from the underlying ocean, resulting in positive SST anomalies
(SSTAS) in the northern extratropics during the spring. This chain of events gives rise to
the North Pacific Meridional Mode (NPMM) and its signature meridional gradient of

SSTAs: warm SSTAs in the extratropics and cold SSTAs in the eastern Equator (Amaya,
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2019). Three potential mechanisms subsequently connect the NPMM to the onset of
ENSO. First, through the wind evaporation SST (WES) feedback, the positive
extratropical SSTAs migrate south-westward towards the western portion of the Pacific
Equator. Anomalous westerly winds follow the SSTAs equatorward and there can excite
equatorial Kelvin waves that then initiate the onset of ENSO (Liu & Xie, 1994).
Secondly, NPMM-associated wind anomalies can excite Rossby waves in the spring
which then reflect as equatorial Kelvin waves as well (Alexander, et al., 2010). Third, the
extratropical SSTAs can shift the intertropical convergence zone (ITCZ) northward, thus
causing a weakening of equatorial trade winds that can also excite equatorial Kelvin
waves (Amaya, et al., 2019).

Dynamically, the NPO-induced wind-stress anomalies in the northern extratropics
not only influence the underlying SST fields (as discussed above) but also induce
substantial equatorial and off-equatorial subsurface temperature anomalies via meridional
and vertical circulations respectively. In particular, the NPO-induced weakening of the
trades results in an off-equatorial wind stress curl that produces significant vertically-
integrated meridional mass transport into the equatorial region. The convergence of
meridional mass transport along the equator in turn generates extensive subsurface heat
content changes representative of a “charged” equatorial Pacific, which serves as an
influential initiator of mature El Nifio events (Anderson & Perez, 2015). For this reason,
this dynamic mechanism is called Trade Wind Charging (TWC henceforth).

Given that NPO-induced off-equatorial trade wind anomalies have both a thermodynamic

(NPMM) and dynamic (TWC) influence on the tropical Pacific and subsequent onset of
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ENSO events, following the lead of Anderson and Perez (2015) we will refer to the
influence of these trade wind variations as TWC/NPMM forcing of ENSO variability. As
discussed in a recent review (Pegion and Selman 2017) several independent results
conclude that extratropical ENSO-precursors, such as the NPMM and the NPO, are
subject to multi-decadal internal variability. Furthermore, a recent paper by Zhao and Di
Lorenzo (2020) shows that a significant portion of the tropical Pacific low-frequency
variability can be traced back to extratropical ENSO-precursors. In their conclusion,
Pegion and Selman (2017) highlight the need for further investigations to address this
specific issue, particularly in light of possible future changes due to increased green
house gases concentration. In order to contribute to this endevour, this paper investigates
the evolving relationship between TWC/NPMM forcing and the development of mature
ENSO events the following Boreal winter. In particular, thanks to the extended length of
recently developed, multi-century ocean reanalyses, the chapter shows how the relevance
of TWC/NPMM forcing as a leading mechanism has its own oscillatory behavior.
Interestingly, analysis of those years when ENSO is not subject to the TWC/NPMM
forcing indicates that no other driver prevails either, but that ENSO has a self-sustained
oscillation. Furthermore, the mode’s periodicity has a much narrower frequency band,
and we see most notably that unforced ENSO events oscillate more regularly and slower
than in the intervals when the TWC/NPMM forcing is present. These results put those of
Yu and Fang (2018) - which indicate that the seasonal footprinting (SF) mechanism
(equivalent to the TWC/NPMM here) contributes to a more stochastic evolution of

ENSO, while the recharge-discharge mechanism gives rise to a more regular oscillation -
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in a larger historical context while also isolating the characterisitic oscillatory behavior in
the observed system.

The Data and Method section provides an overview of the reanalysis dataset, the
variables included, and the methodology utilized to isolate the coupling between ENSO
and TWC/NPMM forcing. The Results section explores the time evolution of the co-
variability between the two modes and identifies those time intervals when TWC/NPMM
forcing is the leading precursor and those when it is not, with a particular focus on the
interval when TWC/NPMM-ENSO relationship is weaker. In the Conclusion, we then
summarize these findings and discusses them in the context of previous investigations
into the nature of ENSO variability.

Data and Method

Data

The variables for this analysis are retrieved from the latest version of the Simple Ocean
Data Assimilation reanalysis with sparse observation input, called SODAsi.3. We provide
here an overview of the dataset, which is thoroughly presented in Giese, et al. (2016).
This latest version contains several improvements, introduced to solve biases that had
emerged in previous reanalysis dataset. First, the only variable from oceanic observations
assimilated in the reanalysis is SST. This was done to compensate for bias caused by the
inhomogeneous amount of available variables, particularly in the subsurface before and
after the 1950’s. The observations are retrieved from the International Comprehensive
Ocean-Atmosphere Dataset, version 2.5, and are assimilated following a 10-day long

update cycle through a loosely coupled set of iterations between the SODAsi system for
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oceanic data and atmospheric boundaries from the 20th Century Reanalysis (20CRv2c).
The loosely coupled iteration is meant to improve the mutual consistency between
atmospheric and oceanic data, which is very important for a reanalysis that extends deep
into the 19th century when ocean observations are extremely sparse, and the need is to
rely on atmospheric data. Finally, SODAsi.3 is forced with individual ensemble member
data from 20CRv2c, instead of using the ensemble mean as had been done in previous
versions. This adjustment is also done in order to reduce the large biases that averaging in
times of sparse observations can carry.
The variables utilized in the analysis are SST from SODAsi.3 and horizontal wind stress
(tx and tv) from 20CRv2c, taken from all eight ensemble members. Time wise, the
interval is cut to 1871-2011, from the original 1815-2011, since a higher number of
observations is included in the assimilation after 1871, making the data more robust.
Furthermore, in order to assess that our results are not data-dependent, we repeated
several steps of our analysis using other reanalysis datasets that cover similar extended,
centennial timeframes: ersst.v5 for SST and ERA-20C for wind stress. The results
confirm the robustness of our analysis (not shown).

Method
First, the variables for the analysis (SST and tx) are spatially constrained in the region of
interest for ENSO dynamics: between latitudes 20S and 20N and longitudes 120E and
70W similar to the one used in Anderson and Perez (2015) and in Larson and Kirtman
(2013). Secondly, since both ENSO and NPO-induced wind-stress forcing have their

most active seasons during Boreal Winter, the variables are averaged over November-
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January for SST (Trenberth, 1997) and November-February for tx (Anderson & Perez,
2015). Since the focus of this paper is the internal variability of ENSO and its drivers, the
seasonal means are de-trended, in order to remove externally-induced low-frequency
alterations. Finally, since NPO-induced TWC/NPMM activity occurs one year before
mature ENSO events, the seasonal time series of SST and tx are arranged in order to
have a one year lag between them. This data aggregation is performed separately for each
of the eight SODAsI.3 ensemble members. For both fields, the eight ensemble members
are concatenated along the time dimension, resulting in an aggregate of 1112 (139x8)
years of data at each grid point. This approach constrains the results, making them less
sensitive to the noise one single member might be carrying, while keeping potentially
important internal variability.

Next, we seek to identify winter modes of wind-stress variability that precede
large-scale changes in SST anomalies the following year. This is carried out by adopting
an already established variant of the Canonical Correlation Analysis (CCA) (Anderson,
2003). Applying a technique used in previous analyses (Graham, et al., 1987), we first
isolate large-scale modes of variability with the help of Empirical Orthogonal Functions
(EOF). EOF analysis is a tool that has been widely utilized to reconstruct climate modes
(Dai, et al., 2015; Kessler, 2001), because of its ability to isolate modes of high
variability from space-time matrices. In this study, EOF is used on space-time matrices of
both SST and tx and we will refer to them as S and T respectively. In particular, we are
interested in the Principal Components (PC’s) of the covariance matrix of both variables

which are obtained by calculating a Single Value Decomposition (SVD) on Sand T. The
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SVD returns PC’S as vectors in decreasing order of variability, ensuring that a large
fraction of the variability of both SST and tx can be isolated by simply extracting the first
PC’s. These vectors of high variability are then used as inputs for the CCA.

While the EOF analysis returns modes of variability for each field separately, the CCA
between two variables captures modes having the highest co-relation, expressed in pairs
of times series: the Canonical Variables (CV). In this case, the co-relation is investigated
between high variability subfields of SST and tx constructed through PC’s. The number
of PC’s included in the CCA is decided recursively by maximizing the correlation
between the first pair of CV’s with the trade-off of an 85% threshold on the total included
variability for each variable. This variant of the CCA is thoroughly discussed in
Bretherton, et al. (1992) where it is referred to as “CCA in the basis of Principal
Components” and is regarded as one of the two best options to isolate coupled modes.
Furthermore, since the aim is to isolate the TWC/NPMM forcing mode, and since wind
signals concurrent with ENSO can interfere with the TWC/NPMM reconstruction, the
former are removed following the lead of (Larson & Kirtman, 2014). This is done
excluding the first PC of tx which captures the time evolution of ENSO. As a robustness
test, ENSO was also linearly removed from zonal winds using the concurrent Nifio 3.4
index, and the final results were identical. The CCA analysis returns paired canonical
variables, one for SST (CVXsst(t)) and the other for tx (CVXtx (t-1)) , where k is the
index of the pair. The pairs are sorted such that the first one (CV1sst (t),CV1tx (t-1))

represents the pair of modes having the highest correlation.
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Results

To start, CCA is first applied to the SST and wind stress anomalies during the
interval between 1960 and 2011. This interval is selected for two reasons: (1) data from
these latter decades are more robust because of a larger number of available observations
and because of their widespread distribution over the globe; (2) the second half of the
20th century has been the object of multiple, previous analyses of the ENSO-NPO
relationship and therefore allows us to test our method and data against these previous
results (e.g. Anderson, 2003; Anderson & Perez, 2015 and Larson & Kirtman, 2014).
Following the steps described in the Method section, we first isolate the time series for
the leading pair of coupled modes of SST and preceding wind stress anomalies: CVsst
(t) and CV1tx(t-1), respectively. As expected, the time series are highly correlated (p =
0.76 - Figure 1a). In addition, the time evolution of the SST mode CV1sst(t) is highly
correlated with the concurrent seasonal (NDJ) Nifi03.4 index (p = 0.8). The
corresponding zonal wind-stress pattern (Figure 1b) indicates large, positive zonal wind-
stress anomalies in the central tropical North Pacific, with weaker negative (positive)
zonal wind stress anomalies along the central (western) equatorial Pacific, while the SST
pattern (Figure 1c) one year later indicates large, positive SST anomalies across the

tropical Pacific. To expand our view, we regress CVsst(t) against concurrent SST
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Figure 1 Results from Canonical Correlation Analysis (CCA) of sea surface temperature
(SST) anomalies and preceding zonal wind stress (tx) anomalies over the interval 1960-2011.
(a) Time-series of the first Canonical Variables of seasonal SST (NDJ) and preceding
seasonal tx (NDJF): CV!ssr(t) (thick blue) and CV'tx(t-1), (dotted blue) respectively. The
time series have variance 6> = 1 and mean p=0. They are plotted together with the normalized
Nifio3.4 index, concurrent with CV'sst(t) (green). Note: the three time series are plotted with
respect to January of the seasonal mean of the SST time series, hence CV'tx(t-1) is shifted 1
year forward.

(b) Seasonal tx anomalies regressed against CV'tx(t-1) over the CCA region. Magnitude of
tx anomalies (N/m?) given by color bar on the r.h.s of the panel. (c) Seasonal SST anomalies
regressed against CV'sst(t) over the CCA region. Magnitude of SST anomalies (K) given by
color bar on the r.h.s of the panel.

(d) Seasonal SST (NDJ) and tx (NDJF) anomaly fields regressed against CV'tx(t-1). (e)
Seasonal SST (NDJ) anomaly fields regressed against CV'sst(t). In both panels, the plots are
created by regressing anomaly fields concurrent with the corresponding CV, thus the left
panel precedes the right one by 1 year. Magnitude of SST anomalies (K) given by color bar
on the r.h.s of the panels. Only results significant at a=0.95 are shown.

anomalies (Figure 1e) which not surprisingly reveals the characteristic features of a
positive El Nifio: positive SST anomalies along the Central and Eastern Equator
extending in the extra-tropics along the Western coast of the North American continent,

alongside negative anomalies in the Western portion of the Equator. Further, regressing
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CV1ix(t-1) against concurrent SST and wind stress fields reveals underlying SST
anomalies characteristic of the Meridional Mode (Figure 1d). In addition, the concurrent
wind stress anomalies contain a cyclonic circulation centered on the Hawaiian Islands -
characteristic of an anomalous weakening of the southern lobe of the NPO—with a
corresponding weakening of the off-equatorial Northeast trades over the central and
eastern Pacific. As such, during the period 1960-2011, our analysis indicates that the
leading mode of wind-stress variability preceding mature ENSO events is the
TWC/NPMM forcing mode, which agrees well with previous research (Vimont, et al.,
2001; Anderson, et al., 2013 and Anderson & Perez, 2015).

Having confirmed the use of the method and data outlined in the respective
section, we now turn our attention to analyzing the full time period 1871-2011, and
possible changes in the relationship between ENSO and the TWC/NPMM forcing. To
start, we apply the same CCA method on 56 subintervals of the full 1871-2011 time
period. These subintervals are obtained by splitting 1871-2011 into 31-year periods offset
by 2 years, e.g., 1871-1901, 1873-1903, and so forth (note — results are insensitive to the
exact offset length). For each subinterval j, CCA returns the leading pair of coupled time
series, CV%sst (t) and CVYy (t-1). We then regress CV3tx (t-1) against the concurrent
zonal wind stress anomalies at each grid point, to obtain the corresponding maps Tlx, for
each subinterval j (as was done in Figure 1b). Once we have obtained the 56 maps of
wind stress variability, T'x,..., T°®x, we want to isolate the most common pattern that
they share and how that pattern manifests across subintervals. In order to do so, we treat

Tlx as vectors of a space-time matrix Tx, where each subinterval j represents a time point.
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We then perform an EOF analysis on Tx itself . Importantly, we do not remove the
temporal mean from the matrix, following the examples of Wang, et al., 2010, and
Chamaillé-Jammes, Fritz and Murindagomo, 2006. As such, the first EOF (EOF1)
isolates the most common pattern across subintervals, while the first PC (PC1 (t))
captures how strongly that pattern manifests itself within a given wind stress anomaly
map Tlx. The results can be seen in Figure 2. In Figure 2a a sample of the Tx,..., T%%x
maps upon which the EOF analysis is applied. The panel in Figure 2b shows the spatial

component of the first EOF. In this field, one can clearly identify the strong positive
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Figure 2 Results from CCA applied to 56 30-year sub-intervals from 1871-2011.

(a) ™x anomalies regressed against the concurrent CV1tx(t-1) in the 30-year sub-intervals.
CV1tx(t-1) for each sub-interval is obtained using CCA as described in the text. The
regression maps for all 30-year sub-intervals comprise the reconstructed zonal wind stress
fields T'x,..., T%®x. Here only every fourth map is included for visualization purposes.
Positive (negative) values are shaded brown (green). The spatial extension of the maps is
the same as in (b). (b) Spatial component of the first EOF (EOF1) derived by applying an
EOF analysis to the reconstructed zonal wind stress fields T'x,..., T%x — see text for
details. Magnitude of zonal wind anomalies (N/m?) given by color bar on the r.h.s of the
panel.

(c) Time series of the first Principal Component (PCa(t)), plotted at each 30-year sub-
interval’s mid-point. For each subinterval, the horizontal red bars indicate the 0=0.95
confidence interval around the mean value calculated over their respective time points.
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Figure 3 Weighted mean tx and SST fields associated with PC1(t) plotted in Figure2c.
The anomalies are weighted based on the values of the vector PCa(t) / ||[PCy(t)||1, where
IPC1(t)||1 is its 1-norm.

(@) Weighted mean seasonal wind stress (NDJF) anomalies (black arrows with zonal
component in colored shading) using PCa(t) / |[PC1(t)||» values at a particular sub-interval
to weight the corresponding reconstructed wind stress maps, T, ..., T3 for that sub-
interval. Magnitude of zonal wind anomalies (N/m?) given by color bar on the r.h.s of
the panel.

(b) Weighted mean seasonal SST (NDJ) anomalies (in colored shading), using

PCa(t) / ||PC1(t)||2 values at a particular sub-interval to weight the corresponding
reconstructed SST maps. The maps are derived by regressing the SST anomalies against
the CV1ss(t) for each 30-year sub-interval. Here, CVsst(t) for each sub-interval is
obtained using CCA as described in the text. By construction CV2sst(t) lags CV*ix(t-1)
by one year for the same sub-interval and hence the right panel lags the left panel by one
year. Magnitude of SST anomalies (K) given by color bar on the r.h.s. of the panel.

signature between 10N-20N, corresponding to the westerly anomaly typical of
TWC/NPMM forcing mode. The time series of the first PC is plotted in panel Figure 2c.
PCy(t) captures the manifestation of EOF1 throughout the subintervals. Interestingly, it
appears that the manifestation of the EOF; pattern — i.e. the TWC/NPMM forcing mode —
within the leading modes of coupled SST/wind-stress variability (as determined by CCA)
is subject to a low-frequency oscillation. In particular, the TWC/NPMM forcing mode
manifests strongly during the beginning and the end of the 1871-2011 time interval, but
not during the interevening period comprised roughly between 1920 and 1960 (red bars

over the plot).
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In order to confirm that EOF; captures the manifestation of TWC/NPMM forcing
of ENSO events, we calculate a weighted mean of the regression maps of zonal winds
during each subinterval, T!x,..., T°®x, where the weights are provided by the time series
PC: (t). Similar weighted mean maps are reconstructed using the regression maps of
meridional wind stress during each subinterval, as well as the regression maps of SST
anomalies from the following Boreal winter (again, each of the regression maps of SST
and meridional wind stress anomalies for a particular subinterval are generated using the
CVYssr(t) and CVYx(t-1) for that subinterval, respectively). As expected, the larger-
scale wind stress anomaly pattern during years with active TWC/NPMM forcing (as
determined from the PCy(t) weights) contain an anomalous weakening of the southern
lobe of the NPO along with a corresponding weakening of the off-equatorial Northeast
trades over the central and eastern Pacific (Figure 3a). Further we find the subsequent
SST anomalies pattern during the following winter is characteristic of a positive ENSO
event (Figure 3b). Based upon the results from both Figure 2 and Figure 3, we conclude
that the TWC/NPMM forcing mode is the leading empirical precursor to mature ENSO
events across the period 1871-2011, however the influence of the TWC/NPMM forcing
mode upon ENSO variability is decadally modulated, as seen in Figure 2c. In order to
attest whether the oscillation is due to a change in the coupling with ENSO or in the
TWC/NPMM mode itself, we reconstruct the variance of the latter. For each of the 56
subintervals, we compute the pattern correlation between the seasonal zonal wind
anomalies and the EOF1 map shown in Figure 2b. This returns 56 time series, each

capturing how the TWC/NPMM mode manifests over its respective subinterval. We then
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calculate the variance of these time series, shown in Figure 4. The variance is fairly
stationary, which suggests that the TWC/NPMM mode is active throughout the 1871-
2011 time interval. The oscillation that we isolated in Figure 2c is therefore a feature only

of its role as a forcing mechanism of ENSO.
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Figure 4 Variance of the TWC/NPMM signal throughout all 30-year sub-intervals.

The time series shows the variance of the 30-year time-series generated by performing a
pattern correlation between the EOFy, in Figure 2b, and seasonal tx (NDJF) anomalies
for each year within the given 30-year sub-interval. The variance of the correlation time
series is then computed for each sub-interval and plotted here against the sub-interval’s
mid-point (unitless).

Based upon these results, the full interval 1871-2011 is split in the three
subintervals identified by the red bars in Figure 2c: 1871-1921, 1920-1961, 1960-2011.
The third interval is the one that has already been analyzed in the previous subsection; in
the next subsections we analyze the other two, with a particular focus on the middle
interval when the role of the TWC/NPMM mode, as an ENSO forcing mechanism,
appears to be weaker.

The CCA, when applied to the subinterval 1871-1921, returns two fields that are
fairly consistent with the ones shown in Figure 1. The correlation between the wind-stress
and SST time series is lower than the one for the 1960-2011 period (p = 0.49), but the

correlation between CV3sst(t) and Nifio3.4 is much higher (p = 0.99). This latter result
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Figure 5. Same as Figure 1, except for the period 1920-1961.
(a)as l.a,(b)as 1.d, (c) as 1.e.

suggests that CV'!ss1(t) is capturing the ENSO evolution, as confirmed by the regression
maps of SST anomalies (not shown). Further, the regression of anomalous wind flux
against CV'tx(t-1) returns wind fields characteristic of the signature weakening of the
southern lobe of the NPO, centered North of Hawaii (not shown). As such, we find that
during this first interval the strength of TWC/NPMM forcing mode and its relationship
with ENSO are fairly similar to what is shown for the 1960-2011 period, which is in
accordance with the modulation of PCi(t) in Figure 2c.

Our main interest lies with the subinterval from 1920 to 1961, during which time
it appears that the TWC/NPMM forcing mode’s relationship with subsequent ENSO
variability is weaker (since it does not manifest as strongly in the leading CV patterns
during this period’s subintervals - Figure 2¢). Indeed, when we apply CCA to the period
1920-1961 the reconstructed SST and wind stress fields (Figure 5) bear no resemblance
to those in Figure 1. Importantly, the leading mode of coupled zonal wind-stress and

lagged SST anomalies across the tropics does not correspond to ENSO’s evolution (also
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Figure 6. Regression maps of oceanic and atmospheric anomalies preceding positive
ENSO events during the 1920-1961 time period.

(a) January monthly mean of SST (color shading) and wind stress flux (black arrows)
anomaly fields regressed against the normalized seasonal (NDJ) Nifio3.4 index 36
months later (i.e. in Year 0). Regression values only calculated over the period 1920-
1961. Magnitude of SST anomalies (K) given by color bar at the bottom of the figure.
Only results significant at a=0.95 are shown. (b-l) same as (a) except for the monthly
SST and wind stress anomaly fields for every 4" month up to October one month prior
to the NDJ Nifio3.4 index.

confirmed by the low correlation between CVsst(t) and Nifio3.4, p = 0.27). This result
suggests that not only is TWC/NPMM forcing of ENSO less robust during this period,
but that there is no strong coupling between ENSO and any preceding modes of
wintertime zonal wind stress anomalies during this 40 years period. Note that the same
results holds for the second and the third CVs as well, with neither capturing the ENSO
evolution during this period (as represented by their correlation with Nifio3.4, which are
p(CV2sst (t),Nifio3.4) = 0.11 and p(CV3ssr (t),Nifi03.4) = 0.03, respectively).

The question at this point becomes: how does ENSO behave during this time

interval and does its characteristics differ from those of the other two sub-periods when
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TWC/NPMM forcing is active? We return to the winter seasonal (NDJ) Nifio3.4 index as
the most straight-forward way to isolate ENSO and its evolution. It allows us to study the
mode’s behavior without making assumptions about that behavior and its couplings with
other modes. Firstly, the spatial reconstruction of the SST anomalies against the
concurrent Nifio3.4 index returns a clear ENSO pattern (not shown), confirming that,
albeit having different dynamics, the canonical pattern of ENSO variability is present
during these years. To understand how ENSO evolves during this period, we reconstruct
the anomalies of the oceanic and atmospheric state during the three years leading up to an
El Nifio event by performing a lagged regression against the normalized NDJ Nifio3.4
index (Figure 6). During the period 1921-1960—in which precursor atmospheric forcing
is weak—there is a strong relation between El Nifio (Oct(-1)) events (i.e. one month prior
to the NDJ Nino3.4 index) and La Nifia (Jan(-3)) events three full years earlier. During
the intervening months however, there is almost no coherent signal in either the tropical
atmospheric or oceanic fields; this holds true even for the prior Boreal winter (Oct(-
2)/Jan(-1)), confirming the earlier results from CCA.

To see how this evolution contrasts with the canonical ENSO evolution found
during the latter half of the 20th century, we performed the same analysis for the period
1960-2011 (Figure 7). As expected, during this period, there are coherent oceanic and
atmospheric signatures in the tropics during Boreal winter (Jan(-1)/Apr(-1) prior to
mature El Nifio events that qualitatively match those from the earlier CCA results. In
addition, there is also a relation between El Nifio events and prior La Nifia events.

However, the transition between La Nifia events and EIl Nifio events during this period is
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Figure 7. Same as Figure 6 except for the period 1960-2011.

shorter. Further, the persistence of the La Nifia state spans a broader period of time (from
Oct(-3) to Oct(-2)), suggesting that the length of the transition time is less well defined,
ranging from 1 to 2 years. As such, in addition to the changing nature of the precursor
fields prior to mature ENSO events, these two figures suggest that the periodicity of the
ENSO system may have shifted between the two intervals.

In order to quantitatively test this hypothesis, we calculate the Power Spectral
Density (PSD) of the seasonal Nifio3.4 index for the two subintervals separately using
Thomson’s multitaper technique (Figure 8). During 1960-2011 the PSD presents several
minor peaks, but generally the spectrum sees a plateau for periods of roughly 2 years up
to 5 years. As such, during the period 1960-2011, the ENSO signal is characterized by a
diverse range of frequencies with no distinct period of oscillation. This confirms the
interpretation of the long-lived transition from La Nifia states to El Nifio states seen in

Figure 7, which in fact captures transitions with different periods being averaged together
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Figure 8. Power Spectral Density (PSD) of the seasonal (NDJ) Nifio3.4 index. The PSD
is calculated using Thomson’s multitaper method. On the x-axis frequency from low to
high (logarithmic scale), with ticks designating the corresponding period; on the y-axis
the amplitude (K?/(cycles/year)). The PSD is calculated and shown for the intervals:
1920-1961 (black thick line), 1960-2011 (dotted line).

in the lag-regression calculation. By contrast, the power spectrum for the 1920-1961
interval shows a narrow band of power at longer periods. The more confined periodicity
of ENSO mirrors the well-defined shift between La Nifia and El Nifio seen in Figure 6.
Further, the longer periods—roughly between 4 and 8 years—correspond with the
slower, 3-year transition from La Nifia events to El Nifio events (equivalent to a 6-year
period) of the lag-regression fields in Figure 6.

As a final check of the strongly oscillatory nature of the ENSO evolution during
the period 1920-1960, we performed an analysis similar to that in Figure 6 but for the 36

months following the NDJ Nifi03.4 index (Figure 9). In agreement with Figure 6, the
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Figure 9. Same as Figure 6 except for the 36 months following the normalized, seasonal
(NDJ) Nifio3.4 index.

transition between opposite ENSO states takes 3 years and there is no significant oceanic
or atmospheric anomalies during the intervening months (with the exception of a weak
La Nifia-like pattern the year following a mature EI Nifio, which corresponds with the
minor 2-year peak in the power spectrum in Figure 8).

To summarize this suite of results discussed above we use the Morse wavelet
transform on the Nifio3.4 index to study the changing evolution of the spectrum of the
ENSO signal over the full interval (Figure 10). It is clear that during the first and last
intervals (1870-1920 and 1960-2011, respectively) during which the TWC/NPMM-
ENSO relation is robust, the Nifio3.4 evolution tends to have shorter periodicity centered
on the 2-4 year range; during the last interval the range of periodicity becomes even
broader and extends into the 4-6 year range, as seen in Figure 8. By contrast, in the

middle interval in which the TWC/NPMM-ENSO relation is absent, the power of the
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signal is concentrated over a much narrower band of longer range periodicities, between
5-7 years with a local maximum at around 6 years, again in agreement with Figure 8 (as
well as the lead/lag regression maps shown in Figure 6 and Figure 9 respectively).
Further, during this period in which the TWC/NPMM forcing (or any other wind-stress
forcing for that matter) is absent there is also an almost complete absence of power at the
shorter 2-4 year periods that is predominant during the other two intervals when
TWC/NPMM forcing is more robust. These results highlight that the decadal modulation
of coupling between ENSO and preceding zonal wind stress anomalies (whether NPO-

related or not) align with decadal changes in ENSQO’s periodicity and suggest that the
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Figure 10 Continuous Morse wavelet transform (CWT) of the seasonal (NDJ) Nifio3.4
index for the full 1870-2011 time interval. On the x-axis is the year, on the y-axis is the
period (in years). The white dashed lines set the boundary of the cone of influence,
which is shaded in white. The white vertical lines, at 1920 and 1960, divide the full time
period into the 3 sub-intervals identified by PC1(t) in Figure 2c. Magnitude of spectral
power (K?) at a given year/period is designated by the color bar on the r.h.s of the
figure.
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nature of ENSO variability may change based upon the efficacy of forcing mechanisms
during particular periods (to be discussed further below).
Summary and Conclusion

In this paper we analyze the empirical relation between mature ENSO events and
preceding wind-stress variability using a newly updated multi-century ocean reanalysis,
namely the SODAsI.3 dataset. An initial analysis of the last 50 years of the SODASsI.3
dataset (1960-2011) confirms there is a strong coupling between mature ENSO events
and the strength of the trade winds in the tropical North Pacific. This wind-stress
variability in the northern trades is known to both generate a Trade-Wind Charging
(TWC) of the equatorial subsurface temperatures and to establish the North Pacific
Meridional Mode (NPMM) tropical sea-surface temperatures. As such, here we refer to
this precursor pattern as the TWC/NPMM forcing mode of wind-stress variability. We
then extend the analysis to cover the entire interval from 1871 to 2011. Over the longer
time interval, our analysis shows a non-stationarity in the efficacy of the TWC/NPMM
forcing of the ENSO system. In particular, the intervals of roughly 1871-1920 and 1960-
2011 show similar results: the NPO-related TWC/NPMM forcing mode consistently
precedes ENSO by a full year. However, for the interval between 1920 and 1960 the
TWC/NPMM forcing mode does not represent a robust precursor to mature ENSO events
a year later. Moreover, our analysis reveals that, during this intervening interval, in fact
no mode of wind-stress variability is found to significantly precede ENSO events.

Equally important, this non-stationarity in the TWC/NPMM forcing mechanism is

mirrored by a shift in the characteristics of ENSO itself. Namely, during both the first and
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the last sub-interval, the power of the Nifi03.4 index is distributed over a wide range of
relatively high frequencies, having periods from roughly 2 up to 5 years. In contrast, for
the interval 1920-1960, the power of the signal is concentrated in a narrower band of
lower frequencies centered on periods of 6-7 years. In addition, during this interval, there
is a distinct lack of power in the 2-5 year range that predominates during the other two
intervals. This result refines earlier findings on the frequency ranges of the Southern
Oscillation (SO). In particular, (Yiou, et al., 2000) identified a shift in the frequency of
the SO Index between 1961 and 1962. While (Wang and Wang 1996), using data
extending to 1872, reported two changes: in the 1910°s and 1960’s.

We argue here that these results suggest that the spectral change is a sign that the
dynamics of the ENSO system itself is non-stationary. As argued by (Wang, et al., 2017),
ENSO can be interpreted within two theoretical frameworks: either as a self-sustained
oscillation, or as a mode triggered by stochastic forcing. Our results suggest that, during
the last 140 years, ENSO has shifted between these two underlying dynamics. In
particular, the diverse range of frequencies that we see during those phases in which
TWC/NPMM forcing is an active precursor—i.e. 1871-1920 and 1960-2011—would
imply that the system is responding to stochastic forcing. During the phase in which there
is no apparent atmospheric precursor present—i.e. 1920-1960—the ENSO power of the
signal is concentrated in a narrow, low-frequency band which implies that the ENSO
system is behaving as an un-triggered, self-sustained oscillation. As previously
mentioned, this interpretation of our results confirms previous findings from Yu and Fang

(2018). Their study argues that the SF mechanism - equivalent to TWC/NPMM
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characterized in this chapter - is responsible for a stochastic evolution of the ENSO
system, while the richarge-discharge mechanism drives a more regular oscillation.
Furthemore, their analysis, which focuses on the interval 1958-2014, identifies an
enhanced influence of the TWC/NPMM upon ENSO, consistent with the latter period
identified here. That said, our results put their results in larger historical context and
suggest that such multi-decadal modulation of the influence of TWC/NPMM upon ENSO
has been on-going over much longer, centennial timescales.

Further, our analysis reveals the intrinsic frequency of the observed osciallatory
ENSO mode. While Yu and Fang (2018) are able to only analyze one such mechanism
for generating this intrinsic oscillation - the recharge-discharge mechanism - the self-
sustained ENSO that we identify during the interval 1920-1960 could actually be
described by one of the four different conceptual mechanisms comprising the unified
oscillator: the delayed oscillator, the western Pacific oscillator, the recharge—discharge
oscillator, and the advective—reflective oscillator (Wang, 2001). However, as we show in
this paper, the oscillation between 1920 and 1960 is slow, with a period of 6-7 years of
length. This means that, among the aforementioned mechanisms, three are unlikely to
provide a comprehensive description of the dominant observed oscillatory mode because
the oscillations they explain are much faster. The western Pacific oscillator has, in fact, a
period of around 4 years (Weisberg and Wang 1997); the recharge-discharge oscillator is
described to have a robust period of about 3-5 years (Jin (1997); Yu and Fang (2018)),
and the delayed oscillator generates ENSO cycles of 2-4 years of length (Suarez and

Schopf 1988). The advective-reflective oscillator, however, gives rise to ENSO cycles
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having periods as long as 6 years (Picaut, et al., 1997), and it could therefore provide a
framework to contextualize the signal during the 40-year interval when ENSO shows the
most robust oscillatory behavior.

To conclude, different characteristics of ENSO diversity have been studied
throughout the years. Examples include the geographic structure of ENSO events as
captured by the duality between Central Pacific (CP) and Eastern Pacific (PC) ENSO, as
reviewed by Timmermann, et al. (2018). The diversity of ENSO’s time evolution has also
been the subject of previous studies. For instance An & Wang (2000) argue that from the
1960’s to the 1990’s ENSO variability shifted from a 2-4 year periodicity to a 4-6
periodicity. In addition, Atwood, et al. (2017) identified multi-decadal changes in the
frequency of the ENSO signal within very long (4000 years) runs of GFDL’s coupled
climate model. Here, thanks to the length of the SODAsI.3 dataset, we have unveiled
another aspect of ENSQO: a slow, multi-decadal change in ENSO frequency characteristics
that implies an underlying change in ENSO dynamics from one triggered by stochastic
forcing to one maintained by self-sustained oscillations. Both the possible causes and the
implications of this shift in underlying dynamics need to be further investigated. It is
important to analyze which multidecadal changes might be modulating the TWC/NPMM-
ENSO relationship. A starting point may be recent articles by Chen et al. (2019) and
Chen, et al. (2013) arguing respectively that the Atlantic Multidecadal Oscillation and the
Arctic Oscillation modulate the strength of the NPO influence on ENSO. Understanding
how the dynamical changes came about around 1920 and 1960 could help us predict if

similar shifts could occur again in the future. Further, by isolating this period and
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identifying the mechanism(s) underlying the self-sustained oscillation, we can determine
whether and how such mechanisms are affected by other factors, including climate

change, thereby gaining a deeper understanding of how ENSO may vary in the future.
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CHAPTER THREE
Introduction

The EI Nifio Southern Oscillation (ENSO), as one of the most impactful modes of
interannual climate variability, is responsible for significant variations in temperature,
precipitation and pressure patterns across many regions of the world. ENSO has been
found to impact large-scale circulations in the Tropics (Rasmusson and Carpenter 1982)
and to carry consequences for weather patterns reaching far beyond the Tropical Pacific
(Alexander, et al. 2002; Dai and Wigley 2000; Ummenhofer, Kullike and Tierney 2018).
The mechanisms characterizing this climate mode have been the focus of a large body of
literature and many aspects are still under investigation.

Among the different features of ENSO that are still being investigated, of
particular interest are its potential driving mechanisms. The reason behind this interest
lies in the possibility to predict the occurrence of ENSO events in a timely manner by
tracking the behavior of such drivers. This type of information is particularly important
for those regions and communities where the impacts of ENSO are more strongly felt. In
this work, we focus on a specific set of drivers for ENSO, i.e. the atmospheric circulation
anomalies related to the North Pacific Oscillation (NPO) (Anderson 2003; Chang, et al.
2007). During a positive NPO phase, sea-level pressure (SLP) anomalies weaken the
subtropical high in the northern portion of the Pacific Ocean, thus reducing the strength
of the off-equatorial easterly trade winds. These westerly anomalies carry both a dynamic
and thermodynamic impact. In the former case, the dynamic impact of the westerly

anomalies is a direct consequence of the wind stress that causes vertically-integrated
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meridional mass transport into the central portion of the Equator. The convergence of
warm water in the subsurface puts the equatorial Pacific in a “charged” state which is an
established initiator of EI Nifio events (Anderson and Perez 2015). This process is
referred to as Trade Wind Charging (TWC). In the latter case, the weakened trades
reduce the loss of latent heat due to evaporation in the underlying waters, inducing warm
sea surface temperature (SST) anomalies in the extra-tropics. This anomaly is referred to
as the Pacific Meridional Mode (and we will refer to it as the Northern Pacific Meridional
Mode or NPMM) (Chiang and Vimont 2004; Amaya 2019). Three hypothesized
mechanisms connect the NPMM to the onset of ENSO through the formation of
equatorial Kelvin waves that propagate along the thermocline and initiate El Nifio events
(Amaya, Kosaka, et al. 2019; Liu and Xie 1994; Alexander, et al. 2010; Thomas and
Vimont 2016). Since the TWC and NPMM consistently precede ENSO events by 9-10
months (Anderson 2003; Vimont, Battisti and Hirst 2001), variations in these two drivers
will be treated in concert and will be referred to as TWC/NPMM henceforth. That said,
recent analysis of the observed relationship between ENSO and the TWC/NPMM
precursor showed that it is non-stationary (Pivotti and Anderson 2021) such that during
particular multi-decadal periods the coupling is robust, however during others it weakens
considerably. Further, during the periods of weak TWC/NPMM-ENSO coupling, the
oscillatory nature of ENSO variability becomes stronger, while during periods of robust
coupling ENSO acts more like a stochastic process (Pivotti and Anderson 2021).

Given these variations in the robustness of the TWC/NPMM-ENSO coupling and

its apparent influence on ENSO characteristics in historical data, we want to investigate
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whether similar behaviors are seen in state-of-the-art coupled climate models. Over the
years, models have refined their ability to simulate climate processes and modes,
including ENSO and its precursors. For example, in (Bellenger, et al. 2014), the authors
compare the third and fifth generation of the Coupled Model Intercomparison Project
(CMIP) on their general ability to reconstruct ENSO, its characteristics and the physical
processes that enable its cycle. The paper shows general, ensemble-wise, improvements
between generations, with wide intra-ensemble variations and suggestions for further
improvements (Bellenger, et al. 2014). A recent paper by (Planton, et al. 2021) compares
CMIP6 and CMIP5 performance in reconstructing ENSO over a series of 24 metrics from
the CLIVAR 2020 ENSO protocol, and documents significant improvements in a third of
such indicators. In particular, CMIP6 showed reduced biases both in the tropical Pacific
mean, as well as the seasonal cycle, plus it showed improvements in the reconstruction of
ENSO patterns, its diversity, and remote teleconnections.

In this study, we join this common effort and evaluate the ability of a CMIP6
ensemble to recreate specific features of the relationship between ENSO and its
TWC/NPMM precursor. In particular, we use a model ensemble from the latest CMIP6
framework (Eyring, et al. 2016), which is specifically designed to systematically
investigate the role of increased horizontal resolution on model performance, called High
Resolution MIP (HighResMIP (Haarsma, et al. 2016)). In particular, previous studies
have shown either a consistent reduction of biases when the horizontal resolution
increases (Liu, et al. 2018; Wengel, et al. 2021) while others indicate that effects are not

homogeneous, for instance across latitudes (Roberts, et al. 2020).. The question on the
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impacts of a resolution increase is still open because it results from intervening factors.
For instance, an increase in horizontal resolution could improve the simulation of the
dynamics of a mode directly; provide a more faithful reconstruction of the background
state, thus reducing systematic and long-standing models’ biases (Roberts, et al. 2019;
Kinter 111, et al. 2013); or determine whether SSTs are driven by air/sea interactions or
ocean dynamics (Small, et al. 2020). This last factor in particular could mean that
horizontal resolution might play a role in the variability of the TWC/NPMM-ENSO
relationship. For this reason, we include models with both standard and enhanced
resolution from the HighResMIP ensemble to investigate the relationship between ENSO
and its NPO-related drivers..

The study is organized as follows. First, we seek to understand whether the
TWC/NPMM is reconstructed as a driving mechanism for ENSO across the models.
Then, we evaluate how the members of the ensemble reconstruct the characteristic
features of the TWC/NPMM. Secondly, we study the relationship between these two
modes, and their respective and coupled internal variability. This step will mirror a recent
study based on a long ocean reanalysis (Pivotti and Anderson 2021). Across the study, we
are going to monitor whether and how changes in horizontal resolution might affect
model performance in the context of the TWC/NPMM-ENSO relationship.

Data and Method
Data
The variables used in this analysis are sea surface temperature (SST) and

horizontal wind stress (tx and ty). They are obtained from the control runs of 6 models
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taking part in the High Resolution Model Intercomparison Project (HighResMIP) within
the CMIP6 protocol, which is described in details in Haarsma, et al. (2016). The
experiments we utilize, called control-1950, are simulations of about 100 years length,
with prescribed constant radiative forcing conditions, at the average levels of the 1950°s,
corresponding to a global radiative forcing of ~0.5 W/m2 (Myhre, et al. 2013). In this
common HighResMIP protocol, each model runs at least two experiments with different
horizontal resolutions, where either the oceanic or the atmospheric (or in some cases
both) resolution changes. One of the institutions included in this study also provides an
intermediate resolution configuration. The details of the models, the institutions running
the experiments and their specific resolutions are shown in Table 1. There one can see
that both the changes and coarseness of the resolutions vary widely across the ensemble.
For example, the lower oceanic resolution of a model (CMCC LR, 25km) can be finer
than the high resolution of another (MPI HR, 40km). Therefore, we do not group
experiments as low resolution and high resolution ones, but we keep the comparisons
between resolutions of the same institution. To simplify visual comparisons, we thus
name the experiments as “name of the institution + relative resolution”, where the relative
resolution is either LR, MR or HR.

The model ensemble is checked against the latest version of the Simple Ocean
Data Assimilation reanalysis with sparse observation input: SODAsI.3 (Giese, et al. 2016;
hereinafter SODA). In this version: (1) the only oceanic observations assimilated are
SSTs; (2) the assimilation follows a 10-day long update cycle through a loosely coupled

set of iterations between the SODA system for oceanic data and atmospheric boundary



conditions from the 20th Century Reanalysis (20CRv2c); and (3) SODA is forced with

individual ensemble members from 20CRv2c. Time wise, we consider the interval 1960-

2011, in order to compare the model ensemble against the years when the TWC/NPMM

mechanism is known to be active (Anderson and Perez 2015; Larson and Kirtman 2014).

Institution | Model 1D Ocean Atm Name Reference
Res (km) | Res
(km)
CMCC CMCC-CM2- 25 100 CMCC LR | (Scoccimarro,
HR4 Bellucci and
Peano 2018)
CMCC-CM2- 25 25 CMCC HR | (Scoccimarro,
VHR4 Bellucci and
Peano 2018)
CERFACS | CNRM-CM6-1 100 100 CNRM LR | (Voldoire 2019)
CNRM-CM6-1- | 25 50 CNRM HR | (Voldoire 2019)
HR
MPI MPI-ESM1.2- 40 100 MPI LR (von Storch,
HR Putrasahan, et al.
2018)
MPI-ESM1.2- 40 50 MPI HR (von Storch,
XR Putrasahan, et al.
2018)
ECMWF | ECMWEF-IFS-LR | 100 50 ECMWEF (Roberts, Senan,
LR et al. 2018)
ECMWEF-IFS- 25 50 ECMWF (Roberts, Senan,
MR MR et al. 2018)
ECMWEF-IFS- 25 25 ECMWF (Roberts, Senan,
HR HR etal. 2017)
EC-Earth | EC-Earth3P 100 80 EC-Earth (EC-Earth
LR Consortium 2019)
EC-Earth3P-HR | 25 40 EC-Earth (EC-Earth
HR Consortium 2018)
MOHC HadGEM3- 100 250 HadGEM3 | (M. Roberts
GC31-LL LR 2017)
HadGEM3- 25 50 HadGEM3 | (M. Roberts
GC31-HM HR 2017)

Table 1 Details of the HighResMIP ensemble
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Method

For this analysis, we combine a method that has been used before to isolate
correlated modes of climate variability (Anderson 2003) with techniques specifically
designed for multi-model inter-comparisons.

First, for each experiment, SST and tx, are constrained spatially and temporally.
Since the area of interest is the Tropical Pacific where ENSO is active, we focus on the
portion of ocean between latitudes 20S and 20N and longitudes 120E and 70W, similarly
to what was done in (Anderson and Perez 2015; Larson and Kirtman 2013). Temporally,
the variables are detrended and averaged over the months when ENSO and TWC/NPMM
are respectively most active: November-January for SST (Trenberth 1997) and
November-February for tx (Anderson and Perez 2015). As ENSO and TWC/NPMM
have a 1-year lag (Anderson 2003), the space-time matrices of the two variables are
lagged accordingly.

Then, we apply the Canonical Correlation Analysis (CCA) in the basis of
Principal Components (PC’s) (Bretherton, Smith and Wallace 1992) to extract highly
correlated modes of variability from the variables. The first step consists of an Empirical
Orthogonal Function analysis, applied to the lagged seasonal means. Through this
method, which has been widely used in climate research (Dali, et al. 2015; Kessler 2001),
we are able to identify and extract the modes that carry the highest winter variability for
each variable. These modes are returned, in decreasing order of variance, in time series
called Principal Components (PC’s). At this point, we apply the CCA on such PC’s (the

basis of PC’s), one subset for each variable. The CCA returns pairs of time series called
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Canonical Variables (CV’s), in this case one for SST and one for 1x, that are sorted in a
way such that the first pair represents the tx and SST modes having the highest (lagged)
correlation. The amount of PC’s included in the CCA are selected recursively for each
experiment, by maximizing the correlation between the leading CV’s. The selection is
done with the trade-off of including not more than 85% of each variable’s variance,
following the guidelines of (Bretherton, Smith and Wallace 1992). Furthermore, we
exclude the zonal wind stress PC that is most highly correlated to ENSO. In doing so we
ensure that the wind mode isolated by the corresponding first CV is independent from
ENSO (Larson and Kirtman 2014). The PC of tx that captures the ENSO signal is
identified as the time series that has the highest correlation with the concurrent Nifio3.4
index; in some models this corresponds to the first PC, in other models to the second.
The methods described here are outlined in a recent paper that used them to
reconstruct the TWC/NPMM wind fields in SODA as a way to model their influence on
ENSO variability (Chakravorty, et al. 2020). They are also described in another paper
(Pivotti and Anderson 2021) which uses them to analyze in depth the observed
relationship between ENSO and the TWC/NPMM precursor over the last 140+ years.
Once the CCA in the basis of PC’s returns the leading CV’s, we use these time
series to reconstruct the corresponding maps of SST and tx. In order to gather an initial
understanding of model performance we analyze such maps with a tool designed for
model ensemble analyses: the Taylor diagram. This method, thoroughly described in
(Taylor 2001), is meant to provide a comprehensive picture of the spread of an ensemble,

with respect to a reference point. In particular, the Taylor diagram is designed to show:
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(1) the deviations of model results from the observations in the metric of the root mean
squared difference (RMSD), and (2) whether such low (high) value for the RMSD are
due to high (low) correlation or to a small (large) difference in their respective standard
deviations. In our case, we apply this technique to the reconstructed maps of the
ensemble members, against the same map created with observationally-based SODA
reanalysis. Since all these quantities are calculated on spatial domains, the 2-d maps are
first converted to vectors before calculating the standard deviation across all the grid
points in the domain.
Results

The CCA in the basis of PC’s is applied to all 13 experiments. As described in the
previous section, the analysis returns pairs of time series (named canonical variables
CVs), one for SST and one for tx. Among them, we select the first pair: CV'tx(t-1) and
CVisst(t). It is important to remember that these coupled time series are by definition the
most highly correlated, and by construction they have a one year lag. CV*tx(t-1) and
CV1sst(t) are then used to reconstruct their corresponding spatial patterns, shown
respectively in Figure and Figure 12, together with the same reconstruction carried out
on the SODA reanalysis. We reconstruct the maps by regressing each time series against
the space-time matrices of their respective concurrent variable anomalies that were
previously normalized by their standard deviation at each grid-point. In Figure 11,
CV'x(t-1) is utilized to reconstruct the maps of tTx anomalies. These maps, by
construction, precede by one year the SST maps of Figure 12, where the regression is

carried out against CV1sst(t). Starting with the observational results obtained for SODA,
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we see the positive, westerly anomaly in the northern extra-tropics (Figure 11a) that is the
signature of the TWC/NPMM preceding a clear positive ENSO with strong positive SST
anomalies in the central and eastern portion of the tropical Pacific (Figure 12a). From the
maps reconstructed for the 13 experiments it is clear that our method captures the same
modes as in SODA across the ensemble: in Figure 11(b-n) they all show, with some
variations, the westerly anomaly of the TWC/NPMM and in Figure 12(b-n) positive SST
anomalies that can be ascribed to a positive ENSO event. The TWC/NPMM-ENSO is
therefore the strongest lagged coupling between winter modes of SST and wind stress
variability across the ensemble. The reconstructions of the state of the ocean one year
prior to EI-Nino event, identified by regressing CV'tx(t-1) against both components of
horizontal wind stress and SST indicate a south-westerly direction in the off-equatorial
wind anomaly over the North Pacific, and positive SST anomalies underneath it (not
shown), signatures of the TWC and the NPMM component respectively in both the

HighResMIP models and in the SODA reanalysis.
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Figure 11 Maps of normalized zonal wind stress (tx) anomalies regressed against the
first Canonical Variable of tx: CV1tx(t-1).

(a) results obtained on the SODA reanalysis data, tx TWC in black.

(b-n) results for the ensemble, where each experiment is referred to by the acronym in
Table 1. Positive (negative) values are shaded in brown (green). Magnitude of
normalized tx (unitless) are given by the color bar on the r.h.s of panel (a)
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Figure 12 Maps of normalized SST anomalies regressed against the first Canonical
Variable of SST: CVsst(t).

(@) results obtained on the SODA reanalysis data

(b-n) results for the ensemble, where each experiment is referred to by the acronym in
Table 1. Positive (negative) values are shaded in red (blue). Magnitude of normalized
SST (unitless) are given by the color bar on the r.h.s of panel (a)
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Figure 13 Taylor Diagram comparing the ensemble members against SODA (black dot).
The correlation coefficients, standard deviations and root mean squared differences
(RMSD green dashed lines) are calculated over (a) the 5N - 20N, 165E - 240E domain
of zonal wind stress anomaly maps tx TWC as shown in Figure 11a; (b) the sea surface
temperature anomaly maps shown in Figure 12.

In red the experiments at low resolution (LR), in green mid-resolution (MR), and in
blue high resolution (HR). Correlation values below 0.15 are not significant at 95%

confidence.
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Figure 11 and Figure 12 provide us with a first overview of how the model
simulations are isolating ENSO and preceding winter wind stress modes. At this point,
we analyze these results with the help of a Taylor diagram to gain a deeper insight into
how the reconstructions differ, with respect to the SODA reanalysis data and between
different resolutions of the same model. Among the three variables that characterize the
TWC/NPMM mode (SST, tx and tv), we select tx for the Taylor Diagram because its
positive anomaly represents the characteristic signature of the mechanism. Furthermore,
since the zonal wind anomaly is generally found in the central portion of the northern

extra-tropics, we isolate the domain 5N - 20N, 165E - 240E (shown as a black square in
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Figure 14

(a) Correlation values between the first pair of canonical variables CV*sst(t) and
CV%'x(t-1). The experiments (+ SODA) are sorted along the x-axis in increasing order
of correlation value.
(b) Scatter plot. On the x-axis the correlation values between CV'sst(t) and CV1tx(t-1)
from panel (a) with the name of their respective experiments, on the y-axis values of
pattern correlation (p) between each ensemble member and SODA.

The features analyzed are, in order: PMM (blue), maps of normalized SST anomalies
regressed against CV1tx(t-1) (not shown); TWCx (red), maps of normalized 1«
anomalies regressed against CVtx(t-1) from Figure 11; ENSO (black), maps of
normalized SST anomalies regressed against CV'sst(t) from Figure 12.

Interval of 95% confidence at p =+ 0.15 (dashed lines at 0.15).
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Figure 11a) in the maps of zonal wind stress from Figure 11 . These new maps, that we
call henceforth txTWC, are then used to calculate the Taylor diagram, which is shown in
Figure 13a.

The position of the SODA results, in the bottom-right portion of the plot,
indicates a perfect representation of the observed pattern. One can see how the results of
the ensemble spread across the quadrant, by following the increasing values of RMSD
along the green circles and the decreasing values of correlation coefficients
counterclockwise following the black lines. In particular, we can see the experiment
situated closer to SODA, namely MPI HR, has the highest correlation and lowest RMSD
- and from there, follow how the experiments are distributed. The way to interpret this
diagram is by observing how the experiments are positioned according to the three
indicators, among which the main indicator to monitor is the RMSD. The color coding,
red for low resolutions, blue for high and green for mid-resolution, makes the results
easier to interpret. From this first evaluation, it appears that the resolution does not have a
consistent impact on the models’ ability to reconstruct the TWC/NPMM mechanism. For
4 out of 6 models, the experiment at high resolution performs better than the one at low
resolution: MPI HR has lower RMSD and higher correlation coefficient than MPI LR,
and similar differences hold true in the cases of EC_Earth, HddGEm3 and CMCC. The
opposite is instead true for the remaining 2 models (CNRM and ECMWF). Analogously,
when we analyze the ENSO patterns from Figure 12 with a Taylor diagram (Figure 13b)
we notice that the resolution does not play a consistent role in this case either. Here, 4 out

of 6 models perform better at a lower resolution, specifically: MPI, ECMWF, HadGEm3
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and CMCC. To better assess the impact of resolution we binned simulations together in
different ways. In particular, we looked at the change in resolution in three ways: (1)
comparing between regular and increased resolutions of each institution; (2) separating
between the models where the increase happens in the ocean and/or atmosphere; (3)
looking across the ensemble at models with similar resolutions. However, across all these
groupings, the results of our analysis do not show a consistent shift in model
performance. Therefore, we decided to keep the simulations grouped according to
institution for the rest of the analysis. The ensemble spread for the reconstructions of
ENSO is more compact and shows higher correlation values than for the reconstructions
of the zonal wind stress anomaly of TWC (txTWC). Specifically, the values are within
the [0.6, 0.95] and [0, 0.8] intervals respectively. It is important to note that only
correlation values p > 0.15 are significant at a a = 0.95 level, which means that the
correlation values for tx TWC are not significant in the cases of CNRM HR and ECMWF
MR. The values of RMSD are instead on average higher for ENSO than for txTWC,
within the ranges [0.2, 0.4] and [0.15, 0.3] respectively, due to higher standard deviation
values both for the models and for SODA.

The CCA in the basis of PC’s shows us the strength of the coupling, recorded by
the correlation between the first canonical variables CV*tx(t-1) and CV1sst(t). These
values are shown in Figure 14a where the experiments are ranked with increasing
correlation. Once again, the horizontal resolution does not appear to have a consistent
influence on how the experiments perform. This ranking is used to carry out a further

check on the spread of the ensemble. Since the TWC/NPMM precursor has two separate
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components - the SST and tx anomalies - in Figure 14b, we show how the ensemble
performs in reconstructing the full fields (20S - 20N and 120E - 70W) of: (1) the PMM as
the fields of normalized SST anomalies regressed against CV'tx(t-1); and (2) the maps of
normalized zonal wind stress anomalies also regressed against CV%tx(t-1) (TWCx in the
legend). We also include the reconstruction of normalized SST anomalies regressed
against CV%sst(t) (ENSO in the legend) to provide a more complete picture of the
ensemble spread. Similar to what was done for the Taylor diagram, the experiments are
compared to the results obtained from SODA by calculating how their respective
reconstructed maps spatially correlate. These values are plotted against the correlation
values of Figure 14a on the x-axis. This comparison shows us once again that the
reconstruction of the ENSO pattern is consistently good across the ensemble, while the
reconstructions of both NPMM and TWCx are better for those experiments that also have
a stronger TWC/NPMM-ENSO coupling, hence higher correlation values between
CV%x(t-1) and CVisst(t). Furthermore, as we saw in Figure 13, the correlation values for
ENSO are higher and within a fairly narrow interval ([0.61, 0.92]), especially when
compared to the spread of the values for both TWCx and NPMM ([0.22, 0.69] and [0.17,
0.84] respectively).

As outcome of this first set of analyses, we select a group of better-performing
models and further analyze them below. Since, as we noted before, there is little variation
in how well the experiments reconstruct ENSO, we separate the experiments according to
their ability to reconstruct the TWC/NPMM precursor. Specifically, we average between

the correlation values for TWCx and PMM, against SODA’s spatial patterns, and we
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select the experiments for which this value is equal to or greater than 0.6 (the average
value of these means). There are 7 such better-performing models and they are
highlighted in bold in Table 2 where the correlation values with respect to SODA of all

models are listed (columns 2-4).

Name p(Nifi03.4,CV'sst) | TWCx | NPMM | Mean
CMCC LR 0.94 0.61 0.67 0.64
CMCC HR 0.90 0.61 0.65 0.63
CNRM LR 0.54 0.38 0.54 0.46
CNRM HR 0.59 0.22 0.25 0.23
MPI LR 0.63 0.68 0.74 0.71
MPI HR 0.25 0.69 0.84 0.77
ECMWF LR |0.78 0.60 0.59 0.60
ECMWF MR [0.78 0.28 0.17 0.22
ECMWF HR | 0.70 0.63 | 0.69 0.66
EC-Earth LR ] 0.88 0.49 0.47 0.48
EC-EarthHR | 0.53 0.63 0.77 0.70
HadGEM3 LR | 0.93 0.52 0.66 0.59
HadGEM3 HR | 0.64 0.63 0.51 0.57

Table 2 In column 1, are the acronyms of each model, as they are shortened in this text
(details in the text). In column 2, are the correlation between the Nifio3.4 index and the
first canonical variable of SST CV1sst(t). In columns 3-5 are their correlation values with
respect to the results obtained from the SODAsI.3 reanalysis. In particular column 3
shows the spatial correlation calculated on the zonal component of the TWC, between
5N-20N and 165AE-240E, column 4 the correlation values for the concurrent SST
anomalies underlying the TWC, and column 5 the mean between the two values.

At this stage, having established that all of the models, in the experiments we
have considered, isolate the TWC/NPMM mechanism and having selected those that
perform best, we want to proceed with the analysis of the internal variability of the
TWC/NPMM-ENSO relationship. In the SODA reanalysis the TWC/NPMM-ENSO
coupling was found to be non stationary across the 20th century (Pivotti and Anderson
2021). In particular, between 1920 and 1960 the relationship between ENSO and its

precursor lost strength and, concurrently, the oscillatory behavior of ENSO changed.
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During the periods of strong coupling the oscillation was found to behave like a
stochastic response to climate noise, while in the intervening period when the coupling
was absent, ENSO oscillated in a regular, self-sustained manner. These two behaviors
could be detected in the power spectrum of the Nifio3.4 index. In the former case, the
power was spread over a range of different frequencies, while in the latter, all the power
of the signal was concentrated within a narrow band of 6 year long periodicity (Pivotti
and Anderson 2021).

In this study, we thus investigate whether the frequency of the reconstructed
ENSO system shows any form of internal variability across the better performing
ensemble members. In order to do so, we calculate the Continuous Wavelet Transform
(CWT) of the yearly winter (NDJ) Nifio 3.4 index for the better performing models, to
study how ENSO periodicity varies over time. The CWT has been previously used by the
authors (Pivotti and Anderson 2021) and it has shown to be able to detect changes in
oscillatory behavior. Interestingly, we detect such different oscillatory behaviors within

each of the 7 models’ experiments listed in bold in Table 2. In particular, in all of these
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Figure 15 Continuous Morse wavelet transform (CWT) of the seasonal (NDJ) Nifio3.4
index for the MPI LR experiment. On the x-axis is the year, on the y-axis is the period
(in years). The white dashed lines set the boundary of the cone of influence, which is
shaded in white. The black dashed vertical lines, at years 40 and 63, divide the full time
period into the 3 sub-intervals. The black dashed horizontal line shows the single
periodicity of the mid-interval at ~5 years. Magnitude of spectral power (K?) at a given
year/period is designated by the color bar on the r.h.s. of the figure.

experiments, we are able to identify sub-intervals during which the power of the signal is
distributed over a diversified range of frequencies and sub-intervals during which the
power is concentrated within a narrow frequency band. In order to illustrate this
fundamental distinction, we show in Figure 15 the CWT of the experiment we
abbreviated as MPI LR (acronyms illustrated in Table 1). Over the contours showing the
power of the signal we draw two vertical black lines marking when this change in
oscillatory behavior happens. Before year 40 and after year 63, we can see how the power
of the signal is spread over different periodicities. For instance, around the year 11, the
signal has power over 2 different periods, at 2.5 and 4 years; similarly, around the year 91

the power is both at 2 and 5 years. Between year 40 and year 63 however, the power of
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the ENSO signal is concentrated solely on a period of around 5 years. This change in
frequency means that the ENSO system is oscillating in two different ways. In particular,
during the phase with a single frequency (in the case of MPI LR this happens during the
intervening subinterval year 40-63) El Nifio and La Nifia events alternate in a regular way
that gives rise to a constant cycle of 5 years of length. During the phases with multiple
frequency instead, the system oscillates following cycles of different lengths. As
previously mentioned, this specific variation is found in all 7 experiments listed in Figure
16. Two things are important to note: (1) in order to increase the robustness of our results,
we take into account only sub-intervals of more than 10 years of length; (2) in those cases
when the experiment’s full interval is split in more than 2 sub-intervals, we concatenate
those showing the same oscillatory behavior (either single or multiple frequency), thus
always obtaining 2 sub-intervals from each experiment. The behaviour of these
subintervals differ in many aspects such as: the ranges over which the frequencies
change, the periodicity of the single-frequency phase, the lengths of such sub-intervals
and the ways in which they alternate. We summarize these findings in Figure 16, where
we show the Power Spectral Density (PSD) of the seasonal (NDJ) Nifio3.4 index for each
experiment. We separate the results obtained for multiple- and single-frequency
subintervals in columns 2 and 3 of Figure 16 respectively. The resulting PSD is plotted to
show how in the multiple-frequency case the power is distributed over a variety of
periods, while in the case of a single frequency interval the peaks are clearer and more
distinct. Importantly, these plots confirm the robustness of the method we used to identify

and create the sub-intervals.
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To determine whether this shift in oscillatory behavior within a given model
results from a strengthening/weakening of the TWC/NPMM variability itself, for each
experiment we carry out the following steps: (1) we split the time series of winter (NDJF)
zonal wind stress into shifting sub-intervals of 30-years of length; (2) we reconstruct how
the ©x maps shown in Figure 1 manifest themselves across the time-space matrix of tx for
each subinterval; and (3) we calculate the variance of the obtained time series. We find
that this estimate of the variance of TWC/NPMM, independent from the coupling with
ENSO, varies very little for each experiment, and when variations are found they do not

align with the shifts in ENSO oscillatory behavior (not shown).
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Figure 16 The results from the Continuous Wavelet Transform analysis, as shown in
Figure 15, for the experiments of the better-performing models. In column 1 are the
acronyms of each model, as they are shortened in this text (details in the text and in Table
1). In column 2 and 3 the power spectrum of the normalized Nifio3.4 index calculated
using Thomson’s multitaper method over the sub-intervals during which the power of the
ENSO signal is spread over multiple and single frequency, respectively. The details of
how these intervals are selected and merged can be found in the text. The beginning and
end years of the intervals are shown on the side of the plots. For each plot, the x-axis
shows the frequency from low to high (logarithmic scale), with ticks indicating the
corresponding period; the y-axis shows the amplitude (K?/(cycles/year)). Note: due to the
length of the single-frequency subintervals, results for periods longer than 10 years are
not significant and therefore shaded in white in the corresponding plots.
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Given that TWC/NPMM is consistently present across model simulations, we
want to study whether the changes in ENSO oscillatory behavior corresponds to changes
in the TWC/NPMM-ENSO coupling strength as it did in the historical reanalysis data. In
order to do so, we apply the CCA in the basis of PC’s to the two sets of sub-intervals

within a given experiment. We now apply the CCA in the basis of PC’s and follow the
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Figure 17 Maps of normalized zonal wind stress tx anomalies regressed against
CV1x(t-1) calculated for the 7 better performing models that are listed in Figure 16. On
the left hand side are the results obtained for the multiple-frequency sub-intervals, on
the right hand side for the single-frequency ones.

Positive (negative) values are shaded in brown (green). Magnitude of normalized tx
(unitless) are given by the color bar.
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same steps described for the analysis over the full intervals. In this way, we obtain, for
each experiment, two pairs of highest correlated CV’s. We then use these time series to
reconstruct their corresponding anomaly maps via regression, as was done to create the
maps in Figure 11 and Figure 12. In particular, we regress normalized and concurrent
SST anomalies against CVsst(t); and normalized and concurrent SST and horizontal
wind stress anomalies against CV'tx(t-1). The resulting anomaly maps of tx are shown
for the multiple frequency sub-intervals on the left-hand side of Figure 17 and for the
single frequency ones on the right-hand side of Figure 17. Although the maps show inter-
model spread in the reconstruction of these modes, it is apparent that the multiple-
frequency sub-intervals differ from the single-frequency ones. In particular, the ones
having their power spread over multiple frequencies reconstruct a wind mode with
positive anomalies in the northern extra tropics, while during the intervals with one single

frequency the reconstructed modes vary widely.

Figure 18 Results from the analysis over multiple-frequency and single-frequency sub-
intervals.

(a) Mean of the maps shown on the left-hand side of Figure 17; (b) mean of the maps
shown on the right-hand side of Figure 17.

(c) Mean of the maps of normalized SST regressed against the first Canonical Variable
of SST calculated for the multiple frequency sub-intervals of the 7 better performing
models that are indicated in Figure 16. (d) Same as (c) but calculated for the single
frequency sub-intervals.
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Finally, in order to get a comprehensive picture, we average these anomaly maps
across the 7 better performing models of the ensemble and we keep the results from
multiple and single-frequency sub-intervals separate, and show them in Figure 18. It is
apparent that Figure 18(c,d) represent a positive ENSO event, thus guaranteeing that,
even when restricting ourselves to the sub-intervals, the canonical variable CV'sst(t)
isolates ENSO. More importantly, Figure 18a highlights that in the case of a multi-
frequency oscillatory behavior, the TWC/NPMM is the most highly correlated zonal
wind mode preceding ENSO. Further, during periods with highly oscillatory ENSO
behavior, there is an absence of any wind-driven precursor pattern (Figure 18b), in
agreement from the results obtained using SODA data (Pivotti and Anderson 2021).

Summary and Discussion

In this chapter, we analyze how state-of-the-art models recreate the relationship
between ENSO and preceding wind-stress variability. We carry out the analysis using the
High Resolution MIP (HighResMIP) ensemble, within the CMIP6 framework. This
ensemble is specifically tailored to investigate the effects that increased horizontal
resolution may have on model performance, thereby running all experiments at both
standard and increased resolution. Since we are interested in the internal variability of the
system, for this analysis, we utilize the control runs of present-day climate, where the
external forcings are kept constant at 1950’s levels.

An initial analysis confirms that in all the models and at all resolutions there is a
strong coupling between mature ENSO events and zonal anomalies in the Pacific trade

winds, north of the Equator. This wind anomaly is the signature of the mode that, on the
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one hand, initiates the Trade-Wind Charging (TWC) of the equatorial subsurface with
warm water and, on the other hand, gives rise to the SST anomalies characteristic of the
North Pacific Meridional Mode (NPMM). Therefore, we refer to this precursor
mechanism as the TWC/NPMM forcing mode. We analyze the ensemble performance by
comparing how the models reconstruct fields of ENSO and TWC/NPMM against the
corresponding results obtained from SODAsi.3 reanalysis data. We see significant pattern
correlations across the ensemble for all fields of interest, which let us conclude that,
despite some intra-model variability, the TWC/NPMM mechanism is a well-established
ENSO precursor in this state-of-the-art model ensemble. Moreover, all the tests we run to
estimate the simulations of these two modes suggest that increasing the horizontal
resolution, in this case, does not have a consistent impact on model performance. That
said, the HighResMIP ensemble might be too small to consistently discern whether such
improvements occur, especially considering the various changes in resolution, as shown
in Table 1.

After having assessed the presence of this driving mechanism, we decided to
gather a more complete picture of the TWC/NPMM-ENSO coupling by looking at how
the experiments recreate the internal variability of the modes on their own, as well as
their mutual relationship. In order to do this, we first isolate a subset of experiments by
selecting those that best reconstruct the TWC/NPMM fields and focus on them. Our first
finding is that in all of these better-performing experiments there are periods during
which the ENSO signal oscillates regularly, with constant periodicity and periods during

which the oscillation of the signal is noisier, over a diverse range of frequencies. This
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finding agrees with similar results obtained from a previous study on SODASi.3
reanalysis data (Pivotti and Anderson 2021); and with earlier findings on observationally-
based datasets (Yiou, et al., 2000; Wang and Wang 1996). Furthermore, once we analyze
these different oscillatory phases separately, we uncover that the spectral changes in
ENSO are mirrored by variations in the TWC/NPMM-ENSO relationship. In particular,
the CCA in the basis of PC’s reveals that the TWC/NPMM precursor is strongly coupled
with ENSO during the years of stochastic oscillatory behavior, but, despite being present,
it does not consistently precede ENSO when the oscillation has a constant periodicity.
We argue that this is a consequence solely of the coupling between the modes because
the variability of the TWC/NPMM mechanism itself is small in all of the experiments and
its variations do not align with the shifts in ENSO periodicity. This last result is also in
agreement with previous findings on observationally-based SODAsi.3 (Pivotti and
Anderson 2021). As the length of the experiments is of about 100 years and the changes
in oscillatory behavior are decades-long, we advise for further studies to investigate this
relationship and its internal variability on longer simulations.

As argued by Wang, et al., (2017), the framework to interpret ENSO is dual. The
mode can be seen either as a self-sustained oscillation, or as a response to climate noise.
Our results suggest that, within the HighResMIP ensemble, once an experiment is able to
well simulate the TWC/NPMM mode, it reconstructs ENSO as a signal that shifts
between these two underlying dynamics. In particular, during the multiple-frequency
phase, when the TWC/NPMM- ENSO coupling is active, we argue that the system is

responding to stochastic atmospheric forcing. During the phases when the power is
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within a single-frequency band, instead, and no atmospheric mode seems to precede
ENSO, we argue that the system behaves as an un-triggered, self-sustained oscillation.
During these phases, ENSO could be described by either of the four conceptual
mechanisms comprising the unified oscillator: the delayed oscillator, the western Pacific
oscillator, the recharge—discharge oscillator, and the advective—reflective oscillator
(Wang 2001). These frameworks have different mechanisms that operate over different
amounts of time. Across the 7 models here considered, the power of ENSO’s oscillatory
signal is concentrated over different single-frequency bands: we recorded periods of 3, 4,
5 and 6 years of length. We argue that this is a consequence of the fact that the
underlying mechanism responsible for these self-sustained phases may differ across
models. Hence current and future ENSO characteristics may evolve differently across
models over the coming decades depending upon how the underlying mechanism itself

evolves within each.



69

CHAPTER FOUR
Introduction

As noted in Chapter 3, the better we understand and characterize ENSO and its
occurrence, the easier it becomes for affected communities to prepare in the face of
ENSO-related climatic impacts. To contribute to this endeavor, in this study, we focus on
a specific set of driving mechanisms, namely NPO-induced Trade Wind Charging (TWC)
(Anderson and Perez 2015) and NPO-induced North Pacific Meridional Mode (NPMM)
(Amaya 2019), henceforth referred to as TWC/NPMM variations. In previous chapters,
the TWC/NPMM-ENSO relationship has been studied in historical data and control
model simulations. In this chapter, we study how this relationship behaves in the
presence of anthropogenic forcings.

Numerical models have been a fundamental tool to understand how climate
modes and their reciprocal relations behave now and will in the future. A recent paper by
Yeh, et al. (2018) provides a comprehensive overview of recent findings on ENSO
projected changes, from the simulations from the third and fifth Coupled Model
Intercomparison Projects - CMIP3 and CMIP5 respectively. The main conclusion is that
the impacts of global warming on ENSO are not well constrained, but ever-evolving, and
model simulations do not agree on how the teleconnections will change in scale and
intensity. The review by Yeh, Kug, et al. (2009), focused on the projections of Eastern vs.
Central Pacific ENSO, argues that, according to CMIP3 models, the latter is going to be
the dominant flavor of ENSO. Other studies have focused on other characteristics of

future ENSO events, such as its amplitude (Wang, et al. 2017), its variability (Collins, et
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al. 2010), the occurrence of extreme events (Cai, et al. 2015) and how the characteristics
of these different events affect weather patterns differently (Wang, et al. 2017). One
important aspect that has not been investigated at length is the frequency of the ENSO
signal, both in the range of its periodicities, as well as in the shifts in the type of
oscillation. In Timmerman, et al. (1999) the ENSO frequency was predicted to increase
because of global warming. However, using historical data, Pivotti and Anderson (2021)
showed that even in the absence of anthropogenic forcing the behavior of ENSO can
show internal multi-decadal shifts between stochastic and oscillatory phases and that
these shifts mirror changes in the strength of the TWC/NPMM-ENSO relationship.

Our objective here, then, is to examine future changes in the characteristics of
ENSO in relation to the TWC/NPMM-ENSO coupling under the influence of increased
human-induced climate forcings. This is carried out using a state-of-the-art model
ensemble called High Resolution Model Intercomparison Project (HighResMIP) which is
part of the CMIP6 protocol. In particular, first we describe in details the HighResMIP
model ensemble and the experiments we employ, as well as the different methodologies
that we utilize in the study. Then, we present the obtained results that we then summarize
and discuss in the conclusive section.

Data and Method
Data

The model ensemble for this analysis is the one developed for the High

Resolution Model Intercomparison Project (HighResMIP), which is endorsed by CMIP6

and thoroughly described in (Haarsma, et al. 2016). We utilize three experiments for each
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model, namely: (1) control-1950, a 100 years long simulation with constant 1950’s
radiative forcing levels which correspond to a global radiative forcing of ~0.5 W/m2
(Myhre, et al. 2013); (2) hist-1950, an experiment with prescribed radiative forcings from
1950 to 2014; and (3) highres-future, a simulation that continues from where hist-1950
ends until 2050, with external forcings prescribed to follow the RCP8.5 scenario from the
fifth IPCC. In this pathway no mitigation efforts are implemented (Pachauri and Alle
2014) and radiative forcing reaches 8.5 W/m2 by 2100 (Riahi, et al. 2011). For brevity,
we will refer to experiment (1) as the control and to the 101 years of combined hist-1950
and highres-future as the transient run henceforth. According to the HighResMIP
protocol, each institution runs all experiments at a standard and an enhanced horizontal
resolution. The details of the models included, the institutions responsible and their
specific resolutions are presented in Table 1.

The variables of interest for this analysis are sea surface temperature SST and
zonal wind stress tx . The first variable is used to capture the variability of ENSO, the
latter for TWC/NPMM. We limit our focus to the Tropical Pacific, between latitudes 20S
and 20N and longitudes 120E and 70W, where both ENSO and TWC/NPMM are active,
following the lead of (Anderson and Perez 2015) and (Larson and Kirtman 2013).
Temporally, we calculate anomalous winter means over the months during which ENSO
and TWC/NPMM are most active: November-January for ENSO (SST) (Trenberth 1997)
and November-February for TWC/NPMM (tx) (Anderson and Perez 2015) respectively.
Lastly, it is important to note that since we are interested in the Tx mode that precedes

ENSO events, the two variables are lagged accordingly by one year.
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Institution | Model ID Ocean Res Atmosphere Res Name
(km) (km)

CMCC CMCC-CM2-HR4 | 25 100 CMCC LR
CMCC-CM2- 25 25 CMCC HR
VHR4

CERFACS | CNRM-CM6-1 100 100 CNRM LR
CNRM-CM6-1- 25 50 CNRM HR
HR

MPI MPI-ESM1.2-HR | 40 100 MPI LR
MPI-ESM1.2-XR | 40 50 MPI HR

EC-Earth | EC-Earth3P 100 80 EC-Earth LR
EC-Earth3P-HR 25 40 EC-Earth

HR

MOHC HadGEM3-GC31- | 100 250 HadGEM3
LL LR
HadGEM3-GC31- | 25 50 HadGEM3
HM HR

Table 3 Details of the HighResMIP ensemble utilized in this study
Method

Across the study we have utilized three main analytical diagnostics. The first is a
variation of the classic Canonical Correlation Analysis (CCA) called the CCA in the
basis of Principal Components (PC’s) (Bretherton, Smith and Wallace 1992). In
particular, as in the classic version of the CCA, this method is used to isolate the most
highly correlated modes between two variables, in this case the winter means of SST and
the winter mean tx during the prior year. In this version, the CCA is applied not to the
full fields, but only to a subset of their respective PC’s, obtained through an Empirical
Orthogonal Functions (EOF) analysis. Furthermore, we exclude from the CCA the PC of
tx that has the highest correlation with the concurrent Nifio3.4 index, as we want to
remove the influence from concurrent ENSO events on the zonal wind stress. We use the
CCA in the basis of PC’s to understand whether and how each ensemble model

reconstructs the relationship between ENSO and its extra-tropical precursor
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TWC/NPMM. This method is described in further details in previous articles by the
authors where we analyzed the relationship between ENSO and the TWC/NPMM
precursor in the SODAsI.3 reanalysis dataset (Pivotti and Anderson 2021) and in the
control runs of the HighResMIP ensemble (Pivotti et al.1 — in review).

Secondly, we calculate the Center of Heat Index (CHI) of ENSO (Giese and Ray
2011) to better understand its characteristics. The CHI has different components and in
this analysis we calculate the amplitude and the longitude, as well the area of each ENSO
event. In each of these calculations we include all the years that satisfy the CHI
requirement, namely the years in which the area over which the SST anomalies are
greater than 0.5 (<-0.5 respectively) is larger than the Nifio 3.4 area (5S-5N 170-120W) —
details in (Giese and Ray 2011).

Finally, to investigate whether the power and oscillatory behavior of the ENSO
signal show trends across the ensemble, we turn to the Continuous Wavelet Transform
(CWT) and apply it to the first PC of Tropical SST anomalies (Pivotti and Anderson
2021). To study the resulting time/periodicity maps W(p,t), we calculate three indicators
that mirror what the CHI components capture for the SST spatial anomaly maps. As a
first step, to guarantee significance, we consider only the values that that lie within the
cone of influence. Then, to reduce noise, we exclude the values whose periodicity is
higher than 10 years and whose power is less than std(W(p,t)). The first indicator, P(t),
captures the power of the signal over time. We sum the power across periodicities for
each time-point analogous to the calculation of the CHI-amplitude.

P(t) = Zp W(p,t)
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As a second indicator, C(t), we estimate the “central periodicity” at each time
point, similar to the CHI-longitude, and thus calculate the weighted mean of the
periodicity.

Ct)=2pp - W*(p,t), where W*(p,t) = W(p,t) / Zp W(p,t)

Finally, as a third indicator S(t), we estimate the spread around this estimated
center of periodicity.

S2(t) = [Zp (P — C(V))? - W)/ Zp WH(p,t) = Zp (p — C(1))* - WH(p,b),

and S(t) = v S?(t)

Results
We apply the CCA in the basis of PC’s to the winter means of tx and SST, and
obtain pairs of time series called Canonical Variables (CV). These time series are in
decreasing order of correlation value, which means that the first pair captures the modes
showing the highest correlation. In this case, the pair of CV’s has a 1-year lag by
construction and represent a mode of tx (CV1tx(t-1)) and a mode of SST (CV3sst(t))
respectively. In order to illustrate the spatial characteristics of these highly correlated

modes, we regress CV%ix(t-1) and CV1sst(t) against the normalized anomaly fields of
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Figure 19 Ensemble mean maps of normalized anomalies of tx and SST regressed
against their respective first Canonical Variable for control (a,b) and transient runs (d,e).
(a,d) maps of tx. Positive (negative) values are shaded in brown (green). Magnitude of
normalized tx (unitless) are given by the color bar on the r.h.s of the panel.

(b,e) maps of SST. Positive (negative) values are shaded in red (blue). Magnitude of
normalized SST (unitless) are given by the color bar on the r.h.s of the panel.

In panels (c,f) the values of spatial correlation between the regression maps from each
model and the ensemble mean maps. In brown the values for TWCx in blue those for
ENSO.

their respective variables and obtain for each experiment two anomaly maps. We do not
show here the regressed maps for each experiment, instead we illustrate how the
ensemble behaves as a whole, by calculating the ensemble-wide average maps of tx and
SST for control and transient experiments separately. The resulting maps, which we call
TX and S are shown in Figure 19, panels (a,b) for the control experiments (TXC,SC) and

panels (d,e) for the transient (TXT,ST) respectively. The first interesting result is that
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both TXC and TXT capture a positive anomaly in the zonal component of the northern
Tropical Pacific trades, while SC and ST reconstruct a positive SST anomaly in the
eastern portion of the Equatorial Pacific. This confirms that across the ensemble the most
highly correlated modes of lagged tx and SST are the TWC/NPMM precursor and ENSO
in both control and transient experiments, as it is in the historical data (Pivotti and
Anderson 2021). Moreover, their spatial characteristics are largely unaltered by the
increase in anthropogenic forcings, as indicated by the high spatial correlations between
patterns: p(TXC,TXT) = 0.93 and p(SC,ST) = 0.97, respectively. Furthermore, in order to
better capture the ensemble behavior, for each set of experiments, we calculate the spatial
correlation between the map of each individual model against the corresponding
ensemble mean map. The results are presented on the right-hand side of Figure 19, in
panels (c,f). These results indicate that the correlation values for the SC and ST maps are
higher across the ensemble for both control and transient runs, as compared to the
correlation values for the TXC, TXT maps. This suggests a greater inter-model
agreement in the reconstruction of ENSO patterns, when compared to TWC/NPMM
patterns. Furthermore, models with a standard resolution (LR) and those with an
increased resolution (HR) show no significant difference in their correlation values,
which leads us to conclude that the difference in horizontal resolution does not affect a
model’s ability to reconstruct the spatial characteristics of the TWC/NPMM-ENSO
relationship, either in the control, or in the transient runs.

Having established that TWC/NPMM is a consistent ENSO precursor in this

ensemble, we want to characterize its influence upon ENSO events. We do this by
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calculating three components of CHI of ENSO: amplitude, longitude and area (Giese and
Ray 2011). We then compare average ENSO events against the ones initiated by
TWC/NPMM. We define average ENSO events as those years during which the winter
means of SST satisfy the CHI requirement (details in the Data and Method section).
These events will be referred to as CHI-ENSO events. Among the CHI-ENSO events, we
select those that are preceded by a TWC/NPMM event. We identify these years T as
those for which either

CVix(T - 1) > std(CV1x) or CV1x(T - 1) < - std(CV1x)

holds true, and these events will be referred to as TWC/NPMM-related CHI-
ENSO.

The results of these calculations are shown in Figure 20, which all have 4 panels.
In Figure 20(a,b) we plot, for each experiment, the mean CHI amplitude of all CHI-
ENSO events on the x-axis against the mean CHI amplitude of the TWC/NPMM-related
CHI-ENSO events on the y-axis. Panel (a) shows the results for the control experiments
and panel (b) shows them for the transient ones. In Figure 20 (c,d) instead we still look at
the CHI-amplitude, but the means are calculated across type of experiment, with result
for the control on the x-axis, and for the transient on the y-axis. In panel (c), we show the
results for CHI-ENSO events and in panel (d) we show them for TWC/NPMM-related
events. Figure 21 has the same structure as Figure 20, but shows the results for the CHI
longitude, while Figure 22 shows an estimate of the CHI-area. Starting with the CHI-
amplitude in Figure 20(a,b), we find that all the points are found above the 1-1 line

(significant for 9 /10) which indicates an ensemble-wide agreement that ENSO events
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initiated by TWC/NPMM are stronger than the average ENSO events, and that this
difference holds true both in the control and the transient experiments. Further
comparison of CHI amplitude for the controls against those of the transient experiments
indicates that there is no trend in the CHI amplitude for either average CHI-ENSO events
or TWC-charged ones, indicating that the influence of TWC/NPMM on ENSO amplitude
is not enhanced (nor reduced) as a result of anthropogenic forcings.

With regard to the longitude of ENSO events, Figure 21a shows that the

TWC/NPMM-related CHI-ENSO events have their center of heat situated more
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Figure 20 Amplitude of the Center of Heat Index (CHI).

For each model, we calculate the CHI-amplitude of all winter (NDJ) events that satisfy
the CHI-criterion (CHI-ENSO) as well as for the CHI-ENSO events that have a strong
TWC event the preceding winter (TWC-charged CHI-ENSO). Markers show the
average CHI values, and the standard error of the mean is shown by the black dashed
lines. Red markers represent LR models and blue represent HR models. The y = x line
is shown in dotted black.

In (&) and (b) the mean CHI-amplitude of the average ENSO events (x-axis) plotted
against the mean CHI-amplitude of the TWC-charged CHI-ENSO events (y-axis), for
the control runs (a) and the transient runs (b).

In (c) and (d) the mean CHI-amplitude of the ENSO events of the control experiments
(x-axis) plotted against the mean CHI-amplitude of the ENSO events of the transient
experiments (y-axis), for all CHI-ENSO events (c) and TWC-charged CHI-ENSO
events (d).
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westward than CHI-ENSO events in the control runs (significant for 8/10 models).
However, this result does not hold true in the case of the transient runs in Figure 21b.
Plotting the control values against transient ones in Figure 21(c,d), we find that the center
of heat of CHI-ENSO events moves westwards in the presence of anthropogenic forcings,

but remains unaltered for TWC/NPMM-related events. Combining these results suggests
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Figure 21 Same as Figure 20, except showing the CHI longitude instead of the
amplitude.
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that average ENSO events will align westward where the TWC/NPMM-related events
already have their center of heat.

Finally, from Figure 22(a,b) we see that the SST anomalies of the TWC/NPMM-
related events cover a larger area both in the control runs (significant for 6/10 models) as

well as in the transient runs (significant for 9/10 models). Furthermore, CHI-ENSO
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Figure 22 Same as Figure 20 and 21, except showing an estimate of the CHI area. Since
the models have different resolutions, we show here the ratio between the extension of
the SST anomalies and the extension of the Nifio3.4 area. It is important to remember
that, because of the CHI requirement, all areas included in the calculation are larger than
the Nifi03.4 area, which means that all values are greater than 1 by default.
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events cover larger areas in the transient experiments compared to the controls, whether
they are initiated by TWC/NPMM (Figure 22d) (significant for 7/10 models) or not
(Figure 22c) (significant for 6/10 models).

The results of Figure 21 and Figure 22 made us consider whether there was a
relationship between the CHI-area and CHI-longitude values. Thus, we plot them for all
CHI-ENSO events in Figure 23. We find a significant negative correlation between them
suggesting that the westward shift of the center of heat results from the fact that a larger
portion of the equatorial Pacific SST is affected by ENSO variability, which
consequently moves the center of heat. As such, this apparent shift westward does not

result from a shift towards CP-type ENSO events.

O CMCCLR
O CMCC HR
120 W - $ CNRMLR
¢ CNMR HR
A EC-Earth LR
A EC-Earth HR
O HadGEM LR
O HadGEM HR
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tude

140 W
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160 W

Area

Figure 23 CHI area (x-axis) plotted against the corresponding values of the CHI
longitude (y-axis). Markers show the average CHI values. Red markers represent LR
models and blue represent HR models; empty markers represent the control runs and
filled markers represent the transient ones. In black the fitted regressed line whose
coefficients are significant at a=0.95.



83

To summarize the results above, the amplitude of TWC/NPMM-related events
remains consistently larger whether under the influence of increasing external forcings or
in the control experiments. In addition, the TWC/NPMM-related events have larger area
and hence are shifted more westward than standard events in the control run, however
this difference disappears as the standard events grow larger and hence shift more
westward under the influence of increasing external forcings.

So far, we have analyzed the influence of the TWC/NPMM-ENSO relationship on
the spatial characteristics of ENSO. To complete the characterization of the
TWC/NPMM-ENSO relationship, we investigate the relative amount of TWC-charged
events. In particular, we calculate the ratio between the number of TWC-charged CHI-
ENSO events and the total amount of CHI-ENSO events for control and transient

experiments separately. We show the results in Figure 24 where we plot the value for the
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Figure 24 Markers show the ratio between the number of TWC-charged CHI-ENSO
events and CHI-ENSO events. On the x-axis the value for the control runs, on the y-axis
for the transient ones. Red markers represent LR models and blue represent HR models.
The y = x line is shown in dotted black.
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control simulation on the x-axis, against the value for the transient one on the y-axis.
There, we see a lack of inter-model agreement as the models are evenly split on whether
the frequency of TWC-charged events are increasing or decreasing in the presence of
increasing forcings. In both sets of runs, the TWC-charged events represent
approximately 30% of the total CHI-ENSO events (mean of the relative amount of TWC-
charged events calculated over all of the experiments), but can be as many as 40% in
some simulations and as little as 10% in others (as shown in Figure 24).

In the second portion of our analysis, we now turn to the oscillatory behavior of
ENSO, as previous results indicate that the strength of the TWC/NPMM-ENSO coupling
can influence the stochasticity of ENSO variability in both historical data (Pivotti and
Anderson 2021) and model simulations (Pivotti et al.1 — in review). To capture potential
future changes in the oscillatory behavior of ENSO variability, we look at how the power
of the ENSO signal is spread across frequencies by calculating the Continuous Wavelet
Transform (CWT) of the leading principal component of Tropical SST anomalies (PC1).
We use PC; to isolate ENSO, because it is more representative of a model’s specific

equatorial variability than a geographically fixed index like Nifio3.4 would be, as
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Figure 25 Time-series of the power P(t) of the Continuous Wavelet Transform (CWT) —
see text for details. Results from the control runs are in blue and those for the transient
in dashed red. The thin lines represent trends, when significant at a=0.90, of the slope,
whose value is written at the top of each panel.

evidenced by the intra-model spatial variability in ENSO reconstructions shown in Figure
19. Furthermore, the PCy time series is more consistent with the previous portion of our

analysis, where we utilize principal components in the CCA.
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Figure 26 Same as Figure 25 except for the center of periodicity C(t) of the Continuous
Wavelet Transform (CWT) — see text for details.

To study the time-frequency CWT matrices obtained for both control (CWTC)
and transient (CWTT) experiment, we calculate the power of the signal P(t), the center of
periodicity C(t), and the spread around C(t), S(t) (details in the Method subsection). First,
we show P(t) in Figure 25, along with any slope that is significant at 0=0.90. Looking at

the slopes, 6 out of 10 models indicate a future increase in the mean power of ENSO, and



87

only one among them shows a trend of the same sign in the control run, suggesting that
for at least 5 models such an increase is not a result of the model’s internal variability as
opposed to increasing forcings. We compare the trends of this estimate of the power with
another one, namely the standard deviation of the Nifio3.4 index, in Table 4, and we see

that, when the values are significant, the two estimates agree on the sign of the trend.

Name Experiment | std(Nifio3.4) | CWT
CMCC C

LR T

CMCC C +

HR T

CNRM C

LR T + +
CNRM C + +
HR T i +
EC-Earth | C

LR T + +
EC-Earth | C

HR T + +
HadGEM3 | C

LR T + +
HadGEM3 | C +

HR T +

MPI C + 4
LR T

MPI C

HR T

Table 4 Signs of the trends in ENSO variability as measured by the standard deviation of
the Nino3.4 index (std(Nifio3.4)) and the average power of the Continuous Wavelet
Transform of the of the leading principal component of Tropical SST anomalies (CWT).
The results that are significant at a a=0.90 level are shaded in yellow if they are positive
and blue if they are negative. Results that are not significant are not shown and the cell is
not shaded. Analysis is performed for all control (C) and transient (T) runs — see text for
details.

We then show the center of frequency C(T) in Figure 26 from which we draw two

main observations: (1) the center of ENSO frequency for a given model remains
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consistent between control and transient runs, with the only exception of HagGEM HR
where ENSO oscillates at slightly lower periodicities during the transient experiment; and
(2) there are no ensemble-wide trends towards higher or lower periodicities as the
external forcings increase. Finally, in Figure 27 we show S(T) and see how ENSO
periodicity spreads around C(T) across the ensemble. In some cases, the periodicity of the
signal is narrowly constrained around C(T) (e.g. CNMR LR transient) — indicative of a
more oscillatory behaviour — and in other cases it is spread over a wider range (e.g.
HadGEM HR control) — indicative of a more stochastic behaviour — and sometimes the
system transitions between these two kinds of behaviour (e.g. CMCC HR control). Once
again, we see signs of internal variability, but no ensemble-wide indication of a trend that
predicts the system will move towards either a more stochastic and/or oscillatory
behaviour. Given that previous results have shown enhanced TWC/NPMM-ENSO
coupling leads to more stochastic ENSO variability (Pivotti and Anderson 2021; Pivotti
et al.1 —in review), the lack of consistency in the transition of ENSO variability to either
more or less stochastic (and hence less or more oscillatory) under the influence of

increasing external forcings agrees with the earlier findings in Figure 24. To confirm this
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result, we calculate the running 30-years correlation between (1) the time series we have
used throughout the analysis to isolate ENSO — the leading principal component of
Tropical SST anomalies (PClsst) — and (2) the time series we built to isolate
TWC/NPMM - the first canonical variable of tx (CV'tx). As above, we find no inter-
model agreement regarding the presence of trends in the strength of TWC/NPMM-ENSO

coupling under the influence of increasing external radiative forcing (not shown).
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Figure 27 Same as Figure 25 except for the spread of periodicity S(t) of the Continuous
Wavelet Transform (CWT) — see text for details.
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Summary and Conclusion

In this chapter, we study how the models participating in the HighResMIP
protocol reconstruct the relationship between ENSO and its extra-tropical precursor
TWC/NPMM.

In our spatial characterization of the reconstruction of the TWC/NPMM-ENSO
relationship, we show that the ENSO events initiated by TWC/NPMM are consistently
stronger and cover a larger area than average ENSO events, and that this relation holds
true both with constant and increasing external forcings. As far as the area influenced by
SST anomalies, we identified a projected increase in all ENSO events. This increase is
accompanied by a subsequent westward shift of the center of heat, such that in the
transient experiments the center of heat for average ENSO events aligns with the position
of TWC/NPMM-related ones. At the same time, we see a lack of agreement on whether
the relative amount of TWC-charged events — which represent on average the 30% of all
ENSO events — is increasing or decreasing in the presence of increasing forcings.

Given the known relation between TWC/NPMM-ENSO variability and the
oscillatory behavior of ENSO itself, we then study how the power of ENSO spreads
across different periodicities. We find that the majority of models agree on an increase of
the overall power of ENSO, which confirms our CHI analysis above. However, this
power trend is not due to specific trends in how the ENSO system oscillates. In
particular, we see no clear trends in the frequency of ENSO variability under warmer
conditions; and, similarly, we see no clear trends towards more oscillatory or stochastic

ENSO variability. Furthermore, this ensemble does not predict a shift in the strength of
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the TWC/NPMM-ENSO relationship, which agrees with a previous results (Pivotti and
Anderson 2021) that shows that these two features vary jointly over multi-decadal time-
scales. The results further suggests that the strength of the TWC/NPMM-ENSO
relationship changes as a result of internal variability in the system and not anthropogenic

warming.
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CONCLUSION

In this thesis, | have investigated and unveiled different aspects of the relationship
between ENSO and the TWC/NPMM driving mechanism. My first major contribution to
its characterization is the correlation between the strength of the TWC/NPMM-ENSO
relationship and the way in which ENSO oscillates. Specifically, when the relationship is
strong, ENSO exhibits a stochastic behavior, while, when the relationship weakens,
ENSO enters a regular oscillatory phase. In particular, historically, the TWC/NPMM-
ENSO relationship has been strong during the last 60 years, and before 1920, but has
faded in the intervening decades 1920-1960. The robustness of these results was tested on
different reanalysis datasets. To further the investigation of this correlation, | turned to
model simulations, and showed how the TWC/NPMM mechanism is a consistent
precursor of ENSO across the ensemble, both with constant and increasing external
forcings, albeit with some inter-model variations. On a subset of control experiments
whose reconstruction of TWC/NPMM best approximated the results from the reanalyses,
| was able to confirm that the connection between the TWC/NPMM-ENSO relationship
and ENSO oscillatory behavior holds true in these state-of-the-art models.

These results, both in reanalyses and model simulations, refine earlier findings.
Historically, they align with identified shifts in the frequency of the SO Index in the
1910’s (Wang and Wang 1996) and 1960°s (Wang and Wang 1996; Yiou, et al., 2000).
As previously mentioned, ENSO can be interpreted either as a self-sustained oscillation,
or as a mode triggered by stochastic forcing (Wang, et al., 2017). | show that there is a

multi-decadal modulation in the way ENSO shifts between these two underlying
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dynamics, that this modulation is connected to the influence of the TWC/NPMM, and
that this feature can be found both in reanalysis data, as well as in coupled model
simulations. This contribution confirms and frames within a broader perspective previous
findings, like the ones from Yu and Fang (2018) and earlier results from Kirtman and
Schopf (1998). In the first study, the authors show that the SF mechanism - equivalent to
TWC/NPMM characterized here - is responsible for a stochastic evolution of the ENSO
system, and identify in the interval 1958-2014 an enhanced influence of the
TWC/NPMM upon ENSO (Yu and Fang 2018). In the second study, by running
simulations on a simple coupled model the authors are able to show that an “undisturbed
ENSO” oscillated regularly, while, when atmospheric noise is introduced in the system,
ENSO behaves more stochastically and its main frequency changes (Kirtman and Schopf
1998).

These findings add a piece of the puzzle to further understand and characterize the
dynamic of ENSO, and they contribute to an increased predictability of its events, which
is one of the main motivations for this research project. In particular, as the system
oscillated between these two behaviors, once ENSO enters a phase of self-sustained
oscillation, its dynamic can be tracked within that framework and its predictability gets
higher. A conclusion further supported by the study Yu and Fang (2018). Alternatively,
as the system enters a stochastic phase, ENSO is strongly correlated to 1-year prior
TWC/NPMM anomalies.

In addition to these results, since the institutions taking part in the HighResMIP

ensemble ran experiments at varying horizontal resolutions, | showed that within this
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ensemble, a change in horizontal resolution does not affect the ability to reconstruct the
TWC/NPMM-ENSO relationship.

Finally, as | compared experiments with constant and increasing forcings, | found
an ensemble-wide agreement on the system moving towards larger ENSO events, as well
as a consistency in TWC/NPMM-related events being stronger than the average ones.
Then, | analyzed whether the ensemble showed trends in the way ENSO oscillates, and |
showed there is no inter-model agreement on whether the ENSO system is heading
towards more oscillatory or stochastic behavior under the influence of increasing external
forcing. Further, there is no inter-model agreement on whether the TWC/NPMM-ENSO
relationship becomes more or less robust under the influence of increasing external
forcing. This final result suggests that the TWC/NPMM-ENSO relationship, its strength
and subsequent impact on ENSO oscillation are a result of internal multi-decadal
modulation and not of anthropogenic forcings.

Over the course of my research, | have worked with two principle sets of
variables — Sea Surface Temperature (SST), and horizontal wind stress (tx and tv) —
across numerous datasets, including both reanalyses and model experiments.
Methodologically, the main tools | have utilized are the Canonical Correlation Analysis
(CCA) in the basis of Principal Components (PC’s) and the Continuous Wavelet
Transform (CWT). The CCA in the basis of PC’s was the tool I employed in repeated
instances to isolate the time series (or identify the absence) of the modes of variability |
focus on, namely ENSO and TWC/NPMM. Whereas, to study the oscillatory nature of

the signals, I turned to the CWT, and tried different ways to interpret and present the
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results. In particular, in the first analyses, the interpretations have been more visual-
based, while in the fourth chapter I calculated three Center of Heat Index (CHI)-inspired
indicators across the CWT matrices to quantitatively capture the kind of oscillatory
behavior the signal showed.

Where do I intend to go from here? Following suggestions from reviewers as well
as my personal interest, | intend to continue the investigation of the TWC/NPMM-ENSO
relationship on larger CMIP6 model ensembles to gather a more telling image of how this
connection is projected to evolve under increasingly warmer conditions. | am particularly
interested in continuing the exploration of trends in oscillatory behavior of ENSO, as well
as its relationship to the efficacy of the TWC/NPMM precursor. Along these lines, |
would like to further utilize current and develop new methodologies to better isolate the
shifts between stochastic and more oscillatory behaviors of the ENSO system, as well to
better characterize the range of oscillatory ENSO behavior within model systems.

Over the longer term, my primary interest in ENSO as a climate mode is centered
on its impact, more than on its mechanisms, therefore | intend to pursue research in this
direction. | want to study both current and future ENSO teleconnections, its interactions
with other climate modes and their combined impacts. As | have yet to work with these
topics, this means | will need to learn new methodologies and datasets. These will of
course be closely related to the ones | have been using during my PhD, making the
transition challenging, but in my opinion feasible and rewarding. Furthermore, since
much of the research around ENSO argues that the more we know about this climate

mode, the better affected communities can prepare for its impacts, | want to dedicate time
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assessing how well this communication is happening. For instance, in earlier stages of my
research, | had started working on an assessment of early warning systems connected to
ENSO impacts on extreme weather events as well as precipitation patterns in connection
to agriculture. 1 would like to return to and finalize that project. After these initial
assessments, | would like to join the endeavor of easing the fruition of research results on

this specific topic from stakeholders and affected communities.
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