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Abstract

This doctoral thesis aims to understand how changes in the back-
ground climate state can affect the dynamics and regional impacts
of El Nino-Southern Oscillation (ENSO). Given the global reach of
ENSO teleconnections, it is key to understand how natural and an-
thropogenic sources of climate variability modulate its dynamics, in
order to improve the resilience of ecosystems and populations to ENSO
impacts. Climate interactions between the Atlantic and Pacific Oceans
at different timescales modulate the tropical Pacific mean state and
ENSO variability. Firstly I use the NCAR-CESM1 model to investi-
gate how Atlantic Multidecadal Variability (AMV) modulates ENSO.
Under warm AMV conditions (AMV+), ENSO variability weakens,
relative to AMV-. In AMV+, the thermocline is less reactive to sur-
face wind stress anomalies, which are more confined over the western
equatorial Pacific. Building on the first results chapter, I explore the
AMYV modulation of ENSO impacts over Australia in austral sum-
mer, and find that AMV strengthens the climate response to ENSO
in western Australia and weakens it over the east. AMV alters the
Hadley circulation response to ENSO, ultimately modulating its ex-
tratropical teleconnections. Finally, a set of pacemaker simulations
are performed with the EC-Earth3-CC model to understand how the
impacts of very strong El Nifio, such as the ones observed in 1982/83,
1997/98 and 2015/16 would manifest in a future warmer climate. The
simulations reveal that the impacts of extreme El Nifo events will am-
plify in the future in some regions, including North America and Aus-
tralia, where the cold and hot anomalies during winter and summer,
respectively, will get amplified during very strong El Nino events. In
other regions, like Southern Africa and southeastern South America,
shifts in atmospheric circulation lead to a weakening of the simulated
impacts of very strong El Nino events. Overall, this thesis has fur-
ther demonstrated that both ENSO variability and teleconnections
are sensitive to changes in the background climate state induced by

AMYV and anthropogenic emissions of greenhouse gases.
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Chapter 1

Introduction

Surely in Meteorology, as in Astronomy, the thing to hunt down is a
cycle, and if that is not to be found in the temperate zone, then go
to the frigid zones or the torrid zones to look for it, and if found,
then above all things and in whatever manner, lay hold to it, study it,

record it and see what it means.

The Meteorology of the future, Norman Lockyer.



1.1 Motivation

1.1. Motivation

Despite the very large dimensionality and chaotic nature of Earth’s climate
system, there are many emergent quasi-periodic seesaws and oscillations that
manifest as internal climate variability. Many of these internal 'modes of vari-
ability’ emerge as a result of tight coupling between components of the climate

system.

This thesis focuses on El Nifno-Southern Oscillation (ENSO), arguably the most
well known example of coupling between the ocean and the atmosphere. ENSO is
a natural climate phenomenon that manifests primarily in the equatorial Pacific
Ocean and leads to global-scale effects, from suppressing the Indian Monsoon
rainfall (Kumar et al., 1999) to weakening the stratospheric polar vortex (Ineson
and Scaife, 2009) during El Nino (its warm phase), to flooding in Australia during
La Nina (its cold phase) (Chung and Power, 2017), among many other impacts

on ecosystems and populations.

Natural modes of climate variability can interfere with each other at different
timescales (Elsbury et al., 2019; Munoz et al., 2015). The fact that ENSO ex-
cites other modes of variability is well known (Chang et al., 2006). In the last
decades, several studies have demonstrated the bidirectional nature of these in-
teractions, with Atlantic (Rodriguez-Fonseca et al., 2009; Ruprich-Robert et al.,
2021), and Indian (Kug and Kang, 2006) Ocean modes feeding back to the Pa-
cific by driving changes in atmospheric circulation (Cai et al., 2019). Historical
records allow us to gain a general picture of the global impacts of El Nino and
La Nina (see Fig. 1.4). However, there is a large diversity in ENSO events in
terms of their development, dynamics, magnitude, spatial location of anomalous
sea surface temperatures (SSTs) and regional teleconnections. Teleconnections
refer to a robust and significant response to a specific mode of climate variability
(in this case ENSO) in locations outside the forcing region (the equatorial Pacific
Ocean). Ocean basins outside the tropical Pacific play a role, for instance in the
duration and amplitude of ENSO, as it has been suggested in the context of the
last three-year La Nifia event (2020-2022) (Hasan et al., 2022); and also in the
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modulation of ENSO-related droughts in the Amazon (Jimenez et al., 2019).

In particular, the role of Atlantic Multidecadal Variability (AMV) as a potential
modulator of ENSO variability has gained attention in the recent years (Dong
and Sutton, 2007; Levine et al., 2017). Understanding the mechanisms by which
AMV modulates ENSO variability and teleconnections offers the potential to
improve ENSO forecasts as well as understand sources of variability in ENSO

teleconnections.

In addition to the effects of natural phenomena, external forcings also drive
changes in the global climate system. Due to human activities, the Earth’s tem-
perature has increased by 1.1°C since the 1850s (Arias et al., 2021). Should the
planet continue to warm under rising greenhouse gases, the spatial structure,
amplitude and frequency of ENSO events is expected to change in the future
(Cai et al., 2022; Collins et al., 2010; Maher et al., 2023). The hydrological cy-
cle also responds to an increase in temperature in the atmosphere (following the
Clausius-Clapeyron relationship from a thermodynamic perspective), altering fu-
ture ENSO teleconnections across the planet (Johnson et al., 2022; McGregor
et al., 2022; Miiller and Roeckner, 2006).

Most climate models project a weakening of the Walker circulation as a response
to greenhouse gas forcing (Vecchi and Soden, 2007), manifested by the eastern
equatorial Pacific warming at a faster rate than the western Pacific. This change
in the background climate state is expected to increase the frequency of extreme
El Nifio events (Cai et al., 2014; Heede and Fedorov, 2023b), although the time
of emergence of such response is a matter of disagreement within models (Heede
and Fedorov, 2023a). Interestingly, the signature of global warming on ENSO-
related precipitation would emerge decades earlier than ENSO-SST themselves
(Ying et al., 2022), which means that ENSO teleconnections might change in the
future even if ENSO itself does not change. Global impacts associated with El
Nino and La Nina are projected to intensify in the future (Johnson et al., 2022;
McGregor et al., 2014; Perry et al., 2017), exposing a larger proportion of the

Earth’s population to severe climate hazards.



1.2 El Nino-Southern Oscillation

Understanding how changes in the background climate state, driven by either
natural modes of variability or by climate change, alter ENSO is key to improv-
ing its predictability and eventually its impacts on populations. This thesis aims
to first understand the mechanisms by which Atlantic Multidecadal Variability
affects ENSO dynamics, with a later focus on the ENSO teleconnection to Aus-
tralia, a region heavily impacted by ENSO. Then, given the severity of the climate
impacts that very strong El Nino events have driven in the past, the thesis aims
to understand if and how the global climate response to these events could change

in a warmer climate.

1.2. El Nino-Southern Oscillation

1.2.1. ENSO history

Rasmusson and Wallace (1983) compared the study of ENSO to the assembly
of a jigsaw puzzle. Since the first signs of what we would call today an ENSO
event around 4500 years ago, until the last “triple-dip” La Nina (2020-2023), our
way of observing, understanding, forecasting and experiencing ENSO events has

evolved by leaps and bounds.

Evidence from oxygen isotopes, corals, tree rings and historical records captured
by historians, geographers, sailors, anglers and farmers in different parts of the
world narrate a story about the footprint that ENSO left in the past, even before
being catalogued or recognized as a cyclic phenomenon. ENSO records provide
insightful testimonies to understand the socioeconomic impact that changes in
temperature and precipitation patterns caused to human civilizations across the

world.

The history of our civilisation has been shaped by climate conditions, including
strong El Nino years that drove severe socieconomic impacts and forced settle-
ments to adapt to them, migrate or collapse, like it was suggested with the Maya

civilization (Grove and Adamson, 2018). In the last centuries and even millennia,
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societies relied heavily on agriculture and were vulnerable to changes in weather
and climate conditions, such as the delay or strength of the rainy season and

extreme precipitation and temperature events.

In the late 19" century, peruvian fishermen identified a warm current that brought
different fish and other animal species (Fig. 1.1) and precipitation off the coast
of Peru, a normally dry region. This current appeared around Christmas time
and was named "EI Nino", which in Spanish it means "the boy child". Since it
was thought to be a phenomenon with limited local reach, El Nino did not call a

lot of attention within the scientific community at that time.

Figure 1.1: The Spondylus, or thorny oyster, is typical of warm waters. When it showed up in
the coast, Peruvians knew that El Nifio was coming. Picture by Hectonichus (CC BY-SA 3.0).

In 1897, the Swedish meteorologist Hugo Hildebrand was searching for what
he called ‘atmospheric centers of action’, or pairs of regions with opposite sign
pressure perturbation that were thought to be interconnected, including Syd-
ney (Australia) and Buenos Aires (Argentina). In the early years of the 20!
century, Norman Lockyer and his son, both British scientists, noticed another
atmospheric pressure ‘see-saw’ between Argentina and India. During the First
World War, the British mathematician Gilbert Walker was named head of the
Indian Meteorological department. Together with his team of junior meteorolo-
gists, Walker found 20 locations or ’centres of action’ across the world that could
potentially influence weather patterns in remote locations, including the North
Atlantic Oscillation (NAO) and the North Pacific Oscillation (NPO). This was
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the first time that the scientific community considered the possibility of climate

interactions between remote locations.

Hendrik Berlage also started to compile information on atmospheric pressure
between Jakarta in Indonesia and 2 stations over the eastern Pacific (EP) (San-
tiago and Easter Island) after discovering that both locations were part of an
atmospheric see-saw with pressure of opposite sign, what later would be called
the "Southern Oscillation". The civil war in Indonesia in the late 1940s destroyed
all the available records and the western Pacific station was moved to Darwin in
Australia up to today, being the other side of the see-saw the French Polinesian

island of Tahiti in the central equatorial Pacific Ocean.

In the late 1950s, a scientific alliance organized by the governments of Peru,
Ecuador and Colombia took part on the “El Nino project”, with the aim of under-
standing the mechanisms of the El Nino current and testing the theories suggested
by the Swedish meteorologist Jacob Bjerknes. In his work, Bjerknes identified the
link between tropical Pacific wind stress driven by the strong easterlies named as
“trade winds” and SSTs along the equator (Bjerknes, 1969). By 1969, Bjerknes
had already tied up several loose ends by acknowledging the relationship between
the Southern Oscillation and SSTs in the central-eastern equatorial Pacific (see
Fig.1.2).

Another key point of Bjerknes’ work is that it first recognises the tight connection
between the ocean and atmosphere within the tropical Pacific, and recognises the
Walker and Hadley overturning circulations. In terms of the origin of El Nino
current, there was still some disagreement within the scientific community at that
time. Bjerknes suggested that the origin of the El Nino current was in the EP,
a theory that was refuted years later by Klaus Wyrtki, who suggest that the
ocean processes triggering El Nifio events were based at the western side of the
equatorial Pacific. Wyrtki (1985) noted that prior to an El Nifio event, there was
an accumulation of warm water over the western equatorial Pacific (a recharge of
upper ocean heat content), and that this heat excess over the western Pacific was

recovered after an El Nino event as the eastern Pacific “discharged” warm waters
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Figure 1.2: The Southern Oscillation from 1955 to 1967 represented by 6-mo overlapping aver-
ages of Djakarta monthly pressure anomalies. Dashed curve based on Singapore data. On same
time scale: sea temperature at the Equator at approximately 165°W, and sea temperature by
monthly averages at Canton Island. Taken from Bjerknes (1969).

towards the western margin.

Despite the increasing interest and resource investment in the study of El Nino,
especially by the United States and Australia, there was a key moment that shook
up the scientific community and reminded them that there was still a lot to do in
terms of ENSO prediction. The El Nifio event of 1982/83 was one of the strongest
on record, with SST anomalies in the eastern equatorial Pacific reaching 2.2°C in
boreal winter. This event was poorly forecasted, partially due to the eruption of
the El Chich6n volcano in Mexico in March of 1982, which impaired the ability
of satellites to measure sea level height and identify warming in the central and
EP Ocean. Not only did the scientific community fail to predict this particular
El Nino event, but they refused to acknowledge that El Nino was coming despite
the clear signs of warming over EP. Wyrtki even said “To call this El Nino would
be child abuse!”, as he sustained his theory of El Nifio events originating in the
western equatorial Pacific and the 1982/83 event was a canonical classic EP El

Nino event.

The climate impacts of this event were devastating, including severe droughts
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in northeast Brazil, southeast Asia and Australia, the West African Sahel and
Southern Africa, and heavy flooding in Peru, Bolivia and Ecuador (Glantz, 2001;
Glynn, 1990), leading to damage to infrastructures and food insecurity. The fail-
ure of predicting the strong El Nifio event in 1982/83 was nevertheless what the
scientific community needed to understand the need to improve ENSO prediction

capability.

With this aim, the Tropical Ocean and Global Atmosphere programme (TOGA)
kicked off in 1985, consisting of a joint international scientific effort to improve
the prediction of ENSO by tightly observing the tropical Pacific ocean and at-
mosphere (McPhaden et al., 1998). The TOGA project also enhanced the un-
derstanding of La Nina events (as the American climatologist George Philander
coined the counter-phase of El Nifo), as such conditions were previously cata-
logued as "extreme-normal" periods given the fact that La Nina consists of a
strengthening of the normal atmosphere and ocean conditions in the equatorial
Pacific. TOGA came to an end in 1994 after being a successful 10-year project
that allowed to predict and monitor the 1997/98 El Nifio and advancing signifi-
cantly our knowledge on ENSO dynamics (McPhaden et al., 2010).

1.2.2. ENSO characteristics

In the equatorial Pacific Ocean basin, trade winds blow from east to west,
inducing wind stress onto the surface of the ocean and leading to accumulation of
warm waters over the west Pacific ‘warm pool’, an area on the western equatorial
Pacific where climatological SSTs lie above 28°C, triggering deep convection in the
atmosphere and feeding the ascending branch of the Pacific Walker cell (Graham
and Barnett, 1987). Over this area, the trades meet the westerly wind flow from
the Indian Ocean, leading to convergence and rising of air masses. This ascent
is enhanced by the release of latent heat from the condensation of water within
ascending plumes in the western equatorial Pacific, leading to deep convection. In
the upper troposphere, wind diverges zonally towards the EP, closing the Pacific
Walker cell as shown in Fig. 1.3 (top). In a similar way, over the western Pacific

upper troposphere, wind diverges polewards and transports air masses towards
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Figure 1.3: Schematic of ENSO-neutral (top), El Nino (bottom left) and La Nina (bottom
right) conditions. Cross section of the equatorial Pacific at the equator between the coasts of

Australia and Peru.
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the extratropics through the Hadley circulation. In the EP, there is meridional
and zonal wind convergence in the upper troposphere and consequently diver-
gence and subsidence at the surface, reinforcing high-pressure conditions off the

coast of South America.

In the upper ocean, the layer separating the warm surface waters from the colder
deep abyssal waters is known as the thermocline. It is often characterised by the
20°C isotherm, and is deeper in the western Pacific than in the East. Contribut-
ing to a sharp east-west SST gradient across the equatorial Pacific, cold deep

waters ascend in the EP creating a ‘cold tongue’ at the surface.

During El Nino (Fig. 1.3, bottom left), the Walker circulation weakens. Trade
winds lose strength and lead to eastward ocean currents at the surface that advect
warm water from the warm pool towards the central equatorial Pacific. Positive
SST anomalies lead to a flattening of the equatorial Pacific thermocline, that
hinders the upwelling of cold deep waters over the EP, further reinforcing the
positive SST anomaly at the surface. The area of deep convection and precipi-
tation anomalies is shifted towards the central equatorial Pacific, leading to dry

anomalies over the Maritime continent.

La Nina events (Fig. 1.3, bottom right) are characterised by a strengthening
of the climatological Walker circulation over the tropical Pacific. Trade winds
strengthen and enhance westward advection of waters, increasing SSTs over the
warm pool as well as sea surface height. The increase in warm water volume over
the western Pacific deepens the thermocline, which slope sharpens due to the en-
hanced upwelling of cold waters over the EP. These changes in ocean heat content
result in negative SST anomalies over the central and eastern equatorial Pacific
and a more pronounced east-west SST gradient. Deep convection is enhanced
over the warm pool, driving positive precipitation anomalies in the Maritime
continent and surrounding areas. Changes in the position of SST anomalies al-
ter thermodynamic fluxes and consequently the poleward energy transport via

altering the propagation of Rossby waves.
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1.2.3. ENSO teleconnections

The tropical Pacific atmosphere and ocean are tightly coupled, and feedback
processes continuously transfer energy from the ocean to the atmosphere and
vice versa. SST changes lead to convergence and ascent of air at the surface of
the ocean, and consequently precipitation changes. Changes in precipitation and
deep convection during ENSO events lead to anomalous latent heating that in
turn excites equatorial Kelvin and Rossby waves (Gill, 1980), propagating ENSO
signal through the tropics and intro the extratropics. Shifts in the location of deep
convection alters the Walker circulation, and has extratropical reach through the
Hadley circulation (Trenberth et al., 1998).

ENSO-driven changes in convection and upper-level divergence excite anoma-
lous trains of planetary Rossby waves that propagate the ENSO signal to the
extratropics (Hoskins and Karoly, 1981) via the Pacific North American (PNA;
(Miiller and Roeckner, 2006)) and Pacific South American (PSA, (Mo and Hig-
gins, 1998)) patterns; and even the polar stratosphere (Mezzina et al., 2022).
The propagation of ENSO signal to the extratropics depends on the background
state. For example, Hardiman et al. (2019) found that the stratospheric pathway
of ENSO teleconnection to Europe is suppressed when the stratospheric polar
vortex is strong; Lee et al. (2009) made a link between barotropic background
westerlies and the propagation of ENSO signal; and Yeh et al. (2018) hypothe-

sised about the impacts of background warming on ENSO teleconnections.

The global reach of ENSO impacts is well known. Figure 1.4 shows tempera-
ture (1.4a) and precipitation (1.4b) anomalies regressed onto SST anomalies in
the Nino 3.4 region (5°N-5°S, 170°W-120°W) from November to January. This
figure assumes symmetry between the climate responses to El Nino and La Nina,
meaning that the amplitude and spatial location of El Nifio and La Nina impacts
are equivalent but opposite in sign. However, that condition is not met in re-
gions such as Australia (Chung and Power, 2017), Europe (Lopez-Parages et al.,
2016; Trascasa-Castro et al., 2019), North America (Hoerling et al., 1997) and
the Indian Ocean Hong et al. (2010).

12
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Figure 1.4: ENSO temperature (a, c) and precipitation (b, d) response. Maximum regression
of 3-month mean air temperature ("C STD™!) (a) and precipitation (mm day! STD) (b)
anomaly onto Nov-to-Jan Nifio-3.4 index. (¢, d) Month of maximum regression. The numbers
0 and +1 in the color bar labels indicate the years of ENSO development and decaying phase,
respectively. Nino-3.4 index based on the HadISST data. Air temperature and precipitation
from NCEP/NCAR (Dec 1948 to Nov 2017; (Kalnay et al., 1996). Figure taken from Taschetto
et al. (2020).
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The temporality of ENSO impacts also varies, with some regions being af-
fected most strongly by ENSO even before it reaches its mature phase. Figs. 1.4c
and d shows the month of maximum regression of ENSO temperature and pre-
cipitation anomalies, respectively. From June to August during the developing
phase of ENSO (JJAO), the Maritime continent already sees an increase in precip-
itation during La Nina and the opposite during El Nino, due to the zonal shift in
the Pacific Walker cell (Hendon, 2003). In the same season, South Eastern South
America experiences changes in surface temperature (Barros et al., 2002), and
during El Nino, India receives less rainfall as a result of the well-known suppres-
sion of the Indian summer monsoon (Kumar et al., 1999). In Australia, La Nina
leads to above normal precipitation and higher risk of flooding over the coun-
try in austral spring (from September to November) (Chung and Power, 2017),
whereas during El Nino there are hotter and drier conditions that increase the
risk of wildfires (Abram et al., 2021).

From December to February, El Nino reduces the amount of precipitation during
the rainy season in southern Africa (Ratnam et al., 2014). The North Atlantic
Oscillation (NAO) is the dominant mode of winter climate variability over the
North Atlantic-European sector. Its relationship with ENSO consists of a weak-
ening of the Icelandic low and Azores high during El Ninio winters, leading to a
more negative NAO index and colder winters in northern Europe (Jiménez-Esteve
and Domeisen, 2018). With some months of delay after the peak of ENSO, El
Nino increases precipitation rates East Africa’s ‘short’ and ‘long rains’ seasons
(Nicholson and Kim, 1997; Palmer et al., 2023). During summer, El Nifo is
known to strengthen the North American Monsoon (NAM) system and lead to
more precipitation over the United States, while the opposite climate response is

expected during La Nina (Higgins et al., 1999).

1.3. ENSO theory

The 1980s were key for the development of theories that explained that atmo-
sphere and ocean feedbacks are responsible for ENSO growth and decay. They

14
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were based on the equatorial Pacific as a coupled system in a constant transi-
tion towards an “unreachable” equilibrium state. Although simple in nature, the
theories of the delayed (Suarez and Schopf, 1988), wave (Jin, 1997a), recharge
(Jin, 1996, 1997a) and advective-reflective oscillators (Picaut et al., 1997) aimed
to summarise and quantify the observed physical processes during ENSO events

as a forecasting tool.

Cane et al. (1986) used a deterministic numerical model capturing the main
coupled dynamics in the tropical Pacific to develop a forecasting tool to predict
ENSO events in advance. They tested their model with observations of El Nifio
events since 1970 and suggested that the buildup of warm SST anomalies preced-
ing an El Nino could be forecasted more than a year in advance. This statement
was optimistic at the time and remains so nowadays, as ENSO events are hard
to predict with reasonable skill at more than 14 months in lead time (Gonzalez
and Goddard, 2016). The main challenge in predicting the growth of ENSO lies
within the loss of autocorrelation in the tropical Pacific processes in boreal sum-
mer (Mukhin et al., 2021) that leads to forecast errors (Jin et al., 2008). The
noise in the tropical Pacific is larger than the SST anomaly associated with ENSO
in boreal spring, when ENSO decays, reducing the predictability skill of ENSO
in the following months (Lai et al., 2018).

The Cane-Zebiak (CZ, (Cane and Zebiak, 1985)) model was pioneering in the
coupled instability theory of ENSO dynamics (Fedorov and Philander, 2000; Gill,
1985), and explained SST anomalies based on climatological SSTs, surface winds
and thermocline depths. They concluded that ENSO is indeed an oscillation
restricted to the tropical Pacific with no influence from the extratropics. They
differenciate between the surface layer of the ocean, which reacts strongly to wind

stress, and the upper ocean heat content which determines the interannual vari-
ability of ENSO.

A synchronous line of ENSO research was the development of simple concep-
tual models. The first model was the Delayed Oscillator (Battisti and Hirst, 1989;
Suarez and Schopf, 1988), and proposes two mechanisms to explain ENSO growth
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and decay phases. The equatorial East-West SST gradient decreases when SSTs
are anomalously warm over the eastern equatorial Pacific, reducing the strength
of the Walker circulation and hence the trade winds. Less easterly wind forcing
further enhances the positive SST anomaly over the EP given by the eastward
migration of warm water across the equatorial Pacific. This process is known as
the positive Bjerknes feedback (Bjerknes, 1969), and is suggested to be the cause
of ENSO growth in the Delayed Oscillator theory framework.

Once ENSO peaks, wind stress over the central equatorial Pacific triggers an east-
ward downwelling Kelvin wave and an westward upwelling Rossby wave. Rossby
waves are reflected as upwelling Kelvin waves and propagates back to the EP,
which helps dissipating the accumulation of heat in the upper ocean and favours
ENSO phase transition. Overall, ocean dynamics dominate in the phase of ENSO

decay, while its periodicity is determined by the time waves take to propagate.

Years later, Jin (1996, 1997a,b) developed the Recharged Oscillator (RO)
theory. Positive SST anomalies over the western and central equatorial Pacific
cause westerly wind forcing that enhances the meridional transport or “discharge”
of warm waters that occur during an El Nino event (Fig.1.5a). As a result of
wind stress forcing and the meridional discharge of warm waters, the thermocline
flattens across the equatorial Pacific, and the SST damping over the EP reduces
the SST anomaly (Fig.1.5b). The anomalous shallow thermocline over the EP
allows upwelling of cold deep waters, leading to negative SST anomalies (Fig.1.5¢).
Trade wind stress strengthens due to cold SST anomalies, advecting warm waters
towards the warm pool which eventually deepen the WP thermocline. Easterly
wind forcing enhances the equatorward advection or “recharge” of warm waters
(Fig.1.5¢), and bring the equatorial Pacific to another neutral state before trade
winds weaken again and warm waters are advected to the EP (Fig.1.5a). The
main mechanism allowing the ENSO phase transition in the RO framework is the
recharge /discharge of warm waters outside/towards the equatorial Pacific driven
by the equatorial Pacific wind stress curl and location (Jin et al., 2020). It paves

the way for the formulation of the Bjerknes Stability (BJ) index shown in eq. 1.1.
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Figure 1.5: Schematic panels of the four phases of the recharge oscillator: (a) the warm phase,
(b) the warm to cold transition phase, (c) the cold phase, and (d) the cold to warm transition
phase. The rectangular box represents the equatorial Pacific basin, the elliptical circle represents
the SST anomaly, the thin and filled arrows represent wind stress anomaly associated with the
SST anomaly, and the thick unfilled arrows represent the recharge/discharge of equatorial heat

content. Each panel also shows the distribution of the thermocline depth anomaly (h) along
the equator. Taken from Jin (1997a).
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Built upon the basis of the recharged Oscillator, the BJ index was first intro-
duced by Jin et al. (2006), and captures the main atmosphere and ocean processes
responsible for ENSO growth rate. It represents the competition of five coupled
feedbacks, which damp (current damping and thermodynamic feedbacks) or en-
hance (zonal advective, Ekman and thermocline feedbacks) the development of

SST anomalies in the EP to eventually grow into an ENSO event.

The current damping feedback (CD in eq. 1.1, Fig. 1.6a) accounts for zonal
(al%) and meridional (&2%) gradients of absolute SST values in the EP.
Secondly, the thermodynamic (TD, a4, Fig. 1.6b) feedback accounts for the
exchange of heat between the ocean and the atmosphere, including latent and
sensible heat fluxes as well as longwave and shortwave radiation fluxes at the
surface. This feedback is very strong during boreal spring and summer, and it is
highly dependent on the type of clouds above the eastern equatorial Pacific and

the position of the Walker cell.

The zonal advective (ZA, Fig. 1.6c) feedback accounts for the effect of wind
stress across the equatorial Pacific on EP SSTs (p,/8,) and climatological zonal
SST gradients (%). The Ekman (EK, Fig. 1.6d) feedback relates to the upwelling
of cold water favoured by the wind (u,5,) and accounts for the climatological
temperature gradient from the ocean surface to a depth of 50m (g). Finally, the
thermocline feedback (TH, Fig. 1.6d) captures the SST response to wind stress
(11q), the sensitivity of the thermocline slope to equatorial wind stress (3;) and
the climatological upwelling of cold water in the uppermost 50 m of the ocean, all

of these variables contributing to the redistribution of upper ocean heat content.

ENSO feedbacks follow a seasonal cycle, with the damping feedbacks being strongest
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Figure 1.6: Schematic of the feedbacks included in the BJ index calculation: a) current damping,
b) thermodynamic, c¢) zonal advective, d) Ekman and e) thermocline.
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in late boreal spring and the positive feedbacks (zonal advective, Ekman and
thermocline) peaking in late boreal autumn (see Fig. 2.2 in Chapter 2). The
BJ index is computed over two main areas, the whole equatorial Pacific or the
eastern equatorial Pacific (denoted with an “E” in eq.1.1). Both areas extend in
latitude from 5°N to 5°S, and the longitudinal boundary that separates WP from
EP can be either a fixed threshold (160°W | (Jin et al., 2006); 180°E , (Ferrett
and Collins, 2019) or estimated by regressing ocean heat content anomalies onto
the timeseries of the first empirical orthogonal function (EOF) of anomalous SSTs
across the equatorial Pacific (Kim and Jin, 2011; Kim et al., 2014). It has been
widely used to compare ENSO behaviour in different climate models (Bellenger
et al., 2014; Kim et al., 2014), time periods (Kim and Jin, 2011) and background
states (Levine et al., 2017).

Along with the advantages that the BJ index provides for the comprehension
of the main processes responsible for ENSO dynamics, it is important to high-
light that the cost of its simplicity carries several limitations. This fact arises
from the large variability in the value of the BJ index and the individual feed-
backs between different General Circulation Models (GCMs) (Kim et al., 2014).
The cause of such a big diversity can be the different background states in the
models (Fedorov, 2002). Comparisons between the strength of the feedbacks in
models and atmosphere-ocean reanalyses reveal that the there is an important
underestimation of the thermocline feedback in the former group (Jin and An,
1999) compared to the latter (Liibbecke and Mcphaden, 2013).

A most striking aspect of the BJ index is the assumption of linear relation-
ships between variables. For instance, climate models largely underestimate the
shortwave radiation response to changes in SSTs in the equatorial Pacific (Lloyd
et al., 2012), and it is the largest contributor of intermodel spread in the rep-
resentation of the thermodynamic feedback (Lloyd et al., 2009). This is partly
due to the poor representation of tropical clouds in GCMs (Bony and Dufresne,
2005). Nonlinearities in the equatorial wind stress response to EP SSTs (u,) are
also a limiting factor that adds uncertainty to the interpretation of the BJ index
(Graham et al., 2014; Wang and McPhaden, 2000).
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1.3.1. ENSO diversity and nonlinearity

Despite the well known mechanistic theories to explain the existence of ENSO,
it is a fact that every ENSO event is unique. The spatial structure of SST anoma-
lies, intensity, duration and evolution vary from event to event. The most obvious
way to appreciate ENSO diversity is by looking at the areas of maximum SST

anomalies during ENSO events in the historical record.

Historically, several attempts to capture different ENSO “flavours” have been
made, for example by classifying ENSO events as Central Pacific (CP) or EP de-
pending on where their maximum SST anomaly lies within the equatorial Pacific
Ocean (Nino4 (5°N-5°S, 160°E-150°W) for CP and Nino3 (5°N-5°S, 150°W-90°W)
for EP). Fig.1.7 illustrates the diversity of El Nino events in terms of the lon-
gitudinal extent of their SST anomalies. Nevertheless, even within the EP type
events, there is a massive range of values. By looking at the amplitude of the blue
and red lines, one can also see that EP El Nino events are significantly stronger
than CP events. EP and CP ENSO events can trigger a significantly different
climate response in several regions, such as South America (Cai et al., 2020),
Australia (Taschetto and England, 2009) and Antarctica (Zhang et al., 2021).
The magnitude of the climate response to ENSO can show nonlinear be-
haviour, it does not simply scale with the amplitude of Nino3.4 SST anomalies
(Hoerling et al., 1997). Nonlinearities in ENSO teleconnections arise from the
fact that ENSO-related precipitation anomalies do not scale linearly with SST
anomalies in the equatorial Pacific (He et al., 2018). Due to the nonlinear na-
ture of ENSO teleconnections, very strong events deserve careful attention as
they have the potential to cause devastating impacts on ecosystems and society
(Casselman et al., 2023; Dewitte and Takahashi, 2019; Santoso et al., 2015). The
three strongest El Nifio events of the last decades occurred in 1982/83, 1997/98
and 2015/16, reaching a maximum SST anomaly of 2.43°C, 2.42°C and 2.57°C,
respectively, relative to the 1981-2010 period. The first two ones were catalogued
as “canonical El Nino”, since they developed over the eastern equatorial Pacific,
however the 2015/16 event had hints of an El Nino “modoki”, or CP EIl Nino

(Santoso et al., 2017). Very strong El Nino events, also called “extreme El Nino”
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Figure 1.7: Equatorial SST anomaly profiles averaged over 2°S-2°N during winter (DJF) for CP
(blue) and EP (red) El Nifno events over the period January 1951-December 2017. Thin dashed
lines show the profiles of individual events, while the thick red and blue solid lines indicate
the composite profiles for EP and CP El Nino events, respectively. Monthly SST data were
obtained from the NOAA Extended Reconstructed SST dataset version 5 (ERSSTv5; (Huang
et al., 2017)). Anomalies were computed relative to the 1951-2017 climatology, and linearly
detrended prior to the profile calculation. The extreme events of 1982-1983, 1997-1998, and
2015-2016 are labeled. Taken from Capotondi et al. (2020).

have different precursors than “regular” El Nino events (Chen et al., 2016) based
on differences in zonal current and thermocline depth anomalies. One key dif-
ference between the 2015/16 El Nino and the other two extreme events is that
warm SST anomalies were already present in the winter of 2014, although they
never fully developed into an El Nino. The other two extreme EIl Nino winters

were preceded by La Nina winters.

Finding sources of ENSO predictability is a key challenge for the scientific com-
munity. Some sources are well known and local such as upper ocean heat content
or westerly wind bursts. Others, however, have their origin outside the tropical
Pacific Ocean and it was not until the last years when they attracted attention.
All these precursors are dynamical processes that occur in the atmosphere and
the ocean before the onset of an ENSO event, favouring its development. The
predominant precursor and the one that was recognized earliest is the build-up
of upper ocean heat content anomalies across the equatorial Pacific (Cane et al.,

1986; Wyrtki, 1985). The integrated warm water volume index (Meinen and

22



1.4 Internal and external drivers of ENSO variability

McPhaden, 2000) is widely used as a proxy for upper ocean heat content and
usually precedes SST anomalies in the Nino3.4 region up to one year in advance.
Westerly wind bursts are short-lived, surface westerly wind events in the western
equatorial Pacific ocean that enhance the eastward propagation of warm waters

leading to an El Nino event via eastward propagating Kelvin waves.

1.4. Internal and external drivers of ENSO vari-
ability

Since the second half of the 19" century, anthropogenic emissions of green-
house gases (GHG) have caused a rise of 1.1°C in the global mean surface temper-
ature (Arias et al., 2021). The atmosphere’s capacity of holding water increases
by 7% every degree Celsius of warming, according to the Clausius-Clapeyron
relationship. Such changes in the hydrological cycle and the Earth’s energy bal-
ance mean a transition towards a new climate state. The study of natural modes
of climate variability such as ENSO, require a careful distinction between nat-
ural or anthropogenic processes that have the ability to alter ENSO dynamics
by modulating the background state of the climate. We understand by ENSO
variability the deviations from an SST value averaged over time, and usually over
the Nino3.4 region. In the last decades, identifying and understanding potential
drivers of ENSO variability in the tropics and extratropics has gained special

attention, since they represent a source of skill in ENSO predictions.

1.4.1. Pantropical climate interactions

The global reach of ENSO impacts is well known (Taschetto et al., 2020);
however, it was not until the recent past when the scientific community started
to investigate the influence of other modes of climate variability on ENSO. In
particular, an increasing number of studies based on observational evidence point
towards the interaction between tropical oceans as a source of predictability of the
main ocean modes at different timescales. The ascending branch of the Walker
cell over the tropical Pacific warm pool diverges in the upper troposphere and

transports air westwards towards the Indian Ocean and eastwards across the

23



1. Introduction

equatorial Pacific, creating a tight link between the two oceans.

Changes to the Walker circulation result in shifts in the main modes of variabil-
ity over the tropical oceans. El Nino events frequently trigger a positive Indian
Ocean Dipole (IOD) phase (Fig. 1.8b and c), (Xie et al., 2002)), characterised
by anomalous warm SSTs over the western Indian Ocean and cold SSTs over the
east. In a similar manner, and since IOD events can occur independent of ENSO
(Fischer et al., 2005), changes associated with IOD events are also known to in-
fluence ENSO dynamics (Kug and Kang, 2006; Saji et al., 1999) at interannual
timescales. In a similar way, warming over the Indian Ocean associated with the
Indian Ocean Basin Mode (IOBM) involves the development of easterlies over the
western equatorial Pacific that enhances the transition from El Nino to La Nina
(Okumura et al., 2011) and El Nifio conditions enhance warm IOBM (1.8d), e))
at the same time as ENSO peaks.

We cannot dig into interbasin climate interactions without including the Atlantic
Ocean. Interactions between the Atlantic and Pacific Oceans occur at different
timescales. Observational (Ham et al., 2013; Martin-Rey et al., 2014; Rodriguez-
Fonseca et al., 2009) and modelling (Ham and Kug, 2015; Keenlyside et al., 2013;
Polo et al., 2014) studies provide evidence on the influence of the tropical North
Atlantic (TNA) on ENSO variability. This demonstrates the bidirectional nature
of the Pacific-Atlantic relationship, since prior to the 21** century the influence
of the Atlantic on the tropical Pacific and ENSO was not known nor understood
(Sutton et al., 2000).

Warm SSTs in the tropical North Atlantic during boreal summer strengthen the
ascending branch of the Atlantic Walker cell, eventually leading to enhanced sub-
sidence and strengthening of the trade winds over the central equatorial Pacific in

the following winter, favouring the development of La Nina-like conditions (Fig.
1.8d and e).
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= Internal dynamics = Pacific -> Other basins
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Figure 1.8: Tropical basin interactions from JJA prior to the peak of an El Nifio event (B)
to SON of the following year, shown as local SST anomalies regressed onto the DJF Nino3.4
index. H, regions of anomalously high surface pressure; L, regions of anomalously low surface

pressure. Taken from Cai et al. (2019).

1.4.2. Atlantic Multidecadal Variability

In the last years, it has become evident that climate variability outside the
tropical Pacific can affect on ENSO. At longer timescales, observational evidence
suggests a warming trend in the North Atlantic Ocean contributed to the consis-
tent tropical Pacific cooling observed from 1990 to 2010 (McGregor et al., 2014).
During this period, there was a slowdown of the global warming trend, also called
global warming ‘hiatus’ (Kosaka and Xie, 2013; McGregor et al., 2014).

Atlantic Multidecadal Variability consists of North Atlantic basinwide SST anoma-
lies (Zhang et al., 2019) that fluctuate from positive to negative at multidecadal
timescales, with each phase lasting for a few decades (Knight et al., 2006). A
positive AMV phase (AMV+) display a horseshoe like pattern of warm anoma-
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lies that are maximum in the subpolar gyre. Modelling studies were also able to

reproduce a cooling in the tropical Pacific as a response to the positive phase of

AMV (Ruprich-Robert et al., 2017).

AMV is known to affect surface climate conditions in remote locations. Over
Africa, warm AMV conditions lead to increased rainfall over the Sahel (Mo-
hino et al., 2011; Wang et al., 2012; Zhang and Delworth, 2006). By exciting
the Atlantic Meridional Mode (AMM), shifting the Intertropical Convergence
Zone (ITCZ) meridionally and modulating wind shear in the Atlantic hurricane
development region, AMV+ enhances hurricane activity at decadal timescales
(Sutton and Hodson, 2007; Vimont and Kossin, 2007). Over North America,
warm AMV conditions enhance the frequency of drought periods (McCabe et al.,
2004). Sutton and Dong (2012) linked the positive phase of AMV observed during
the 1990s with persistent wet summers in Northern Europe and anomalous hot
and dry summers over the Mediterranean region, where Qasmi et al. (2021) also

reported an increase in the occurrence of heatwaves under warm AMV conditions.

There is observational and modelled evidence of the link between AMV and the
Atlantic Meridional Overturning Circulation (AMOC) (Zhang et al., 2019). The
AMOC consists of a large-scale ocean circulation across the Atlantic Ocean that
transports heat from South to North in the western Atlantic margin through
shallow currents and cold waters towards the South via deep currents that orig-
inate in the deep water formation areas in the subpolar North Atlantic. Model
prediction studies highlight the importance of correctly initializing the ocean to
capture the AMOC variability to effectively reproduce SST variability over the
subpolar gyre region (Yeager and Robson, 2017).

Also, some studies identify a role for external forcings in AMV, such as those
that point towards anthropogenic aerosols, more specifically their indirect effect.
The main hypothesis is that due to the reduction of atmospheric concentration
of anthropogenic aerosols which act as cloud concentration nuclei, there is less
reflection of incoming shortwave radiation, which gets absorbed by the surface of

the ocean.
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a) Internal and Forced Components of the North Atlantic SST index b) AMV spatial pattern
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Figure 1.9: Internal (red and blue) vs external (black line) components of the observed
North Atlantic SST decadal variability following the Ting et al. (2009) definition. (b)
Regression map of the observed annual mean SST (ERSST.v3; Smith et al. (2008) on
the internal component of the North Atlantic SST index (i.e., the AMV index; units
are degrees Celsius per std dev of AMV index). Both SST field and AMV index time
series have been low-pass filtered prior to computing the regression, using a Lanczos
filter (21 weights with a 10-yr cutoff period). The black latitude lines in (b) show the
subpolar and tropical domains used for the SPG-AMV and Trop-AMYV experiments
(see section 2b). Taken from Ruprich-Robert et al. (2017).

Watanabe and Tatebe (2019) suggest that changes in the emission and at-
mospheric concentration of anthropogenic sulphate aerosols explain up to 63% of
SST variations associated with AMV, in agreement with Murphy et al. (2017) who
highlighted the need to consider external forcings in modelling studies to properly
capture the amplitude and periodicity of the observed AMV. Nevertheless, some
studies suggest that the dependence of AMV variability on external or internal
forcings is time dependent, with internal forcing dominating from preindustrial
times to the first half of the 20" century, whereas external drivers explain most
of AMV variability since 1950 (Bellomo et al., 2018). Given the relatively short
observational record, modelling studies provide larger sampling to disentangle the
origin of AMV variability between external and internal drivers. Nevertheless,
Coupled General Circulation Models (CGCMs) probably fail to estimate the real
strength of the aerosol forcing due to the poor representation of aerosol-cloud

interactions in climate models (Murphy et al., 2017).

Idealised AMV simulations agree in the cooling of the equatorial Pacific as a
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response to the warm AMV phase (Ruprich-Robert et al., 2021), which in turn
has global-side effects. Nevertheless, O'Reilly et al. (2023) looked at this effect
with coupled models and suggest that idealised experiments with SST restoring
in the North Atlantic overestimate the global response to AMV. Given the AMV
modulation of tropical Pacific mean state SSTs, there is special interest in finding
out whether AMV modulates ENSO variability at multidecadal timescales and

in case it does, understand the mechanism behind such teleconnection.

The mechanism by which anomalous warm SSTs drive tropical Pacific cooling
consists of an intensification of deep convection in the tropical Altantic and con-
sequently upper level mass divergence, altering the Walker circulation (Dong and
Sutton, 2007; Ham and Kug, 2015; Martin-Rey et al., 2014). This anomaly is
followed by an enhancement of the descending branch of the Walker cell over
the CP that increases wind stress, and westward ocean currents and allows the
accumulation of warm water over the warm pool, deepening the western Pacific

thermocline.

Due to the relatively short observational records, and the disagreement between
modelling studies, there is still some uncertainty in the mechanisms by which
AMYV might modulate ENSO variability. Several modelling studies agree in that
ENSO variability decreases under warm AMV conditions (Dong and Sutton, 2007;
Hu and Fedorov, 2018; Levine et al., 2017). Dong and Sutton (2007) suggests that
the deepening of the western Pacific thermocline propagates to the EP, leading
to a reduction of the thermocline slope and a weakening ENSO growth rate.
Given the short observational records, modelling studies have attempted to
understand the dynamics and mechanisms of AMV teleconnections by using ide-
alized simulations where a fixed AMV pattern based on observations is imposed
onto climatological SSTs for a number of years to obtain robust information on
AMYV impacts. For example, the Decadal Climate Prediction Project (DCPP,
(Boer et al., 2016)) aims to understand the mechanisms by which internal cli-

mate variability such as AMV affect global climate and trends.
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1.5. El Nino and global warming

1.5.1. Changes to the tropical Pacific mean state

Due to anthropogenic emissions of greenhouse gases (GHG) since preindustrial
times, the temperature of the planet has risen by 1.1°C (Arias et al., 2021). This
warming is not homogeneous in space, global land areas are warming faster than
the ocean (1.59°C and 0.88°C, respectively). Understanding if and how ENSO
itself and its teleconnections will change in a warmer climate is challenging and

urgent given the global reach of ENSO impacts.

The Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate
Change (IPCC) highlights the uncertainty in changes to ENSO SST variability
in a warmer planet (Masson-Delmotte et al., 2021) due to low agreement between
CMIP6 models, in agreement with previous findings from the IPCC’s Fifth As-
sessment Report (AR5) using CMIP5 models (Christensen et al., 2013). There
is, however, robust evidence for an enhancement of the precipitation variability
driven by ENSO in all possible scenarios of future warming (Lee et al., 2021; Yun
et al., 2021), regardless of whether ENSO-SST variability changes or not, as well

as an intensification of ENSO impacts.

After the publication of ARG, new studies have shed the light on an increase
in ENSO SST variability under climate change scenarios. On one hand, a num-
ber of studies suggest an enhanced east-west SST gradient in the tropical Pacific
in response to increasing concentrations of greenhouse gases in the atmosphere
(Cane et al., 1986) due to enhanced upwelling over the EP that further reinforces
the Bjerknes feedback. Callahan et al. (2021) used long run simulations from the
Pliocene, and suggest that increasing COs concentrations weaken ENSO variabil-
ity, in agreement with Wengel et al. (2021) who tested this hypothesis with very

high model resolution.

Cai et al. (2022) compared the 20" and 21 centuries with an ensemble of up to

43 CMIP6 models (the size is scenario-dependent) and found a strengthening of
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ENSO variability in the later period. The largest increase is found in the most ag-
gressive Shared Socioeconomic Pathway scenario (SSP5-8.5), with a multimodel
mean increase of 16.1% in the 21% century relative to the 20" century. The work
from Heede and Fedorov (2023b) agrees with Cai et al. (2022), and highlights
that uncertainty in the projections of ENSO variability is driven by inter-model
differences. Overall, most CMIP models agree on a weakening of the Walker
circulation due to the fact that specific humidity increases at a faster rate than
precipitation in a warmer atmosphere, slowing down the zonal overturning circu-
lation in the tropics (Liu et al., 2005; Vecchi et al., 2006). This involves reduced
east-west SST gradient in the equatorial Pacific due to the faster warming rate
of the EP (Xie et al., 2010), that consequently leads to a shift of ENSO-related
precipitation anomalies towards the eastern equatorial Pacific (McGregor et al.,
2022), given the nonlinear nature of the atmospheric response to SSTs (Cai et al.,
2021). Also, due to background warming, EP-type El Nino events are expected
to increase in frequency (Cai et al., 2014; Heede and Fedorov, 2023b), which his-

torically correspond to extreme El Nino events.

Large ensemble simulations from both CMIP5 and CMIP6 models project a de-
crease in the zonal equatorial Pacific SST gradient, and display a large model
agreement on the increase in the Nino3.4 SST variability, especially over the cen-
tral equatorial Pacific towards the end of the 215 century (Maher et al., 2023).
Maher et al. (2023) also highlight the inter-model differences in the time of emer-
gence of SST changes in the equatorial Pacific, which can be robustly differenci-

ated from internal variability with a sufficiently large sample size.

In contrast to what is simulated in many GCMs and according to observa-
tions, there has been a strengthening of the Walker circulation from the early
1980s (Hu and Fedorov, 2018; McGregor et al., 2014), evident by a strengthening
of the cross-equatorial trade winds triggering cold SST anomalies in the equa-
torial Pacific. It must be highlighted that climate models have overall failed to
capture observed SST trends in the equatorial Pacific in the last decades (see Fig.
1.10, (Heede and Fedorov, 2023a)), with the zonal SST anomalies being largely
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Figure 1.10: Observed and simulated historical variations in the east—west SST gradient, SLP
gradient and zonal surface winds along the equator. Anomalies relative to a baseline are plotted.
Observations are in red; a multi-model mean of CMIP6 models is in blue. The model spread
across the 40 CMIP6 models is indicated by dark and light gray shadings (one and two standard
deviations, respectively). A 10-year running mean is applied before calculating the spread.
Baseline values were computed for each model and the observations, and then subtracted from
the data. The baseline calculations cover the period from 1950 to 1970 for SST and SLP
gradients and from 1980 to 1985 for zonal surface wind anomalies as the wind data is less
reliable prior to this period. Taken from Heede and Fedorov (2023a).

overestimated relative to observations, which lie outside the range of model sim-
ulations (Lee et al., 2022). This suggests caution is required when interpreting
projections of future changes in ENSO variability made with models that cannot

capture changes in the past.

A relatively small number of models, however, are able to reproduce the ob-
served recent tropical Pacific cooling trend by capturing the ocean thermostat
mechanism proposed by Clement et al. (1996). This set of models project a tran-
sient response to greenhouse forcing consisting of a strengthening of the Walker
circulation and a trend towards a La Nina-like pattern that delays the projected
slowdown of the Walker circulation (Heede and Fedorov, 2021, 2023a; Lu et al.,
2021; Ying et al., 2022), which might explain the different time of emergence of
changes to ENSO variability reported by Maher et al. (2023).

In addition to changes in the mean zonal-SST gradient in the Pacific, in or-
der to understand future changes to ENSO teleconnections, one must take into
account that tropical precipitation is enhanced by the background warming, and

this might alter the precipitation sensitivity to ENSO-SSTs in the tropical Pacific.
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Figure 1.11: a, Scatter plot of SST threshold versus tropical mean 300hPa temperature with
regression lines for each of ten CMIP3 models under emissions scenario A1B in simulations
of the twenty-first century. b, Ensemble mean tropical mean SST (black), SST threshold
for convection (red) and tropical mean 300 hPa temperature (blue) anomaly time series for
the CMIP3 models. Anomalies are relative to the 1961-1990 climatology. The left y axis
corresponds to the tropical mean SST and SST threshold, whereas the right y axis corresponds
to the 300 hPa temperature. The scaling for the 300 hPa temperature (right y axis) corresponds
approximately to that of MALR adjustment of the tropical mean SST (left y axis). Taken from
Johnson and Xie (2010).
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Changes in convection and upper level divergence directly implies shifts in ENSO

extratropical teleconnections.

Atmospheric deep convection mostly happens over regions where climatological
SSTs surpass 26°-28°C. In the tropics, equatorial waves smooth horizontal tem-
perature gradients in the troposphere (Sobel et al., 2001), however the boundary
layer moist static energy is directly proportional to local SST changes, hence any
perturbation in atmospheric instability is dependent on local SST changes over
the tropical oceans. Observations show that the minimum SST value needed to
trigger deep convection, what we know as convective threshold, in the tropics
has increased by 0.1°C per decade since 1980 (Johnson and Xie, 2010), along-
side tropical climatological SSTs in the tropics. They link the increase in the
SST-convective threshold to an increase in 300hPa temperature (see Fig. 1.11, as
convective instability in the tropics is determined by SST changes, and highlight
the dependence of tropical Pacific precipitation both on SSTs and atmospheric
stability (He et al., 2017).

Despite the uncertainties around future changes in ENSO variability, there is
some agreement in the increase in ENSO-related precipitation variability (Heede
and Fedorov, 2023b). In fact, Ying et al. (2022) suggest that changes in pre-
cipitation variability driven by ENSO will emerge by 2040, decades before any
signature of climate change is distinguishable in ENSO-related SSTs. This has di-
rect implications On ENSO remote impacts, that might experience changes even

before changes in ENSO variability emerge.

A number of studies have explored future changes to ENSO teleconnections us-
ing climate model simulations and different global warming scenarios. Changes
in atmospheric circulation in a warmer world, driven by an overall increase in
global mean surface temperature and a tropical Pacific atmosphere loaded with
extra moisture, are expected to alter the dynamics of ENSO teleconnections.
For example, Power and Delage (2018) suggest an amplification of ENSO-driven
precipitation variability by 15-20% in areas already experiencing precipitation

anomalies during El Nino. The amplitude and spatial pattern of future ENSO
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teleconnections will depend on the rate of global warming and SST changes in the
tropical Pacific and other ocean basins (Taschetto et al., 2020). CMIP models
project an intensification of ENSO teleconnections as a result of the eastward
shift of tropical Pacific precipitation (Cai et al., 2021; McGregor et al., 2022; Yun
et al., 2021).
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Figure 1.12: Global December-February precipitation (top, PR) and surface temperature (bot-
tom, TAS) teleconnections of ENSO, measured as anomalous change per SST change in the
Nifi03.4 region; mm day* °C™! (top) and °C' (bottom). The least and most aggressive global
warming scenarios are shown in the left and right columns, with SSP1-2.6 and SSP5-8.5 (left
and right columns, respectively) anomalies in the 2081-2100 period relative to the 1950-2014
period. The ARG regions are overlaid. Black (purple) stippling indicates projected statistical
significant teleconnection amplification (dampening). Numbers displayed in the bottom left of
panels represent the percentage global area (left) and global land area (right) displaying signif-
icant changes. Taken from McGregor et al. (2022).
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McGregor et al. (2022) analysed a suite of 52 CMIP6 models to evaluate
changes in future ENSO teleconnection in 4 different Shared Socioeconomic Path-
ways (SSPs): SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, with radiative forcing
values by the end of the century of 2.6, 4.5, 7.0 and 8.5 W m™2, respectively.
They found future changes in the climate response to ENSO in half of the world’s
regions under the most aggressive global warming scenario (SSP5-8.5), despite
uncertainties in the magnitude and timing of changes in ENSO variability (Lee
et al., 2021).

Some example of areas where the boreal winter climate response to ENSO (Fig.
1.12b, d) amplifies include the equatorial Pacific, the South American Monsoon
region, California and some parts of Canada, Australia, Central and Eastern
Africa, the Arabian Peninsula, West Central Asia and Tibet, Greenland and the
North Atlantic, in agreement with Perry et al. (2017). The link between El Nino
(La Nina) and a negative (positive) NAO is also expected to strengthen in the
future (Drouard and Cassou, 2019; Johnson et al., 2022). Other areas, however,
display a significant weakening of future ENSO teleconnections, such as Southern
Central America, Northern South America, the Mediterranean and the Bengal
Gulf for precipitation and a striking weakening of the temperature reponse to
ENSO over Northwest of the United States and Antarctica. A weakening of
North American response to El Nino in future climates has been reported (Bev-

erley et al., 2021), due to a shift in ENSO-related precipitation in future climates.

According to McGregor et al. (2022), the amplitude and statistical significance
of changes in ENSO anomalies scale with the rate of global warming. Comparing
the SSP1-2.6 and SSP5-8.5 scenarios, the percentage of areas (considering both
land and ocean areas) with a significant precipitation response to ENSO increases
from 9% to 35%, and from 12% to 37% when it comes to surface temperature

changes.
Understanding how the tropical Pacific mean state impacts on ENSO global tele-

connections is key to understand future changes in surface impacts driven by El

Nino and La Nina around the world. Despite the invaluable progress made in
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ENSO prediction, the truth is that societies around the world still struggle to

adapt to strong events and mitigate their impacts.

This thesis aims to advance of the role of background climate state in altering
ENSO and its teleconnections, separating mean state changes driven by internal

decadal climate variability and from the externally forced global warming signal.

1.6. Aims and objectives

The general objective of this thesis is to advance our knowledge on how
changes in the background climate state driven by natural variability (AMV)
or anthropogenic emissions of greenhouse gases modulate ENSO and its telecon-
nections. The specific objectives are addressed in the results chapters and follow

the gaps identified in the previous section:

1. Understand the mechanisms by which Atlantic Multidecadal Variability
drives changes in the tropical Pacific mean state and therefore ENSO vari-
ability. To address this scientific question, we use output of idealised AMV
simulations to robustly isolate the AMV modulation of ENSO from the
direct AMV response.

2. Quantify the AMV modulation of the surface climate response to ENSO in
Australia, including changes to mean and extreme temperature and precip-
itation impacts as well as extreme events such as wildfires that represent a

dangerous risk for society.

3. Investigate how changes in the tropical Pacific mean state in a warmer
climate affect the surface climate response to very strong El Nino events
globally. To achieve this goal, we ran and compared a set of Global Climate
Model pacemaker experiments with SST anomaly patterns corresponding
to 3 strong El Nino events from observations and added these anomalies to

mean background corresponding to present and future conditions.
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1.7. Thesis structure
This thesis is structured as follows:

= Chapter 1: Introduction

s Chapter 2: Results. Warm phase of AMV damps ENSO through weakened

thermocline feedback

= Chapter 3: Results. Atlantic Multidecadal Variability modulates the cli-

mate impacts of El Nino—Southern Oscillation in Australia.
» Chapter 4: Results. Future climate response to very strong El Nino events.

» Chapter 5: Conclusions: Key findings and future work.
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Chapter 2

Warm phase of the Atlantic
Multidecadal Variability damps
ENSO through weakened

thermocline feedback

Authors: Paloma Trascasa-Castro, Yohan Ruprich-Robert, Frederic

Castruccio and Amanda C. Maycock.

Necesito el mar porque me ensena,
no sé€ si aprendo misica o conciencia
no sé si es ola sola o ser profundo
0 solo ronca voz o deslumbrante
suposicion de peces Yy navios.
El hecho es que hasta cuando estoy dormido,
de algin modo magnético circulo

en la universidad del oleaje.

El mar!, by Pablo Neruda.

!Translation: I need the sea because it teaches me. I don’t know if I learn music or
awareness, if it’s a single wave or its vast existence, or only its harsh voice or its shining
suggestion of fishes and ships. The fact is that until I fall asleep, in some magnetic way I move

in the university of the waves
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Abstract

Interactions between ocean basins affect El Nino-Southern Oscillation (ENSO),
altering its impacts on society. Here, we explore the effect of Atlantic Multi-
decadal Variability (AMV) on ENSO behavior using idealized experiments per-
formed with the NCAR-CESM1 model. Comparing warm (AMV+) to cold
(AMV-) AMV conditions, we find that ENSO sea surface temperature (SST)
anomalies are reduced by 10% and ENSO precipitation anomalies are shifted to
the west during El Nino and east during La Nina. Using the Bjerknes stability
index, we attribute the reduction in ENSO variability to a weakened thermocline
feedback in boreal autumn. In AMV-+, the Walker circulation and trade winds
strengthen over the tropical Pacific, increasing the background zonal SST gradi-
ent. The background changes shift ENSO anomalies westwards, with wind stress
anomalies more confined to the west. We suggest the changes in ENSO-wind
stress decrease the strength of the thermocline feedback in the east, eventually

reducing ENSO growth rate.

Plain Language Summary

El Nino—Southern Oscillation (ENSO) is the dominant mode of year-to-year
climate variability in the tropics and affects regional climates around the world.
Understanding the drivers of ENSO behavior is important for its prediction. One
influential factor is communication between ocean basins, such as the North At-
lantic interaction with the tropical Pacific. In our work, we use idealized simula-
tions that represent the positive and negative phases of the Atlantic Multidecadal
Variability (AMV) to understand how sea surface temperature changes in the
North Atlantic affect the dynamics of ENSO in the tropical Pacific. We find that
both El Nifio and La Nina events are weaker when the North Atlantic is warmer
than usual, and vice versa. During the warm phase of the AMV (AMV+), the
trade winds associated with the Walker circulation are localized in the west Pa-
cific, directly impacting sea surface temperature patterns associated with ENSO

events. Reduced wind stress in the eastern equatorial Pacific means that the
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upper ocean heat content is less perturbed in the AMV+ simulation, eventually

feeding back to ENSO-related sea surface temperatures.

2.1. Introduction

El Nifio-Southern Oscillation (ENSO) is the dominant mode of interannual
climate variability in the tropics. The spatiotemporal characteristics of ENSO
exhibit variations (Dieppois et al., 2021; Wittenberg, 2009) driven by chaotic at-
mosphere-ocean dynamics (Fedorov et al., 2003; Zhang et al., 2021) and sources
of variability from outside the tropical Pacific (Meehl et al., 2001). Given the
global reach of ENSO and its impacts (Diaz et al., 2001), understanding and

predicting changes in ENSO is a major challenge for the scientific community.

In the last decade, it has become evident that climate variability and changes
in other ocean basins can affect the tropical Pacific and ENSO (Cai et al., 2019).
One example is the impact of Atlantic Multidecadal Variability (AMV) on the
mean climate in the tropical Pacific (e.g., (Ruprich-Robert et al., 2017)). How-
ever, the extent to which AMV affects ENSO remains unclear (Dong and Sutton,
2007; Hu and Fedorov, 2018; Levine et al., 2017; Yu et al., 2015). On interannual
time scales, sea surface temperature (SST) anomalies in the tropical North At-
lantic alter tropical Pacific SSTs via subtropical teleconnections (Ham and Kug,
2015; Wang et al., 2017). Warm SST anomalies in the equatorial Atlantic are
known to influence ENSO variability by strengthening the Walker circulation
(Polo et al., 2014; Rodriguez-Fonseca et al., 2009). The intensified descending
branch in the equatorial east Pacific reinforces the trade winds and supports the

development of a La Nina event in the following winter.

Levine et al. (2017) found that the AMV alters both the seasonal and annual
ENSO stability by changing the mean seasonal cycle in the tropical Pacific. In
the relatively short observational record, they found evidence for reduced ENSO
growth rate in boreal autumn and winter when the North Atlantic is anoma-

lously warm, but their model experiments did not reproduce this and instead
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showed the opposite behavior. Zanchettin et al. (2016) identified a delayed re-
sponse to the AMV in the tropical Pacific and suggested this could contribute to
multidecadal ENSO variability. Both Zanchettin et al. (2016) and Levine et al.
(2017) highlight that changes in thermocline dynamics are key to understanding
the modulation of ENSO by the AMV. Despite this common finding, owing to
the short observational record and different results from model studies, there re-
mains uncertainty around the impact of the AMV on ENSO. This study aims to
advance understanding of the processes by which the AMV affects ENSO charac-
teristics using idealized simulations performed with the NCAR-CESM1 climate
model. The paper explores changes in the atmospheric and oceanic processes that
are responsible for ENSO growth and decay using the Bjerknes stability index
(hereafter BJ index). With this comprehensive approach, we are able to identify

specific mechanisms involved in changes in ENSO under different AMV states.

2.2. Data and Methods

2.2.1. Climate Model Simulations

Simulations were performed with the NCAR-CESM1(CAMb5) model (here-
after CESM1; (Kay et al., 2015)). All components of CESM1 have 1° horizontal
resolution. The atmospheric component CAMS5.2 has 30 hybrid vertical levels.
The ocean component POP2 has 60 vertical levels and a meridional mesh refine-
ment down to 0.25° near the equator. CESM1 simulates ENSO in good agreement
with observations (Figure 2.6 in Supporting Information); (DiNezio et al., 2017;
Wu et al., 2021; Zhang et al., 2017)).

To assess the impacts of the AMV on ENSO behavior, idealized experiments
were performed in which warm (AMV+) and cold (AMV-) SST anomalies equiv-
alent in amplitude but opposite in sign are imposed in the North Atlantic through
surface relaxation (Figure 2.5 in Supporting Information; (Castruccio et al., 2019;
Ruprich-Robert et al., 2017)). The imposed SST anomalies do not vary in time
nor account for AMV seasonality. The simulations follow the protocol of the
Decadal Climate Prediction Project Phase C Idealized AMV experiment (Boer
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et al., 2016), with the minor exception that the observed AMV pattern was com-
puted from the ERSSTv3b (Smith et al., 2008) data set instead of ERSSTv4
(Huang and Xie, 2015).

Three ocean initial states are obtained from a preindustrial control simulation;
the corresponding atmospheric conditions are perturbed at round-off level in the
potential temperature field to obtain 10 different atmospheric initial conditions
(Castruccio et al., 2019). This produces 30 ensemble members each integrated for
10 years, giving a total of 300 years for each AMV phase. The first 11 months of
the simulation are discarded and the analysis presents results from the remaining

period.

2.2.2. Analysis Methods

2.2.2.1. ENSO definition

El Nino and La Nina events occur when SST anomalies in the Nino3.4 region
(5°N-5°S, 170°W-120°W, cf. Figure 2.1a) exceed +0.5 K during boreal winter
(from December to February, hereafter DJF) relative to the climatology of each
simulation. This identifies 77 and 79 El Ninos in the AMV+ and AMV- simu-
lations, respectively. For La Nina, there are 91 events in AMV-+ and 103 in AMV-.

To estimate the AMV modulation of ENSO impacts, we first estimate El Nino

anomalies with respect to each AMV experiment mean state and then subtract
the AMV- El Nino composite from AMV+ the El Nifio composite:

(EINinoanyv+ — pramv+) — (EINiRoanvy— — panv—) (2.1)

where papnvy and papy— are time averaged SSTs in the AMV+ and AMV-
simulations, respectively. The AMV modulation of La Nina impacts is calculated

following the same approach.
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2.2.2.2. The Bjerknes Stability Index

To examine the processes underpinning any changes in ENSO characteristics
due to the AMV, we use the BJ index introduced by Jin et al. (2006), which is
proportional to ENSO growth rate. This is based on the recharge oscillator model
(Jin, 1997a) and captures the main atmosphere and ocean processes responsible
for ENSO growth and decay (Kim and Jin, 2011b). The BJ index has been
widely used to compare ENSO behavior between different climate models (Kim
and Jin, 2011a,b), time periods (Liibbecke McPhaden, 2013), and background
states (Ferrett and Collins, 2019; Levine et al., 2017). The BJ index is defined

as:

9B :_[ (Aw)p <A6>E] e, [ (oL ]
J 41" = + ag on lo]rp + | afu(—5;) E ZA—i—

1aBo(=E)8] + [maBil—F)pan]
(2.2)

The ENSO growth rate is estimated as the sum of, from left to right, the cur-
rent damping (CD), thermodynamic (TD), zonal advective (ZA), Ekman (EK),
and thermocline (TC) feedbacks. Following previous studies (An and Kim, 2017;
Guilyardi et al., 2009; Jin et al., 2006; Kim and Jin, 2011a,b; Liibbecke and
Mcphaden, 2013), the BJ index terms are calculated using linear regression be-
tween variables across all years in the simulations. A full description of the

equation is given in Section 2.6.

The BJ index assumes linearity between variables and may therefore fail to repre-
sent processes that are nonlinear by nature, such as the dependence of shortwave
fluxes on SSTs (see Figure 2.8 in 2.6; (Graham et al., 2014; Lloyd et al., 2012).
However, as discussed below, we find that for the feedbacks that are responsi-
ble for the AMV modulation of ENSO, the linear approximation is reasonable to
first order (Figure 2.9 in 2.6). Despite certain simplifying assumptions used in the

BJ index, it has been widely used and shown to be insightful for understanding
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ENSO behavior.

The relative contributions of the individual terms in the feedbacks in Equation
2 to the modulation of ENSO growth rate are calculated using a delta method
where for a given term the difference between AMV+ and AMV- is multiplied
by the AMV- value of all the other terms. The delta method applied to the

thermocline feedback is as follows:

Aptg = (Hamv+ = pamv—) X Bpamv— X g X apamv-
ABy = pranv— X (Bramve — Bramv—) X Hl;jwf X ApAMV —
w w w
o = _ X _ X — X _
A = pamv— X Bpamy ( Ty~ Hoaan. ) < GhaMY

Aap, = ptapv— X Bramv— X X (ahAMV+ - ahAMv+)

w
Hiamv-—

(2.3)

Finally, to test whether the difference in ENSO impacts and feedbacks between
AMV+ and AMV- is statistically significant at the 95% confidence level, we
perform a nonparametric bootstrap test with replacement, subsampling 70% of
years on each iteration repeated 10* times and where we assume that all years

are independent from each other.

2.3. Results

2.3.1. AMYV Modulation of Pacific Mean State and ENSO
Variability

In boreal winter (DJF), warm AMV conditions drive tropical Pacific cooling of
0.23 K in the Nifo3.4 region, with a minimum of 0.35 K near the dateline (Figure
2.1a). This response is consistent with modeling studies (Dong and Sutton, 2007;
Ruprich-Robert et al., 2017; Zanchettin et al., 2016), although CESM1 simulates
a stronger tropical Pacific response than some other climate models for similar
imposed AMV anomalies (Ruprich-Robert et al., 2021). The mean precipitation
response to AMV+ (Figure 2.1b) shows that the Intertropical Convergence Zone
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Figure 2.1: Anomalies for boreal winter (December—February; DJF). (top) Tropical Pacific
mean state changes between Atlantic Multidecadal Variability (AMV)+ and AMV- in (a) sea
surface temperature (SST) and (b) precipitation and 850 hPa winds. (middle) AMV modulation
of El Nifio (¢) SST and (d) precipitation (shading); composite El Nifio anomalies from AMV
overlaid in contours. (bottom) As in middle, but for La Nina. Black boxes in (a) and (b) denote
the Nifio3.4 region and the region used for the precipitation index, respectively. Note inverted
color bars in the left and right columns. Stippling means not significance at the 95% confidence

level.
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(ITCZ) is shifted north in boreal winter, and the South Pacific Convergence Zone
(SPCZ) is weakened. These changes in the tropical Pacific mean state are a sig-
nature of a strengthened Walker circulation (Liibbecke and McPhaden, 2014),
a key mechanism in the tropical Pacific response to warm SSTs in the tropical
Atlantic at any time scale (Ham and Kug, 2015; Kosaka and Xie, 2013; Meehl
et al., 2011; Ruprich-Robert et al., 2017).

In DJF, AMV+ damps ENSO variability, reducing the magnitude of SST and
precipitation anomalies in both El Nino and La Nina phases (Figures 2.1¢ and
2.1e). El Nifo events in AMV-+ have, on average, cooler SSTs in the central and
eastern equatorial Pacific (hereafter EP), and relatively warmer SSTs in the west
Pacific, as compared to AMV-. The Nino3.4 SST difference between AMV+ and
AMV- is 0.17 K (13%). The modulation of La Nina SSTs by the AMV has a
similar pattern with opposite sign and a slightly smaller amplitude: the La Nina
composite Nifo3.4 SST is 0.09 K (9%) warmer in AMV+. Hence, in CESM1
AMYV modulates the amplitude of ENSO SST anomalies by around 10% in the

Nino3.4 region.

The AMV modulation of ENSO SSTs is accompanied by modulation of precipi-
tation anomalies in the equatorial Pacific. During AMV+-, the area of maximum
anomalous precipitation associated with El Nino shifts from the central to the
western Pacific, with a reduction in precipitation anomaly of up to 1.15 mm day™
around the equator and between 170°E and 180° (Figure 2.1d) and an increase
in precipitation anomalies over the warm pool and the Maritime continent. This
represents a statistically significant decrease in the central Pacific precipitation
anomaly under El Nifio by 40% (see box in Figure 2.1b) as compared to AMV-.
AMYV modulates the precipitation response to La Nifa in a similar way (Fig-
ure 2.1f). In this case, during AMV-+, the precipitation anomaly decreases in
the western equatorial Pacific and increases over the central Pacific by 0.65 mm
day! (45%). Hence, in CESM1 the modulation by AMV of ENSO precipitation
is proportionately larger than for SSTs. This can be explained by the nonlinear
relationship between precipitation and SST in the Nino3.4 region. To test this

nonlinearity, a simple regression model was built considering only El Nino events.
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This model shows that around 90% of the El Nino precipitation modulation by
AMYV can be explained by the SST modulation (not shown). Hence, the modu-
lation by AMV of ENSO SST signal is of leading importance for the modulation
of ENSO atmospheric response.

The decrease in ENSO variability simulated by CESM1 in AMV+ is consistent
with observations (Levine et al., 2017; Liibbecke and McPhaden, 2014; Zanchet-
tin et al., 2016). Our results are also consistent with the modeling study of Dong
and Sutton (2007), but opposite to the ones of Levine et al. (2017). To further
understand the modulation of ENSO by AMV, we next investigate the physical

processes driving this modulation using the BJ index (cf. Section 2.2.2.2).

2.3.2. AMYV Modulation of ENSO Feedbacks

CESM1 simulates a realistic seasonal cycle of ENSO growth rate in the refer-
ence AMV- simulation (Figure 2.2a), with a minimum of -2.4 year~! in spring and

!in autumn (cf., solid black line). Maximum values of

a maximum of 1.7 year™
the BJ index in October-December coincide with the development and growth of
ENSO events, whereas minimum values are reached in March—May, when ENSO
decays. On average over the year, the ENSO growth rate simulated by CESM1

1 1

is -0.22 year™", which is very close to reanalysis-based estimates of -0.24 year™

(Kim et al., 2014).

The annual growth rate depends on the balance between positive and negative
feedbacks. The negative sign of the annual mean BJ index is dominated by the
damping of SST anomalies by the thermodynamic feedback, peaking in early
spring, which is composed of the sum of the surface heat fluxes. The thermocline
feedback peaking in late fall is the main process that intensifies ENSO anomalies
Jin et al. (2020). Consistent with the damped ENSO variability seen in Figure
2.1, AMV-+ leads to a more negative annual mean ENSO growth rate by 0.07
year—! (Figure 2.2b), which represents a 30% decrease in magnitude compared
to AMV-. The main contributions to the decreased annual ENSO growth rate in

AMV + are a weakened thermocline feedback (0.08 year—!) and a stronger current
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Figure 2.2: Annual cycle ENSO feedbacks expressed as growth rate (year—!) in (a)
the AMV- simulation, and (b) the difference between AMV+ and AMV-. Monthly
values are smoothed with a 3-month running mean. Feedbacks are: current damping
(CD, yellow), thermodynamic (TD, orange), zonal advective (ZA, magenta), Ekman
(EK, dark blue), and thermocline (TC, light blue). The solid line denotes the total
Bjerknes stability (BJ) index.
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damping feedback (0.06 year~!; Figure 2.2b). These changes are partly offset by a
weakened (i.e., reduced damping) thermodynamic feedback by 0.1 year—!. There
are negligible changes in the Ekman feedback and zonal advective feedback due
to AMV (see also Figure 2.7 in 2.6) and these will not be discussed further.

The AMV modulation of the thermodynamic feedback is strongest in boreal sum-
mer, contributing to an increase in growth rate of up to 0.23 year—! in May—July.
Of the two terms contributing to a reduced ENSO growth rate, the modulation
of the current damping peaks in April-June. The modulation of the thermocline
feedback by AMV dominates from boreal summer through early winter (JJA to
NDJ) and therefore has a particular influence during the ENSO growth season.
This suggests that the thermocline feedback is an important driver of the changes
in ENSO behavior between AMV+ and AMV-.

Investigation of the contributions of individual terms in Equation 2 to the overall
modulation of the BJ index feedbacks (Figure 2.7 in 2.6) reveals that the modu-
lation of most terms is not strongly statistically significant. The main exception
which is relevant to understanding the dampening of ENSO by AMV+ is the ther-
mocline feedback, which is dominated by a statistically significant decrease in the
magnitude of the regression between equatorial Pacific wind stress anomalies and
the thermocline slope (), in Equation 2, orange bar Figure 2.3a). This leads to a
reduction in ENSO growth rate by 0.1 year—!. The finding that the AMV modu-
lates ENSO through modifying how the thermocline slope responds to equatorial
Pacific wind stress anomalies is in agreement with Zanchettin et al. (2016). We
discuss in the following section how the AMV impacts on the equatorial Pacific

mean state alter this relationship.

2.4. Discussion

A mean tropical Pacific cooling in response to a tropical Atlantic warming
is well documented in the literature (Figure 2.4a). Warm tropical Atlantic SST
anomalies intensify deep convection and lead to upper tropospheric mass diver-

gence over the tropical Atlantic, which modifies the entire Walker circulation
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Figure 2.3: (a) AMV modulation of the thermocline feedback and contributions from
individual terms. (b) Three-dimensional mean state ocean temperature differences
(AMV+ minus AMV-) in the equatorial Pacific in JASON. White areas cover non-
significant anomalies at the 95% confidence level. (top) Arrows are zonal wind stress
anomalies; (bottom) red and blue lines show depth of 20°C isotherm in the AMV+ and
AMV states, respectively. (c) AMV modulation of equatorial wind stress in the JA-
SON season prior to El Nino events. Anomalies are normalized by the mean Nino3.4
SST amplitude in AMV+ and AMV, respectively. Black contours show wind stress
anomalies in the AMYV simulation. Dotted areas show nonsignificant anomalies at the
95% confidence level.
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(Dong and Sutton, 2007; Ham and Kug, 2015; Martin-Rey et al., 2014; McGregor
et al., 2014; Polo et al., 2014; Rodriguez-Fonseca et al., 2009; Ruprich-Robert
et al., 2017, 2021; Zanchettin et al., 2016). This is associated with an intensi-
fication of the trade winds, which deepens the thermocline in the west Pacific
and steepens the thermocline slope (Figure 2.3b); (Kucharski et al., 2014; Meehl
et al., 2021; Polo et al., 2014).

Differences in the mean state between AMV-+ and AMV- damp ENSO in CESM1
mainly by a weakened thermocline feedback. The weaker thermocline slope sen-
sitivity to equatorial Pacific wind stress (i.e., smaller ;) can be explained by a
decrease in ocean stratification associated with a deepening of the thermocline
(Jin and An, 1999; Zebiak and Cane, 1987) and/or a change in the wind stress
forcing pattern (Choi et al., 2011; Kang and Kug, 2002; Wang and An, 2002).

Dong and Sutton (2007) found that intensified trade winds during AMV+ led
to a deepened thermocline in the western and central tropical Pacific. They
argue that this deepening reduces the development of subsurface temperature
anomalies in response to wind stress (Zebiak and Cane, 1987), which eventually
weakens ENSO. We also find the thermocline deepens by 0.6 m on average in
the western tropical Pacific from late summer to early winter in AMV+ (Figure
2.3b). Conversely, the thermocline shallows by 0.7 m over the central and east-
ern equatorial Pacific, which following this logic would increase its sensitivity to
wind stress anomalies. The climatological thermocline in this region is shallower
than over the western Pacific and therefore potentially more responsive to wind
anomalies (Castano-Tierno et al., 2018). The shallowing of the thermocline in
the central and eastern equatorial Pacific would therefore lead to an increase in
Br. Thus, we conclude that this mechanism cannot explain the ENSO response

in our simulations.
Regarding the second mechanism, we find the pattern of wind stress anoma-

lies associated with ENSO is modulated by AMV (Figure 2.3c). During AMV+,

equatorial wind stress anomalies are stronger over the western Pacific but extend
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less to the east (between 150°W and 120°W), where the thermocline is shal-
lower and therefore more sensitive to wind stress (Castano-Tierno et al., 2018).
We suggest this weakening of ENSO-wind stress anomalies in the region where
the thermocline is more sensitive to wind forcing can explain the ), decrease in
AMV+. This conclusion aligns with previous studies that also find a reduction in
ENSO variance associated with a steeper thermocline mean state in the equato-
rial Pacific (Fedorov and Philander, 2000; Hu and Fedorov, 2018; Liibbecke and
McPhaden, 2014).

Following Liibbecke and McPhaden (2014), we argue that the decrease of the
ENSO-wind forcing over the eastern Pacific in AMV+ is linked to a strengthen-
ing of the climatological zonal SST gradient (Figure 2.3b). Associated with the
stronger zonal SST gradient in the tropical Pacific, the warmest SSTs are shifted
westward compared to AMV-. The response of deep convection to SST anomalies
in the tropics is a function of the climatological SST, with stronger precipitation
responses over climatologically warm SSTs (Graham and Barnett, 1987), so the
ENSO precipitation and associated wind convergence anomalies are also expected
to shift westward in AMV-+.

With a similar experimental design but a different model, Levine et al. (2017)
found that AMV+ increases ENSO growth rate and amplitude, in contrast to
the modulation apparent in observations and found in our simulations. They
suggest this discrepancy comes from a too sensitive thermocline feedback to SST
anomalies in the eastern tropical Pacific in their model (Kim and Jin, 2011b).
Nevertheless, this difference in behavior of models calls for a multimodel analysis,
which will be conducted in a future study using the AMV idealized experiments
performed within the Component C of the Decadal Climate Prediction Project
(Boer et al., 2016).

2.5. Conclusions

We have used idealized ensemble simulations with the CESM1 model where
North Atlantic SSTs are restored toward observed warm (AMV+) and cold (AMV-
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a) AMV modulation of ENSO feedbacks
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Figure 2.4: Schematic overlay of (a) the mean state changes due to AMV in the
equatorial Pacific in JASON and (b) the climate response to El Nifio modulated
by the AMV in DJF. Shading shows ocean temperature anomalies. Red and blue
lines in both panels show the 20°C isotherm in the AMV+ and AMV- experiments,

respectively.
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) AMV states to investigate its impact on ENSO variability. Comparing AMV -+
to AMV-, we find that warm North Atlantic conditions reduce the amplitude of
SST anomalies associated with ENSO by around 10% in both El Nifio and La
Nina phases. ENSO precipitation anomalies decrease by a larger proportion of
up to 45%. During AMV+, the trade wind slackening associated with El Nifo
are more confined to the west and are accompanied by a westward shift of the

maximum SST and deep convection anomalies (Figure 2.4b).

Using the BJ index as a proxy for ENSO growth rate, we find that the de-
crease of ENSO variance under AMV+ conditions comes mainly from a decrease
in the thermocline feedback in AMV+ and, to a smaller extent, by a decrease
of the current damping feedback. We hypothesize that the decrease of the ther-
mocline feedback in AMV-+ results from the strengthened trade winds localized
over the western equatorial Pacific, and associated steepening of the background
thermocline, which increase the east-west mean SST gradient in the equatorial
Pacific. In the equatorial east Pacific, climatological zonal ocean currents are
weaker during boreal autumn in AMV+ compared to AMV-, as is the zonal SST
gradient. During El Nifio events, this increased zonal SST gradient prevents the
convection and westerlies anomalies from propagating through the east where the
thermocline is shallower and therefore more responsive to wind stress anomalies.
It results in a weakening of the wind-thermocline relationship, which eventually

reduces ENSO growth rate.

Our results show a substantial modulation of ENSO by AMV in the CESM1
model. The AMV modulation of ENSO growth rate is opposite to the projected
changes under global warming (Collins et al., 2010). Decadal climate variability
may therefore mask or amplify the signature of anthropogenic climate change
and must be accounted for in future ENSO predictions. Changes to ENSO SST
and precipitation variability are likely to have extratropical implications. Further
work will explore the role of the AMV in the modulation of ENSO extratropical

impacts and their variability.
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2.6. Supporting information

This section provides additional graphic information to support our results,
including the sea surface temperature (SST) anomaly pattern associated with
the positive phase of the Atlantic Multidecadal Variability (AMV) and El Nino
Southern Oscillation (ENSO), a decomposition of the AMV modulation of ENSO
feedbacks in its individual terms and an illustration of the linearity of the SW and
By terms. Additionally, this document contains detailed instructions to calculate
the Bjerknes Stability index.
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AMV+ target pattern

Figure 2.5: Target AMV+ sea surface temperature (SST) pattern. The AMV- is
equivalent in amplitude but with opposite sign SST anomalies.

ENSO composites DJF (NCAR-CESM1 and HadiSST)
a)  ElNifio | A Nifio3.4 SST = 0.16 K b)

La Nifia | A Nifio3.4 SST = -0.09 K
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Figure 2.6: El Nifo (a) and La Nina (b) SST anomaly composite in NCAR-CESM1
(filled contours) and observations (HadiSST, black contours). The differences in
Nino3.4 SST anomalies between the model and observations is 0.16 K for El Nifio

and -0.09 for La Nina. The black rectangle denotes the Nino3.4 region (5°N-5°S,
170°E-120°E)
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AMV modulation of ENSO feedbacks
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Figure 2.7: Figure AMV modulation of the ENSO feedbacks, decomposed onto their
independent terms to homogenize their units. Monthly values are smoothed with a
3-month running mean.
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Figure 2.8: Scatterplot of monthly east Pacific shortwave radiation anomalies vs.

east Pacific sea surface temperature anomalies in the AMV+ (red) and AMV- (blue)

experiments. The legend shows the regression slope (W m~2 K~1) and r? value.
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Figure 2.9: Scatterplot of monthly east Pacific thermocline slope anomalies vs. equa-

torial Pacific wind stress anomalies in the AMV+ (red) and AMV- (blue) experiments.
The legend shows the regression slope (K~! (N m?) and 12 value.
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2.6.1. Methodology to calculate the BJ index

[ (e Bwoe] oT
2BJ= [al T + aq L, ]CD [OKS]TD—F[MQBu( 5$>E]ZA+

1aBo(=E)8] + [maBil=F)pan]
(2.4)

The Bjerknes Stability Index (hereafter BJ index) is based on the recharge
oscillator model ((Jin, 1997b)) and was introduced by Jin et al. (2006) with the

aim of quantifying the different atmosphere and ocean mechanisms involved in
ENSO growth rate.

The ENSO growth rate is estimate as the sum of, from left to right, the cur-
rent damping (CD), thermodynamic (TD), zonal advective (ZA), Ekman (EK),
and thermocline (TC) feedbacks. Following previous studies (An and Kim, 2017;
Guilyardi et al., 2009; Jin et al., 2006; Kim and Jin, 2011a,b; Kim et al., 2014;
Liibbecke and McPhaden, 2014) the BJ index terms are calculated using linear

regression between variables across all years in the simulations.

The boundary between the eastern and western Pacific is defined by regressing
ocean heat content anomalies onto the timeseries of the first empirical orthogonal
function (EOF) of anomalous SSTs. For the CESM1 model, the nodal line crosses
the equator at 170°E, hence our eastern Pacific domain extends from 170°E to
80°W and from 5°N to 5°S. The equatorial Pacific domain has the same latitudinal

boundaries that the EP region, but reaches 120°E on its western boundary.

2.6.1.1. Current damping

a

Linear regression of the SST difference between the western boundary of the
eastern Pacific domain (i.e., averaged SST between 5°S-5°N at 170°E) and the
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eastern boundary of the domain (i.e., averaged SST between 5°S-5°N at 80°W)
onto the mean SST of the eastern Pacific domain (i.e., averaged SST over 170°E-

80°W /5°N-5°S).
(Au)p

Difference of the climatological surface ocean zonal current between the west-
ern boundary of the East Pacific domain (5°S-5°N at 170°E) and the eastern
boundary (5°S5°N at 80°W). Units are m year!.

L, and L,

L, is the longitudinal extent of the Eastern Pacific domain, in this case =
14,513,590 m. L, is the latitudinal extent = 2,480,797 m.

ag

Linear regression of SSTs in the northern boundary of the Eastern Pacific box
(5°N) minus SSTs in the southern boundary of the box (5°S) onto mean SSTs in
the EP box (170°E80°W, 5°N-5°S). First of all, average SSTs between 170°E and
80°W, then extract SST values at the north and south locations and subtract

N-S. Use absolute values, not anomalies. Units are K K.
(Av) g

Climatological surface meridional ocean current difference between the northern

boundary of the East Pacific box (5°N) minus southern boundary (5°S). Units

are m year ..

2.6.1.2. Thermodynamic

Negative feedback. Longwave, shortwave, latent and sensible heat flux and

SST anomalies are averaged over our East Pacific region. Then flux anomalies
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are regressed onto SST anomalies.

Units are in W m~2 K™, multiply by 0.14 to convert to year™! (Divide by the
heat capacity of the water (4180 J kg=* K~!), the density of seawater (1029 kg
m~3) and the mixed layer depth (50 m), then multiply by 31,536,000 to convert

from second™! to year™1).

2.6.1.3. Zonal advective

La

Equatorial Pacific (120°E - 80°W, 5°N - 5°S) wind stress anomalies regressed
onto East Pacific (170°E - 80°W, 5°N - 5°S) SST anomalies. Units are 107N m ™2

K~!. Area averaged before regression.

Bu

Regression of EP (170°E - 80°W, 5°N - 5°S) ocean surface zonal current anomalies
(1072 m s~ ') against equatorial Pacific (120°E - 80°W, 5°N - 5°S) (107°N m~2).
Units are in seconds, multiply by 31,536,000 to get units of year~!. Area averaged

before regression.

Mean zonal SST gradient over EP (170°E - 80°W, 5°N - 5°S). Use climatolog-

ical SSTs, not anomalies.

2.6.1.4. Ekman

See zonal advective feedback for the definition of .

B

Regression of EP (170°E - 80°W) upwelling ocean current anomalies (1072 m
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s71): Average values from 0-50m against equatorial Pacific (120°E and 80°W)

surface wind stress anomalies (107N m~2).

Mean vertical temperature gradient over EP (average 170°E - 80°W, 5°N - 5°S)

from 0 to 50m depth. Use climatological SSTs, not anomalies.

2.6.1.5. Thermocline

See zonal advective feedback for the definition of .

Bn
Regression of thermocline slope anomalies =difference between EP (170°E - 80°W)

and WP (120°E - 170°E) ocean temperatures averaged from the surface to 300m

against equatorial Pacific (120°E - 80°W) surface wind stress anomalies.

Climatological upwelling values over the East Pacific (170°E - 80°W) divided
by 50 m. Negative w set to 0 instead of masking.

an
Upper ocean heat content (temperatures averaged from 0 to 300m) anomalies

in the East Pacific regressed onto temperature anomalies at 50m depth, account-

ing only for upwelling.
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Atlantic Multidecadal Variability
modulates the climate impacts of El
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Australia
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I was just guessing
at numbers and figures
pulling the puzzles apart.
Questions of science,
science and progress

do not speak as loud as my heart.

The Scientist, by Coldplay.
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3.1 Introduction

Abstract

Atlantic Multidecadal Variability (AMV) modulates El Nino-Southern Os-
cillation (ENSO) dynamics. Here, we explore the effect of warm (AMV+) and
cold (AMV-) AMV conditions on the austral summer teleconnection of ENSO to
Australia using idealized simulations performed with the NCAR-CESM1 model.
AMV-+ strengthens the mean and extreme precipitation and temperature re-
sponses to El Nino in south-western Australia and weakens the mean precipita-
tion and temperature impacts in north-eastern Australia. The modulation of La
Nina impacts by AMV is asymmetric to El Nino, with a weakening of the mean
and extreme precipitation and temperature responses in eastern Australia. De-
composing the total difference in ENSO response between AMV phases, we find
that the signals are mainly explained by the direct AMV modulation of ENSO
and its teleconnections rather than by changes in background climate induced
by AMV. The exception is ENSO-driven fire impacts, where there is a significant
increase in burned area in south-eastern Australia only when El Nifio and AMV+
co-occur. However, modulation of ENSO between AMV+ and AMV- does offset
37% of the decrease in burned area extent during La Nina summers. The altered
surface climate response to ENSO in Australia by AMV is attributed to variations
in large-scale atmospheric circulation. Under AMV+, there is increased subsi-
dence over western Australia during El Nifio associated with a westward shift of
the local Walker circulation. A weakening of the upwelling branch of the local
Hadley circulation over north-eastern Australia is responsible for the weakening
of La Nina impacts in AMV-, accompanied by a strengthening of subsidence in
south central Australia due to a weakening of the local Hadley circulation, am-
plifying La Nina impacts over this region. The results suggest the potential for

AMV to drive multidecadal variability in ENSO impacts over Australia.

3.1. Introduction

El Nifio-Southern Oscillation (ENSO) is the dominant mode of interannual
climate variability in the tropics. ENSO impacts remote ecosystems and popu-

lations through anomalous atmospheric circulation originating from changes in
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deep convection in the equatorial Pacific. Anomalous upper-level divergence in
the tropics during ENSO alters the Hadley (Trenberth et al., 1998) and Walker
circulations, with the upward branch shifting to the central Pacific during El Nino

and intensifying over the Maritime continent during La Nina (Walker, 1932).

Climate in Australia is strongly influenced by ENSO, especially the northern
and eastern regions (Chung and Power, 2017). During El Nifo, there is a precipi-
tation deficit in austral spring and summer across Australia. Reduced cloud cover
over south-east Australia increases downward shortwave radiation leading to an
increase in surface temperature (Arblaster and Alexander, 2012). Higher daily
temperatures combined with decreased precipitation under El Nino increases the
likelihood of droughts and heatwaves (King et al., 2013). In contrast, during La
Nina there is above normal precipitation in northern Australia in austral spring
and summer due to the early onset of the monsoon (Drosdowsky and Wheeler,
2014). The increase in cloud cover during La Nina leads to cooler temperatures
and a weakening of extreme heat episodes during austral summer (Perkins et al.,
2015). Australia is one of the most susceptible regions to wildfires in the world
(Archibald et al., 2013). While human activity is a dominant source of wildfires
in Australia (Marcos et al., 2015), ENSO is an important driver of interannual
variability (Abram et al., 2021), which may be superposed onto long-term climate
trends (e.g., Dowdy et al. (2019)) and multidecadal variability (Canadell et al.,
2021).

Recent studies show that decadal climate variability can modulate ENSO be-
haviour (Ham and Kug, 2015; Levine et al., 2017; Trascasa-Castro et al., 2021).
For example, the Interdecadal Pacific Oscillation (IPO) alters the mean back-
ground state of the tropical Pacific and modulates ENSO-related impacts over
Australia, including changes to seasonal mean impacts (Power et al., 1999), the
frequency of extreme precipitation and its potential to lead to flooding events
(King et al., 2013) and drought risk (Kiem and Franks, 2004). Multidecadal vari-
ations in ENSO characteristics may manifest in wildfire frequency and intensity,
but the importance of this mechanism is not well quantified due to limited obser-
vational records (Liu et al., 2023).
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Multidecadal variability in North Atlantic sea surface temperatures (SSTs) can
also modulate tropical climate by altering large-scale overturning circulations
(Liu et al., 2020; Meehl et al., 2021). Model studies show that the warm phase
of Atlantic Multidecadal Variability (AMV+) can drive tropical Pacific cooling
(Ruprich-Robert et al., 2017, 2021), although this signal might be overestimated
in model simulations with prescribed SSTs in the tropical North Atlantic (O'Reilly
et al., 2023). Trascasa-Castro et al. (2021) examined idealised experiments with
imposed AMV anomalies and found that AMV+ damped the amplitude of ENSO
by around 10% compared to AMV-. This raises the prospect that the remote im-
pacts of ENSO could be modified by AMV. Past studies found a link between
AMV+ and increased precipitation in north-western Australia (Lin and Li, 2012).
However, there remain uncertainties in the modulation by AMV of ENSO im-
pacts on Australian climate due to the relatively short observational record and

the challenge of isolating causal factors in coupled simulations.

This study aims to understand the AMV modulation of ENSO-driven climate
impacts in Australia using idealised coupled climate model simulations with im-
posed AMV conditions. Our results investigate changes in mean surface climate,
extreme precipitation and temperature responses to ENSO, and burned area over
south-eastern Australia. We further explore the physical mechanisms leading to
AMYV modulation of ENSO impacts over Australia by decomposing atmospheric
circulation changes into contributions from local Hadley and Walker circulations.
The paper is laid out as follows: Section 2 describes the simulations and analysis
methods. Section 3 presents the results and Section 4 contains the discussion and

conclusions of the study.

3.2. Data and methods

3.2.1. Climate model simulations

The relatively short observational record hinders the possibility of robustly at-

tributing changes to ENSO variability and impacts to AMV, allowing to account
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for just 1 full positive and negative AMV phases. To overcome this sampling
issue, we use idealized experiments performed with the NCAR-CESM1 coupled
climate model (Kay et al., 2015), in which time invariant anomalies correspond-
ing to observed warm (AMV+) or cold (AMV-) AMV conditions are imposed
in the North Atlantic (Fig. 3.8) for 10 years through SST restoring; the ocean-
atmosphere being freely coupled outside of the constrained North Atlantic. The
experiments comprise 30 ensemble members, giving a total of 300 years per en-
semble/AMV phase (270 full boreal winter seasons). Those experiments were
introduced in Ruprich-Robert et al. (2017) and used for several studies (Meehl
et al., 2021; Ruprich-Robert et al., 2021; Trascasa-Castro et al., 2021). Further
details about the ensemble initialisation is described in Castruccio et al. (2019).
We stress that those experiments largely comply with the he Decadal Climate
Prediction Project (DCPP; (Boer et al., 2016) of the Coupled Model Intercom-
parison Project Phase 6 (CMIP6; (Eyring et al., 2016)).

Zhang et al. (2017) evaluated the performance NCAR-CESMI1 in simulating
ENSO. The model overestimates SST anomalies associated with La Nina but
simulates ENSO skewness relatively well. NCAR-CESM1 captures the sign of
ENSO teleconnection to Australia in agreement with observations, although it
overestimates the amplitude of precipitation and temperature anomalies (Fig.
3.9).

3.2.2. Composite analysis

We define the reference climatological state, u, as the ensemble mean across
both AMV+ and AMV- experiments. We define El Nino (La Nina) events in
AMV-+ or AMV- as austral summers (December-February) where the Nino3.4
index is at least 0.5 K warmer (colder) than in p. Note this incorporates differ-
ences in mean state between AMV+ (p") and AMV- (1) into the identification
of ENSO events. The p™ minus p climatological DJF Nifio3.4 anomaly is -0.23
K. This is larger than the direct modulation of ENSO amplitude between AMV+
and AMV-, which shows an average Nino3.4 anomaly of -0.17 K for El Ninio and
+0.09 K for La Nina (Trascasa-Castro et al., 2021). The pu* minus g~ difference
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means that El Nino (La Nina) events will be relatively less (more) frequent, in
AMV-+ than in AMV-. We adopt this definition because it more closely reflects
how observations would be interpreted where interannual variability is superposed

on multidecadal variability.

For a given variable, X, we define the mean ENSO impact as the average over
all ENSO events in AMV phase 7 (either “+” or “-”) minus the reference state p,
such that:

X =3 X~
(3.1)

where X is the " El Nifio or La Nifia event. For each ENSO phase, we

estimate the average climate impact independent of AMV, X, as:

(3.2)

We define the overall difference in ENSO climate response between AMV+
and AMV-, called hereafter “total modulation of ENSO impacts by AMV” AX,

as:

(3.3)

Conceptually, X can be understood as the sum of the change in mean state
driven by AMV (Ap) and the “direct impacts of ENSO modulated by AMV”

(AXgnso):
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AX = Ap+ AXgyso

(3.4)
where
Ap=pt —p~
(3.5)
and
AXgyso = (XT—pt) = (X——p)
(3.6)

We note that AXgnso encompasses the modulation of ENSO impacts due to
both changes in ENSO teleconnections pathways (because of altered background
circulation) and changes in ENSO characteristics (amplitude and/or spatial pat-

tern).

We stress that our decomposition between mean state background changes and
modulation of ENSO impacts is not exact (see Supplementary Information). In
particular, we implicitly assume that there are no differences in the mean state
AMYV impact across ENSO phases and attribute those changes to direct ENSO
impacts modulated by AMV.

We test for statistical significance by performing a nonparametric bootstrap test
subsampling 70% of the 270 austral summer seasons with replacement on each
iteration repeated 10* times. Differences are estimated to be significant at the
95% confidence level where the ensemble mean anomaly lies outside of 2.5-97.5"

percentile range of the bootstrap samples.
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3.2.3. Extreme climate response to ENSO

We analyse the following climate extreme indices (Donat et al., 2013):

» Warm days (TX90p): Number of days per summer season when daily max-

imum temperature exceeds the local 90" percentile.

» Warm nights (TN90p): Number of days per summer when daily minimum

temperature exceeds the local 90" percentile.

» Wet days (R90p): Number of days when precipitation exceeds the local 90"

percentile.

» Maximum number of consecutive dry days (CDD) per summer with daily

precipitation less than 1 mm.

3.2.4. Empirical fire model

Burned area (BA) is a widely used metric of wildfire activity that integrates
the total number of wildfires occurring over a season and their intensity (An-
dela et al., 2017). In Australia, the absence of a centralised national database
has resulted in the aggregation of data from various fire management agencies
in each state and territory (see Data Availability) to construct a comprehensive
overview of the country’s burned areas (Canadell et al., 2021). The data provided
by these agencies are represented as polygons in vector files, obtained through
diverse sources such as terrestrial mapping, aerial photography, GPS boundary
plotting from ground assessments, and remote sensing. Extensive validation of
this data has been conducted, and it has been previously utilized as a reference
in numerous studies (e.g. (Bradstock, 2010; Murphy et al., 2013; Russell-Smith
et al., 2007)). The datasets encompass various types of fires, including both
prescribed fires and wildfires. Wildfires are commonly referred to as bushfires
in the metadata of these data sources. The term "bushfire" is frequently used
to describe vegetation fires in general. Within databases or public warning sys-
tems, "bushfires" are categorized as "unplanned fires" or "wildfires," contrasting
with "planned fires," "hazard reduction burns," or "prescribed fire". We focus

on changes in BA in the eastern Australian temperate forest region (Dinerstein
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et al., 2017), which is highly populated, vulnerable to wildfires and has a 50-year
fire data record. We aggregate all the wildfires whose centre of gravity falls in
the study domain and which start in the fire season from September-February
(Canadell et al., 2021). A fire year is defined by the year in which the fire season

ends.

The Standardized Precipitation Evapotranspiration Index (SPEI) estimates the
relationship between preconditioning meteorological conditions and the BA dur-
ing the fire season, following Turco et al. (2018). SPEI accounts for total accu-
mulated precipitation and potential evapotranspiration (PET). The Hargreaves
method is used to estimate PET, including temperature and precipitation in its
formulation (plus the latitudinal correction factor). We calculate the observed
SPEI over 1971-2020 using monthly mean maximum near-surface temperature
and precipitation from the Climate Research Unit dataset (CRUTS4.06, Harris
et al. (2020)). Climate variables are spatially averaged over the southeast Aus-

tralia domain for the analysis (Fig. 3.5a).

As in Turco et al. (2018), we express the SPEI-BA model as:

log[BA(sc,m)] = 1+ 2 x SPEI(sc,m) + €(sc)
(3.7)

Where sc is the timescale (varying from 1 to 12 months) used to compute the
SPEI, m is the month for which the SPEI is computed (varying from September
to February) and e refers to noise caused by sources of BA variability other than
the SPEI.

To find the highest fraction of variance explained, we calculate all the possi-
ble regression models by varying sc and m. The selected model explains 56%
of the BA variability based on the SPEI5;,,, i.e. the climate data aggregated

from September to January. We apply the empirical observed relationship from
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Eq. 3.7 to the NCAR-CESM1 AMV -+ and AMV- output to determine effective
changes in BA by AMV.

3.2.5. Atmospheric circulation decomposition into local Walker

and Hadley components

To match anomalous ascent to changes in large-scale circulation and the rel-
ative importance of zonal and meridional overturning circulations, we perform a
Helmholtz decomposition of the flow after Schwendike et al. (2014). Specifically,
we first use spherical harmonics to isolate the divergent wind field from the full
wind field. Then we use the kinematic method to calculate the component of
ascent due to meridional (or zonal) overturning from the divergence of the merid-
ional (or zonal) component of the divergent wind. This decomposition give us

the local Hadley and Walker components of large-scale ascent.

Once the vertical motion of mass flux (m) is computed for both the zonal and
meridional orthogonal directions obtained from the divergent parts of the wind,

the zonal and meridional upward mass fluxes are estimated:

my = _w)\cos¢>

cos ¢

m¢ = —(JJ¢ g

(3.8)

Where wy and wy represent the partitioned components of the vertical motion
in the zonal and meridional directions, respectively, ¢ is the latitude, and g is the

gravitational acceleration.
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3.3. Results

3.3.1. AMYV modulation of ENSO mean climate impacts

over Australia
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Figure 3.1: El Nifo-related impacts over Australia in DJF. Top: precipitation (mm
day~—!) in shading and vertical velocity at 500 hPa (Pa s~!) with contours at +0.02
Pa st (a) and +0.01 Pa s (b, ¢c and d). Bottom: near-surface temperature (K) in
shading and net surface shortwave radiation with contours £30 W m~2 (e) and +10
W m~2 (f, g and h). Columns show: (a,e) Mean El Nifio impacts (eq. 3.2); (b,f)
the total El Nifio modulation by AMV (eq. 3.3); (c¢,g) the mean background change
due to AMV (eq. 3.5); and (d,h) the direct AMV modulation of El Niflo impacts (eq.
3.6). Dotted areas denote absence of statistical significance in the precipitation (top)

and near-surface temperature (bottom) at the 95% confidence level.

El Nino leads to a precipitation deficit and increased subsidence over Aus-
tralia (Fig. 3.1a). Higher mean surface temperatures occur alongside increased
net surface shortwave (SW) radiation (Fig. 3.le). The strong spatial resem-
blance between anomalous surface SW radiation and mid-level vertical velocity
(Fig. 3.1e) suggests anomalies in mean surface temperature are related to changes
in large-scale atmospheric dynamics rather than local processes. During La Nina,

the anomalies are of a similar amplitude but opposite sign (Figs. 3.2a, e).

The total El Nino modulation by AMV (Eq. 3.3) (Fig. 3.1b and f) shows a

1

weaker precipitation decrease above 0.6 mm day~' over north-east Australia,

along with a damping of the local subsidence seen in the mean El Nino response
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(compare contours between Figs. 3.1b and a). Alongside the weakening of El
Nino-related precipitation, there is a weakening of mean near-surface warming of
-0.6 K associated with reduced incoming SW radiation (Fig. 3.1 1f). In contrast,
there is a slight strengthening of the El Nino impacts over south-central Australia
under AMV+, with an increase in temperature of up to 0.4 K and a small but

significant increase in precipitation deficit.

The total modulation of La Nina by AMV (Fig. 3.2b,e) displays a similar am-
plitude but opposite sign to that found for El Nino (Fig. 3.1b,e). However, the
spatial locations of the anomalies differ, highlighting the asymmetry in the AMV
modulation of ENSO impacts in Australia. In particular, the total modulation
pattern in near-surface temperature during La Nina is shifted by 5° to the east

compared to El Nino.

As explained in Section 3.2, the total modulation of ENSO impacts by AMV can
be understood as the sum of the change in background climate between AMV
phases (Eq. 3.5) and the direct modulation of ENSO characteristics and/or its
teleconnections by AMV (Eq. 3.6). The mean state difference between AMV+
and AMV- is characterised by wetting and cooling over western and eastern Aus-

tralia of up to 0.2 mm day*

and 0.2 K, respectively (Fig. 3.1c,g). Therefore,
the mean climate response to AMV-+ tends to offset the total El Nifo impacts
over Australia compared to AMV-. This is consistent with the fact that, on av-
erage, in these experiments AMV+ drives tropical Pacific cooling, pushing the
climate state towards a La Nina like background state ((Ruprich-Robert et al.,
2017; Trascasa-Castro et al., 2021). Once the mean state changes are subtracted
from the total modulation, we observe an east-west dipole pattern characterising
the direct modulation of ENSO impacts by AMV (Figs. 3.1d,h; 3.2d,h), with a
strengthening of the surface response to ENSO over southwestern Australia and

a weakening of ENSO impacts over eastern Australia in austral summer.
Overall, the differences in the total modulation of ENSO impacts over Australia

by AMYV are primarily driven by the direct modulation of ENSO impacts by AMV

and not mean state changes.
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Figure 3.2: As in Figure 1 but for La Nifia. Panels ¢ and g are identical to Fig. 3.1

by construction.

3.3.2. AMYV modulation of ENSO extremes over Australia

After showing that AMV modulates the summer mean ENSO-climate signals
in Australia in NCAR-CESM1, primarily by modulating ENSO impacts, we now

explore changes in daily precipitation and temperature extremes.

During El Nino, eastern Australia experiences a decrease in the number of sum-
mer wet days (Fig. 3.3a). There are up to 3 more warm days per summer in the
north and north-west of Australia (Fig. 3.1e), and the period with CDD extends
by one day. La Nina summers are characterised by anomalies that are equivalent

in amplitude but opposite in sign to El Nino (Figs. 3.4 a and e).

The total modulation of El Nifo-driven extremes by AMV shows a signal of
1 extra wet day per summer over eastern Australia associated with a decrease
in CDD (Fig. 3.3b), and a decrease in R90p over the central part of Australia
between 125°E-135°E, where there is also an increase of 1 extra warm day and
night per summer (Fig. 3.3f). The total modulation of La Nina temperature
extremes by AMV is stronger, with 2 more warm days and nights in eastern
Australia (Fig. 3.4f). The magnitude of the total modulation of ENSO-driven
changes in extremes by AMV is comparable to the mean ENSO signal in NCAR-
CESM1, representing a substantial modification that may manifest on multi-

decadal timescales.
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Figure 3.3: El Nifo-related extremes over Australia in DJF. Top: change in no. wet
days (R90p; shading) and consecutive dry days per summer (CDD; contours. Contour
interval is 1 day). Bottom: change in no. warm days (TX90p; shading) and warm
nights (TN90p; contours. Contour interval is 1 night). Columns show: (a,e) Mean El
Nifio impact (eq. 3.2); (b,f) the total El Nifio modulation by AMV (eq. 3.3); (c,g)
the mean change due to AMV (eq. 3.5); and (d,h) the direct AMV modulation of El
Nino impacts (eq. 3.6). Stippled areas show non-significant anomalies in R90p (top)
and TX90p (bottom) at the 95% confidence level.
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The changes in precipitation extremes attributable to the mean climate re-
sponse to AMV extend rather homogeneously across Australia (Fig. 3.3c); how-
ever, changes to temperature extremes are largest over northern and eastern re-
gions (Fig. 3.3g). AMV modulation of the direct ENSO impacts on extreme
precipitation and temperature (Figs. 3.3d, h and 3.4d, h) resemble the apparent
differences in ENSO impacts shown in Figs. 3.3b, f and 3.4b, f, but with stronger
relative amplitudes. In AMV+, the El Nifio signal intensifies over central and
southern Australia, evidenced by a decrease of 2 in R90p, and an increase in
CDD. There is also an overall increase of up to 3 warm days and 2 warm nights
per summer, peaking over the North of Australia. The AMV modulation of La
Nina consists of a weakening of the mean La Nina response (Figs. 4.4a,e), with a
significant decrease in R90p over eastern and Western Australia (Fig. 3.4d), and

a larger increase of up to 3 warm and nights over eastern Australia (Fig. 3.4 h).
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Figure 3.4: As in Fig. 3.3 but for La Nifia. Panels ¢ and g are identical to Fig. 3.3 by

construction.

In comparison to the direct modulation of ENSO impacts by AMV (Figs. 3.1
and 3.2, right column), changes in extreme precipitation and temperature do not
show a clear dipole with intensification over the west and weakening over the
east (Figs. 3.3 and 3.4, right column). This reveals that the AMV modulation
of ENSO extremes is not only asymmetric as ENSO mean impacts, but it is also

nonlinear.
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3.3.3. AMYV modulation of ENSO-driven fire activity over

Australia
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Figure 3.5: a) Focus area for the wildfire study (shaded in red). (b) Boxplots of absolute burned
area (km?) in SE Australia estimated using NCAR-CESM1 output with the empirical SPEI-
BA relationship derived from observations using Eq 3.7 (c) Anomalies in burned area (km?)
with respect to the mean state of the matched AMV phase. Red (blue) boxplots show values
in AMV+ (AMV-). Numbers on top show the % difference between El Nifio (or La Nifia) in
AMV-+ and AMV- and their associated p-value estimated with a two-sided Student’s t-test.

Given the significant AMV modulation of the ENSO climate impacts over
Australia in NCAR-CESM1, we make the further step to explore the implication
for forest fires over south-eastern Australia (Fig. 3.5a) using the statistical model
introduced in Section 3.2.4. The SPEI12 was chosen as an estimator of burned
area, meaning that precipitation and temperature 12 months prior to the end of
the fire season were considered. We considered other frequency of SPEI and found
no significant changes in the AMV modulation of the ENSO-BA relationship in
Australia. Figure 3.5b shows BA in each AMV phase (red AMV+, blue AMV-)
and for El Nifio (middle column) and La Nina (right column) events during each
AMYV phase. BA decreases significantly by 14.5% in AMV+ compared to AMV-.
There is also a borderline significant (p-value < 0.07) decrease in BA of 16.2%
during El Nino in AMV+ compared to AMV-. During La Nina, there are no
statistically significant BA changes between AMV phases. The fact that ENSO
and AMYV signals are superimposed in Fig. 3.5b hinders the isolation of the pro-
portion of ENSO-driven BA that is actually modulated by AMV.

To quantify the AMV modulation of direct ENSO impacts, we remove the mean
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background AMV signal and show the results as anomalies relative to each AMV
mean state (Fig. 3.5¢). This shows that the AMV modulation of the direct
El Nino-driven BA is not significant, but there is a significant offset of the de-
crease in BA during La Nina of around 37% (p-value < 0.06). As shown in Figs.
3.2d and 3.2h, the precipitation and temperature anomalies driven by La Nina in
the south-east of Australia is damped by AMV-+. Drier and warmer conditions
induced by AMV+ increase the risk of fire weather during La Nina summers.
During El Nino, the significant reduction in south-east Australia BA by AMV is
due to the mean background climate effects rather than the modulation of the
direct El Nino impacts by AMV.

3.3.4. AMYV modulation of large-scale circulation leading

to climate impacts

To understand the origins of the modulation of ENSO climate impacts dis-
cussed in Sections 3.2.1 and 3.2.2, we next examine the large-scale circulation
response. In particular, we explore the physical origin of the modulation of the
mid-tropospheric subsidence anomalies over Australia using the decomposition

into local Hadley and Walker circulation components described in Section 3.2.5.

During El Nino, there is a shift in tropical convection from the warm pool to-
wards the central equatorial Pacific resulting in negative 500 hPa pressure velocity
anomalies and a weakening of the South Pacific Convergence Zone (SPCZ) (Fig.
3.6a). This response is mainly associated with changes in the local Hadley circu-
lation (Fig. 3.6e), with the pressure velocity anomalies associated with the local
Walker component (Fig. 3.61) being roughly three times weaker. The total mod-
ulation by AMV of the local Hadley component response to El Nino (Fig. 3.6f)
shows a weakening of the enhanced upward motion in the central equatorial Pa-
cific, especially between 150-180°E. Between 15°S-15°N, this total modulation is
explained by a general decrease of the El Nino impacts by the mean state change
(Fig. 3.6h) and by a westward shift/extension of the canonical El Nino impacts
by the AMV modulation of the El Nifio impacts (Fig. 3.6h; see also Fig. 3.10),

in agreement with Trascasa-Castro et al. (2021).
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Figure 3.6: El Nifio-related vertical velocity at 500 hPa (Pa s~!) in DJF. Top row: total change,
middle row: local Hadley component and bottom row: local Walker component. Columns show:
(a,e,i) Mean El Nifio impact (eq. 3.2); (b,f,j) the total El Nifio modulation by AMV (eq. 3.3);
(c,g,k) the mean change due to AMV (eq. 3.5); and (d,h,l) the direct AMV modulation of El

Nifio impacts (eq, 3.6. Negative values show ascent and positive values descent. Stippled areas

show non-significant anomalies at the 95% confidence level.

Over Australia, the mean El Nino signal in pressure velocity comprises in-

creased subsidence particularly over northern regions (Fig 3.6a). The total mod-

ulation of the vertical velocity response to El Nifio by AMV (Fig. 3.6b) consists

of intensified subsidence over central Australia with a similar contribution of the

local Hadley and local Walker components. The changes in the Walker circula-

tion can be explained mostly by the mean state AMV impact (Fig. 3.6k). Under

warm AMV conditions (Figs. 3.6g and 3.7g), the deep convection associated
with the ascending branch of the Hadley cell in the Pacific is shifted North dur-

ing boreal winter, and the SPCZ loses strength. This is in broad agreement with

observational and modelling studies linking AMV to changes in Hadley circula-
tion pattern and strength (Liu et al., 2020; Ziga Zaplotnik et al., 2022).

Regarding the direct modulation of El Nino impacts, AMV-+ enhances subsi-

dence over central-western Australia and weakens ascent over Western Australia
(Fig. 3.6d). This seems to be driven by a westward shift of the mean El Niflo

signature over Australia, which echoes the westward shift of the vertical velocity

in the deep tropics (Fig. 3.10ac). The dipole structure of the vertical velocity
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Figure 3.7: As in Fig. 3.6 but for La Nina. Panels ¢, g and k are identical to Fig. 3.6 by

construction.

anomalies over Australia is reminiscent of the dipole anomalies already discussed

for surface temperature and precipitation (Fig. 3.1a,e).

The mean La Nina signal is reduced upwelling in the equatorial Pacific (Fig.
3.7a), predominantly associated with the local Hadley circulation (Fig. 3.7e)
with only a small role for local Walker circulation changes (Fig. 3.7i). Over east-
ern Australia, AMV+ weakens the total La Nina anomalies causing enhanced
subsidence over the eastern coast (Fig. 3.7b), driven by both the direct AMV
modulation of La Nina impacts (Fig. 3.7d) and the mean state AMV changes
(Fig. 3.7c). This modulation is mainly caused by a weakening of the local Hadley
circulation impacts (Fig. 3.7h vs Fig. 3.7e), with a minor contribution of the lo-
cal Walker component (Fig. 3.71). Over the western part of the country, AMV+
enhances the upward motion of air during La Nifia summers (Fig. 3.7bd), driven
by a strengthening of the zonal overturning circulation by modulating the direct
La Nina impacts (Fig. 3.71).

3.4. Discussion and conclusions

We analysed idealised model experiments to investigate how ENSO impacts

on Australian climate are modulated by AMV. The large ensemble experiments
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with 270 austral summers of perpetual AMV+-/- conditions offer a large sample
that allows a cleaner separation of the effects of AMV-ENSO interactions than
can be achieved in the limited instrumental record. The total modulation of
ENSO impacts by AMV (i.e. what one would observe in the real world) can be
decomposed into a background state change due to AMV and a signal from mod-
ulation of the direct ENSO impacts by AMV, the latter implicitly includes effects
from changes in ENSO characteristics and/or changes in teleconnections. This
is an advance over some earlier studies where these components have not been
explicitly separated (Maher et al., 2022), allowing contributing mechanisms from
mean state changes and direct ENSO modulation to be distinguished. The study
builds on the results of Trascasa-Castro et al. (2021) who showed a weakening of
ENSO amplitude in the simulations by ~10%.

An east-west dipole pattern, with warm AMV conditions strengthening (weak-
ening) ENSO impacts over western (eastern) Australia, is found for changes in
mean summer precipitation and temperature. Under El Nifio (La Nifia), the mean
background state change due to AMV enhances (diminishes) the direct modula-
tion of impacts by AMV in eastern Australia, with the opposite found in western

Australia.

The reduction in wet days across most of Australia under El Nifo is negated
by the AMV modulation in eastern regions but is enhanced in the central and
southern regions. Though the background state change by AMV leads to an in-
crease in wet days across Australia, the direct modulation of El Nino impacts by
AMV leads to a relatively stronger decrease in southern and central regions. In
contrast, La Nina increases the frequency of wet days across most of Australia,
with the total modulation by AMV muting this signal in eastern Australia mak-
ing extreme wet days less likely in this region during AMV+. While the canonical
El Nifo response shows increases in warm days and nights confined to northern
Australia, the direct modulation of ENSO impacts by AMV shows a reduction
of warm days and nights in eastern Australia and increase in central Australia,
and vice versa for La Nina. This east-west dipole resembles the pattern seen for

seasonal mean precipitation and temperature modulation by AMV.
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The east-west dipole across Australia seen in the total modulation of ENSO
impacts by AMV on several climate indicators can be explained by changes in
the equatorial Pacific atmospheric circulation. AMV drives background changes
that project on a La Nina-like state (Ruprich-Robert et al., 2017; Trascasa-Castro
et al., 2021), which are associated with changes in the Walker and Hadley cir-
culations, mostly weakening the total El Nino teleconnections but strengthening
the La Nina ones (Figs. 3.6cgk, 3.7cgk and 3.10). The AMV also modulates the
ENSO characteristics, with weaker ENSO events and westward shifted El Nino
events (i.e. more Central Pacific like) during AMV+ (Figs. 3.6dhl, 3.7dhl and
3.10), in agreement with the previous study of Trascasa-Castro et al. (2021). The
east-west dipole across Australia seen in the total modulation of many ENSO
impacts appears also explained by the combination of a La Nina-like background

change and by a westward shift of ENSO teleconnections.

The results show no significant modulation of ENSO anomalies in burned area in
south-east Australia by AMV, but during AMV- mean burned area is significantly
higher than during AMV+. This finding contrasts with Liu et al. (2023), who
explore the AMV modulation of the relationship between the autumn Nifo3.4 in-
dex and the Fire Weather Index (FWI). They find a positive correlation between
ENSO and Australian FWI in observations, with the relationship being stronger
in AMV+ than in AMV-. Opposite to what our results show, they suggest that
AMYV + reinforces the El Nino-driven hot and dry conditions over Australia given
the warm and dry anomalies driven by AMV in austral spring. Therefore, uncer-
tainty remains in the sign of the AMV modulation of ENSO-driven burned area
variability in Australia and further work is needed to understand the sources of

uncertainty and constrain the relationship.

The mechanisms proposed here could ultimately contribute to multidecadal vari-
ability in ENSO impacts, meaning that Australian climate may undergo periods
of apparently more severe or muted climate variability on interannual timescales.
Should such variability arise in observations, it would be superposed onto back-

ground climate trends driven by external forcings like greenhouse gases. Eastern

118



3.5 Data Availability Statement

Australia has already experienced a rapid drying trend due to anthropogenic emis-
sions of greenhouse gases (Abram et al., 2021). Hence, multidecadal variability
may affect overall resilience and adaptation to climate extremes in a warming
world, and hence internal variability should be considered within storylines for
Australian climate change and stress testing against weather and climate ex-

tremes.

3.5. Data Availability Statement

The DCPP NCAR-CESM1 data are available through the CMIP6 archive on
the Earth System Grid Federation.

State Agency

New South Wales | Department of Planning, Industry and Environment
Queensland Queensland Parks and Wildlife Service

Victoria Department of Environment, Land, Water and Planning
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3.7. Supporting information

AMV+ target pattern

Figure 3.8: Target AMV+ sea surface temperature (SST) pattern. The AMV- is equivalent in
amplitude but with opposite sign SST anomalies.
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Model evaluation

ENSO surface temperature and precipitation response in Australia in DJF
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Figure 3.9: Precipitation and temperature anomalies during El Nino and La Nifia. Comparison
(third column) between NCAR-CESM1 (first column) and observations (CRU) from 1950 to
2019.
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Figure 3.10: Hadley circulation anomalies during El Nino (left column) and La Nina (right
column) averaged meridionally between 10°N-10°S (top) and 15°S-30°S (bottom). Colours the
anomalies shown in figures 1, 2, 3, 4, 6 and 7, with ENSO impacts in black, the total AMV
modulation of ENSO impacts in blue, the direct AMV impacts in red and the AMV modulation
of ENSO in green.
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Extended composite analysis method

We present here a more detailed decomposition of the modulation of a variable X
by AMV and ENSO. We represent the sample k (k=1, 2, ..., K) of the ensemble
n of a model variable X as the sum of its mean state p, and of the superposition
of AMV direct impacts af, ENSO direct impacts E;! and of direct impacts from

any other modes of variability 6}

X[ = p+al + B} + 6]
(3.9)

Accounting for the fact that ENSO impacts £} on X, are a function of both
the tropical Pacific SST anomalies and the atmospheric pathways of ENSO tele-

connections, we assume that E; can be expressed as:

Bl = p"s)!
(3.10)

where E} are SST anomalies with respect to the mean state in the tropical
Pacific (e.g., the Nino3.4 index), 7 is the transfer function between the tropical

Pacific SST anomalies and X,'. Combining eq. S1 and eq. S2:

X{ = p+af + B + 0]
(3.11)

Averaging over the K samples of the ensemble 77 we obtain the ensemble mean
X" that we call p”:

X7 =" = p+ ol 4 fne'n 4+ G
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(3.12)

The mean difference between AMV phases (AX = X+ — X~) can therefore

be written as:

AX = Ap = Aa + ABe’ + Af
(3.13)

This shows that mean difference between AMV phases Ap (cf. Eq. 3.5) is due
to the averaged direct impacts of AMV (A@), but also to changes in the direct
impact of ENSO (ApBe’) and any other modes of variability (Af) averaged over
all their states within the AMV ensemble. Focusing on ENSO, those differences
could arise from potential changes in its non-linear impacts on X and from the
direct AMV impacts on tropical Pacific SST. In other words, this means that
Afe’ can be explained by either a mean shift of ¢/, a change in the variance of ¢/,

or changes in 5.

Focusing on the El Nino phase of ENSO, we write X as:

n o 7 0 n
Xeni =M+ apy, +0%gn, + 05y,

(3.14)

Where the subscripts “EN” and “i” indicate that we are focusing on the i'* El
Nino event of the AMV ensemble n (i=1, 2, ..., N; where N is the total number
of El Nino events within a given AMV phase). When focusing on La Nina, we

would replace the subscript “EN” for “LN”. X ~.i can also be written as:

XZW,i = X+ [X?EN] + Xg;\fz
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(3.15)

Where X7 is the ensemble mean introduced in eq. S4, [X},] is the deviation
from the ensemble mean of the average over all the El Nino events of the ensemble

n, X Zf}\” is the residual of the i El Nifio anomalies, specific to each El Nifio event.

Similarly, oy, B¢y, and Opy; can be decomposed into an ensemble mean
component, an averaged deviation during El Nino events from this ensemble
mean and a residual. Integrating this decomposition into eq. S7 and averaging

over all the El Nino events, we obtain:

Xini =i+ al + Bne + 01+ [al ] + [B7emy] + [0hN]
Xy = 1"+ [apy] + (67N ] + [0F ]
(3.16)

Average changes in the El Nifio impacts between AMV phases can therefore

be written as:

AXgy = A+ A([agy] + [Begy] + [0rn])
(3.17)

Eq. 3.17 shows that total modulation of El Nino impacts on X between AMV
phases (AXpy) can be understood as the sum of changes in the mean state be-
tween AMV phases (Ap) and of changes in the deviation from the ensemble mean
of the averaged impacts on X during El Nino events of AMV (Alagy]), ENSO
(A[Se’zn]) and any other modes of variability (fgy]). Those last 3 terms are
what we consider as the direct ENSO impacts modulated by AMV in the main
text (cf. Eq. 3.6). Yet, eq. 3.17 reveals this is a permissive definition, since it
also includes potential impacts of AMV and any other modes of variability on
X that are specific to El Nino states. Attributing those changes to direct ENSO
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impacts modulation or to AMV impacts specific to ENSO phases is arbitrary.

Finally, it is useful to note that the tropical Pacific SST anomalies &’ are partly
driven by AMV impacts. Conceptually, we can separate those anomalies into
a term controlled by the AMV impacts (c.) and a term representing the vari-
ability intrinsic to the tropical Pacific (7.): & = a. + 7.. This reveals that the
term [Be};y] (but also the term AJe’) includes indirect impacts of AMV on X
through the AMV impacts on the tropical Pacific SST. Once more, attributing
those impacts to the direct ENSO impacts rather than to AMV (indirect) impacts

is arbitrary.
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Chapter 4

Future climate response to very

strong El Nino events

Authors: Paloma Trascasa-Castro, Yohan Ruprich-Robert and Amanda
C. Maycock.

Je mets Je mets
Ma désinvolture Toute ma transcendance
Ma légereté dans Mon intelligence
Cette tragédie qu’est la vie. Pour bien airmer cette folie.
Je mets Je mets
Toutes mes trouvailles Toute mon €éloquence
Mes idées en pagaille Toute ma poésie
Dans ce chantier qu’est la vie.  Pour m’inventer un récit

La Succulente!, 2 Systémes Solaires, by Delphine Coutant.

ITranslation: I put my poise, my causalness, in this tragedy that life is. I put all my
findings, my chaotic ideas in this row that life is. I put all my transcendence, my intelligence,

to love this madness. I put all my eloquence, all my poetry, to come up with a story.
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4.1 Introduction

Abstract

The future climate response to very strong El Nino events analogous to the
1982/83, 1997/98 and 2015/16 cases is investigated using pacemaker simulations
with the EC-Earth3-CC model. Assuming that El Nino-SST anomalies will not
change in a warmer climate, this chapter explores how changes in the background
climate state between present-day and the end of the 215 century modulate the
regional teleconnections of very strong El Nino events in boreal winter. In the
future, the temperature response to very strong El Nino will intensify under the
Shared Socioeconomic Pathway 2-4.5 (SSP2-4.5) scenario over North America,
south of the Amazon and Congo basins, northern Africa and Australia. The tele-
connection of El Nino to the North Atlantic sector is also expected to strengthen
towards the future. In contrast, due to shifts in atmospheric circulation, El Nino
events of large amplitudes will drive weaker anomalies over the La Plata Basin
and southern Africa. Dry anomalies typically associated with very strong El Nino
events over the Amazon basin will saturate and weaken towards the future. Anal-
yses on regional daily temperature extremes reveal a strengthening of the regional
response to very strong El Nifio events in the future, with a further increase in
cool days over eastern North America and an increase in frequency of summer
heatwaves over Australia. On the contrary, the amount of heatwaves driven by
very strong El Nino events in southern Africa will decrease in the future. Fur-
ther work will identify regions where the background warming signal imposed
by climate change will either exacerbate or damp the regional impacts occurring

during very strong El Nino events in the future.

4.1. Introduction

El Nifo-Southern Oscillation (ENSO) is the dominant mode of interannual cli-
mate variability across the globe. Every 2-7 years, anomalously warm sea surface
temperature (SST) anomalies develop in the equatorial Pacific Ocean and trigger
a global cascade of remote effects (Taschetto et al., 2020). The warm phase of
ENSO, known as El Nifo, leads to dry and hot conditions over Australia (Ar-
blaster and Alexander, 2012), northern South America (Cai et al., 2020), southern
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4. Future climate response to very strong El Nino events

Africa (Ratnam et al., 2014) and the Indian Summer monsoon region (Mooley
and Parthasarathy, 1983), as well as wet and cooler conditions over some parts of
North America (Seager et al., 2005) and Eastern Africa (Goddard and Graham,
1999).

The strongest El Nifio events since the late 19*" century occurred in 1982/83,
1997/98, and 2015/16, when SST anomalies in the Nino3.4 region (SST aver-
aged over 5°S-5°N | 170W?-120°W) reached 2.2°C, 2.4°C and 2.6°C, respectively.
These events led to widespread devastating impacts, including severe droughts in
Southeast Asia, Northern and Southern Africa (Funk et al., 2018), the Amazon
(Panisset et al., 2018), Mexico, Philippines and Australia (Duke et al., 2017);
widespread fires in Indonesia (Page et al., 2002; Patra et al., 2017); storms in the
US, flooding in Cuba, Peru, Bolivia and Ecuador (Glantz, 2001); large changes
in the global carbon cycle (Quéré et al., 2018; Wang et al., 2018), and food inse-
curity (Anttila-Hughes et al., 2021; Funk et al., 2018).

Some of those devastating impacts appear to be particular to strong EI Nino
events. In fact, nonlinearity in the climate response exists within the same phases
of ENSO (Santoso et al., 2017), with SST and precipitation anomalies extending
further east in the equatorial Pacific during strong El Nino compared to moderate
episodes (Cai et al., 2014; Santoso et al., 2013). Specifically in December-January-
February (DJF), precipitation anomalies over the eastern equatorial Pacific dur-
ing strong El Nifio can reach 5 mm day™! above those seen for moderate El Nifio
(Lengaigne and Vecchi, 2010). As a consequence, precipitation conditions in the
equatorial Pacific are commonly used as a diagnostic to identify very strong El
Nino events (Cai et al., 2017), and are the source for the nonlinear teleconnec-
tion response to different amplitudes of El Nifo in the Indo-Pacific sector (Chung
et al., 2014), Australian (Taschetto and England, 2009), North American (Wu
et al., 2005) and North Atlantic-European (Trascasa-Castro et al., 2019) regions.

The global impacts of extreme El Nifio events may change if there are ongoing

increases in anthropogenic radiative forcing and, as a direct consequence, contin-

ued climate warming. Such changes could arise from two effects: 1) changes in
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the frequency and/or characteristics of extreme El Nifio; 2) changes in the pro-
cesses that lead to teleconnections. Both 1 and 2 depend on the details of future

changes in the background climate state and are therefore uncertain.

Regarding mechanism 1), in the tropical Pacific most climate models project
a weakening of the Walker circulation and a reduction of the zonal SST gradient
in the equatorial Pacific by the end of the 215 century. These changes in the
mean state lead to an increase of ENSO variability under future scenarios of in-
creased anthropogenic greenhouse gas forcing according to most CMIP6 models
(Cai et al., 2022; Fredriksen et al., 2020), including an increase in the likelihood
of extreme El Nino events (Cai et al., 2014; Heede and Fedorov, 2023).

Regarding mechanism 2, the Sixth Assessment Report (ARG) of the Intergov-
ernmental Panel on Climate Change (IPCC) highlights a robust trend towards
an increase in ENSO-driven precipitation variability in a warmer climate (Lee
et al., 2021). Following the Clausius-Clapeyron relationship, a warmer atmo-
sphere can hold approximately 7% more water vapour per degree of warming,
hence the changes in tropical humidity driven by ENSO are expected to increase
in the future (Hu et al., 2021). Ying et al. (2022) found that an anthropogenically
forced signature in ENSO-related precipitation variability will emerge around
2040, decades before a robust change in ENSO SST can be detected in models.
This means that we could expect changes in ENSO teleconnections to emerge
before any changes in ENSO characteristics may be detectable from internal cli-

mate variability.

While several studies have examined ENSO teleconnections in a future climate,
they have generally used freely evolving coupled climate models and therefore do
not permit a separation of mechanisms 1 and 2 above (Cai et al., 2022; Fasullo
et al., 2018; Maher et al., 2022; McGregor et al., 2022; Perry et al., 2020). Mc-
Gregor et al. (2022) found significant changes in ENSO impacts over around one
third of global land area in CMIP6 models, but it was unclear what factors cause

this change. A small number of modelling studies have made the assumption
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4. Future climate response to very strong El Nino events

that ENSO characteristics will not change under greenhouse gas forcing and pre-
scribed identical SST anomalies on top of different background climates, thereby
isolating mechanism 2 (Drouard and Cassou, 2019; Zhou et al., 2014). These
studies found an amplification of ENSO teleconnections in boreal winter in the
North-Pacific and North Atlantic-European sectors under future climate condi-
tions, but did not assess the global effects of a different mean climate state on

ENSO impacts and did not specifically address extreme El Nino impacts.

Our study follows a similar approach by assuming that ENSO SST anomalies
will not change in a warmer climate, and therefore focus on mechanism 2, but we
specifically focus on very strong El Ninos as these are the most impactful. We
use the El Nino events of 1982/83, 1997/98 and 2015/16 as case studies for future

strong El Nino analogues.

4.2. Methods

Pacemaker simulations are performed with the EC-Earth3-CC model (Doscher
et al., 2022) to understand changes in the impacts of very strong El Nino events

between present and future climates.

4.2.1. Model

EC-Earth3-CC is an Earth System model with an approximate atmosphere
and ocean resolution of 1°. The atmospheric model is the European Center
for Medium-range Weather Forecasts (ECMWF') Integrated Forecasting System
(IFS) version 3614, which is based on the ECMWF seasonal prediction system 4,
and has a resolved stratosphere. NEMO3.6 and LIM3 are the ocean and sea ice
components; biogeochemical processes in the ocean and over land are simulated
by the PISCES and LPJ-GUESS models, respectively.

The EC-Earth3-CC model generally reproduces observed ENSO teleconnections.

Supplementary Figure 4.10 compares the global ENSO precipitation and sur-

face temperature teleconnections in the December-February (DJF) season in EC-
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Earth3-CC with observations from the Global Precipitation Climatology Project
(GPCP) v2.3 (Adler et al., 2018) and Berkeley Earth (Rohde and Hausfather,
2020) datasets. For the model-data comparison we use output of a tropical Pace-
maker simulation run with the EC-Earth3-CC model, where historical SSTs are
forced with observed SST anomalies in the tropical Pacific ocean. This ensures the
ENSO events simulated in the model are comparable to those observed over the
historical period. The model captures the sign and amplitude of ENSO-related
precipitation anomalies over the tropical Pacific, but tends to overestimate the
precipitation dipole response over the Indian Ocean (See Figure 4.10). Over the
equatorial Atlantic, the model displays a weak zonal dipole consisting of dry con-
ditions over the Amazon and western equatorial Atlantic and wet anomalies over
the eastern Atlantic and the Gulf of Guinea, whereas observations show an overall
negative precipitation anomaly that peaks off the east Brazilian coast. Regardless
of these differences, the overall patterns of global response in temperature and

precipitation are well captured by EC-Earth3-CC.

4.2.2. Experimental protocol

Six experiments are performed in which the model SSTs in the equatorial
eastern Pacific are restored towards the observed SST anomalies from the 1982-
1983, 1997-98 and 2015-16 strong El Ninos superimposed on either the present
day or future model climatological SST. Observed monthly SST anomalies are
extracted from the Extended Reconstructed Sea Surface Temperature version 5
ERSSTv5 dataset (Huang et al., 2017) calculated relative to the period 1981-2010.
Present day climatological values are estimated from the historical simulations
of EC-Earth3-CC using the period 2005-2014. For the future, we use the Shared
Socioeconomic Pathway (SSP) 2-4.5 scenario, a middle-of-the-road greenhouse
gas emissions pathway where global mean surface temperature in EC-Earth3-CC
increases by 2.8 K in 2100 relative to preindustrial times. The period 2085-2094
is used to define the future climatology. For each 10-year climatological period,
we average over 10 initial condition ensemble members, meaning that the clima-

tological states are calculated over 100 years.

141



4. Future climate response to very strong El Nino events

El Nifio 1982/83 El Nifio 1997/98 [ El Nifio 2015/16
Present ‘ ‘ Future [ Present ‘ ‘ Future ’ ‘ Present ’ ‘ Future
30 mb ‘ ‘ 30 mb 30 mb 30 mb | 30 mb \ ‘ 30 mb

Figure 4.1: Schematic of the pacemaker experiments. "mb" means "member 2.

The observed ERSSTv5 SST anomalies for the 3 strong El Nifio cases are inter-
polated to the model’s ocean grid (ORCA1) and added to the present or future
model climatology to produce the target restoring fields. For each experiment, a
30 member ensemble is generated by using 3 sets of initial conditions from each
of the 10 historical or SSP2-4.5 simulations at 5 year intervals (for example for
present-day we use 2005, 2010 and 2014). The SST target pattern is imposed
through surface flux restoring with a restoring coefficient equal to -80 W m2 K1,
The restoring domain is 10°S - 10°N, 180° - 70°W, with a 10° buffer zone on each
side except the eastern margin which coincides with the American continent (See
black contours in Figs. 4.3a and b). All variables outside of the restoring region
evolve freely. Each member is integrated for 2 years starting from January 15
and the SST restoring is activated from the 15 of May of the first year until the
end of April of the second year. The result is a suite of 30-member ensemble sim-
ulations for 3 strong El Nino events in present and future climates (see Fig. 4.1.
The analysis showed very similar changes in impacts for the 3 El Nino cases, so
the analysis focuses on the “multi-event mean”, hereafter MEM. We focus on the
DJF season when the El Nino events peak and compare the anomalous response
to strong El Nino in the future with that of the present. Anomalies from each
period are calculated relative to their corresponding climatological values. Given
the similarity in the projected impacts driven by our 3 strong El Nino pacemakers
(1982/83, 1997/98 and 2015/16), we made a composite of all three events that we
called “multi-event mean”, hereafter MEM. The MEM accounts for 90 full winter

seasons, 30 from each strong El Nino event and mean state.
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4.2.3. Regional analyses of extreme indices

El Nino is known to drive weather extremes over North America (Glantz, 2001;
Meehl and Teng, 2007), Australia and Southern Africa (Arblaster and Alexander,
2012), among other regions, so these are used as three regional case studies to

examine the influence of future climate change on El Nino impacts.

In North America, we quantify the change in cool days per winter, which ac-
counts for the number of days when maximum daily temperatures (Tmax) lay
below the 10" percentile (Donat et al., 2013). The 10" percentile values of Tmax
used to define cool days in the present and future climatologies over North Amer-
ica are shown in Figure 4.11. Secondly we explore changes in heatwave frequency
in Australia and southern Africa as a response to very strong El Nino events in the
future. We use the World Meteorological Organization definition of heatwaves,
which is identified when daily Tmax goes over the averaged daily Tmax over a
reference period + 5°C for 5 consecutive days (Eqn. 4.1). The temperature of
reference to define a heatwave is computed over the present-day climatology, and

is also used to compute frequency of heatwaves in the future.

Heatwave = Tmax > Tmax + 5°C (4.1)

Note that the thresholds to compute cool days and heat waves in the present and
future are estimated relative to the present and future climatologies, respectively.
The heatwave thresholds for Australia and southern Africa, as well as the clima-

tological heatwave frequency are displayed in Figures 4.12 and 4.13.

To assess whether changes are statistically significant, we performed a two sided

Student’s t-test.
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4.3. Results

4.3.1. Climate impacts of very strong EIl Nino events in the

present

a) mean state ASST DJF future-present

120°E 150°E 180° 150°W 120w 90° W 60°W

b) mean state APR DJF future-present

120°E 150°E 180° 150°W 120°W 20°W 60°W

Figure 4.2: Mean state SST (a, K) and precipitation (b, mm day™!) changes between
present (2005-2014) and future (2085-2094) climatologies over the tropical Pacific
Ocean.

We start by documenting the changes in mean climate between future and
present day as simulated by EC-Earth3-CC (Fig. 4.2). The tropical Pacific
warms overall by around 2.5 K (Fig. 4.2a), with the Nino4 (5°N-5°S, 160°E-
150W) and Nino3 (5°N-5°S, 150°W-90°W) regions being 4.7% and 6.6% warmer,
respectively in the future than in the present day. The zonal east-west SST gra-
dient decreases by 19.5% by the end of the 21%° century, similar to what is seen
in many other CMIP6 models (Dhage and Widlansky, 2022). Along with those
mean SST changes, there is a decrease in the strength of the Walker circulation,
evidenced by a decrease in precipitation over the Warm Pool and an increase in

precipitation over the Central and Eastern Pacific (Fig. 4.2b).
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We focus now on the climate response to El Nino. Fig. 4.3a shows the MEM
SST anomalies under present conditions. The experiment protocol produces the
canonical eastern Pacific SST anomalies associated with strong El Nino events.
The temporal evolution (Figure 4.3c) shows a lag in the Nino3.4 SST anomaly
during the development stage with a later peak in January and a delayed decay
phase. This reflects a delay of around 0.5 months in the El Nino growth and decay
and an overestimate of the maximum Nino3.4 anomaly by around 0.5 K. These
differences are manifested similarly in the Nino4 region (Figure 4.3c). Figures
4.4a,c show anomalous El Nino-driven precipitation and temperature impacts in
DJF under the present day. In the tropical Pacific, strong El Nino events drive an
eastward shift of the precipitation maximum, leading to precipitation anomalies
of up to 15 mm day™ over the central and eastern equatorial Pacific. Those pos-
itive anomalies contrasts with drier conditions localised off the equator, centred

around 10°N and around the South Pacific Convergence Zone.

Outside of the tropical Pacific, strong El Nino events in the EC-Earth3-CC model
drive dry anomalies of up to 4 mm day™! over the Amazon basin, although these
anomalies might be overestimated relative to observations (Fig. 4.10), and around
1 mm day™! over western Australia and Southern Africa. Looking at a composite
of El Nino events in the historical period (Figure 4.10), we found that dry condi-
tions driven by El Nifio EC-Earth3-CC cover a wider area of Australia, and over
Southern Africa these anomalies are slightly underestimated relative to observa-
tions, though we acknowledge there is large sampling uncertainty on the observed

relationships due to only a few events having occurred.

There is a precipitation anomaly dipole over the North Atlantic, likely driven
by a southward shift of the storm track and of the North Atlantic jet stream
(Fig. 4.5a), characteristic of the link between El Nifo and the negative phase
of the North Atlantic Oscillation (NAO) (Bronnimann, 2007). Over the Congo
basin and the horn of Africa, strong El Nino events lead to weak but significant
positive precipitation anomalies. Precipitation also increases by 2.5 mm day™
over the La Plata Basin during strong El Nino events, leading to wetter-than-

usual summers in the North of Argentina, Uruguay and Paraguay.
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Figure 4.3: a) El Nino MEM SST anomalies (K) in the present conditions experiments, b)El
Ninio MEM SST differences between future and present conditions experiments, ¢) SST anomaly
timeseries in the Nifio3.4 (solid lines) and Nino4 (dashed lines) regions. Observations are shown

in black, present-day anomalies in orange and future anomalies in pink.
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Alongside changes in precipitation, strong El Nino events in the present day
drive significant surface temperature impacts across the globe in DJF. Northern
South America experiences warm anomalies reaching up to 4 K over the Ama-
zon basin, as well as large parts of the African continent, with the exception
of the region around Lake Victoria. It is worth mentioning that although the
EC-Earth3-CC model appropriately captures the increase in precipitation driven
by El Nino events in the Lake Victoria region relative to observations, it sug-
gests that this increase in precipitation is accompanied by cooler temperatures,
whereas observations show a modest but positive temperature anomaly (Figure
4.10). Western and eastern Australia experience hotter summers during very
strong El Nino events, and southeast Asia also experience warm anomalies dur-

ing very strong El Nino.

There are some regions, though, where El Nino leads to cold anomalies in DJF,
such as the US and the La Plata basin in northern Argentina and Uruguay. The
EC-Earth3-CC model captures the amplitude and spatial location of the average
surface response to ENSO daily well over Australia, North America and Southern
Africa relative to observations (Figure 4.10). We stress that the sample size of
the observed ENSO composites shown in the supplement is larger for temperature
(120 years) than for precipitation (40 years), probably affecting the robustness of

the observed composites shown in Figure 4.10.

4.3.2. Global climate response to very strong El Nino events

in the future

In the future experiments, the western Pacific El Nino SST anomalies are up
to 0.4 K warmer than in the present-day experiment (Fig. 4.3b) and the SST
anomalies in the central and eastern equatorial Pacific are slightly cooler than in
the present (~0.04 K on average over the Nino3.4 region, cf. Fig. 4.3c). The
larger differences are outside of the restoring region. This indicates that the

model is responding differently to the pacemaker restoring in the future because
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4. Future climate response to very strong El Nino events

of changes in the mean state. This reveals a limitation of our experimental de-
sign, in which the SST is not imposed but nudged towards a target by forcing
the non-radiative surface fluxes, allowing the model to modify the emerging SST
anomaly through oceanic feedbacks. Associated with the warmer SST anomalies
in the western equatorial Pacific, the El Nino precipitation anomalies are also
more positive in the future in this region by up to 2 mm day! (Figure 4.4b),
while in the central Pacific the precipitation anomalies in the future decrease
relative to present day by up to 2 mm day!. These changes do not match the
projected change in El Nino-driven precipitation anomalies in the tropical Pacific
suggested by the literature, consisting of an eastward shift of precipitation dur-
ing El Nino under greenhouse gas forcing. In contrast, in our simulations, the
ascending branch of the Walker Circulation is less shifted to the East in response

to extreme El Nifio in the future.

Outside the tropical Pacific, Southeast Asia sees an amplification of the dry re-
sponse of very strong El Nifno in the future. In southeast Australia, very strong
El Nino events similar to the ones observed would lead to even drier conditions in
the future, which taking into account the dry trend induced by climate change in
this region (not shown), would make southeastern Australia even more vulnerable

to the impacts of very strong El Nino events in the future.

In a limited number of regions, the precipitation response to very strong El Nino
events is expected to weaken in the future. For instance, El Nifio events typically
drive dry anomalies over the Amazon basin (Fig. 4.4a), but this is expected to
change in the future, where the drought induced by very strong El Nino would
be significantly milder. Over the La Plata Basin, we observe a northward shift
of precipitation anomalies (Fig. 4.4b). There is also some weakening of the dry

conditions over south Africa.

In the future, the surface temperature response to very strong El Nifio events
in DJF is expected to increase in several regions. The same very strong El Nino
events that we observed in the last decades would drive even hotter winters in the

North of Africa and Northwest Himalayas, and even hotter summers in the South
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a) present APR MEM DJF
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Figure 4.4: Global a,b) precipitation (mm day™!) and c,d) temperature response to very strong
El Niflo events in a, c¢) present day and b,d) future - present in DJF. Hatching in subpanels a,
c) show non statistical significance at the 95% confidence level (i.e. anomalies are not driven
by El Nifio), estimated with a double-sided t-test. In subpanels b and d, hatching (lines) show
areas where there is an amplification of El Nifio impacts (wet gets wetter or dry gets drier),
and stippling (dots) denote regions where El Nifio-driven impacts get muted in the future (wet

gets dry or dry gets wet).
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of the Amazon and Congo basins and Australia. Over the northeast of North
America, cold anomalies driven by very strong El Nino would be stronger in the
future. On the other hand, mean DJF El Nino-driven temperature anomalies
in the future will weaken in other regions due to shifts in atmospheric circula-
tion. For example cold anomalies over the northeast of Argentina, Paraguay and
south Brazil extend more towards the North, following the northward shift of

precipitation shown in Fig. 4.4b.

4.3.3. Tropospheric circulation response to strong El Nino

and its changes under future conditions

To understand future changes in teleconnections of strong El Ninos, we ex-
plore anomalies in geopotential height at 500 hPa (z500) and zonal wind at 200
hPa (u200) anomalies in DJF. During strong El Nifio events in the present day
(Fig. 4.5a), positive z500 anomalies of up to 40m arise in the tropics, trigger-
ing barotropic Rossby wave trains that project onto the Pacific North American
(PNA) and Pacific South American (PSA1) patterns in the northern and southern
hemispheres, respectively. The extratropical teleconnections of El Nino depend
on the background flow, specifically on the upper troposphere zonal wind speed
(Lee et al., 2009), which is stronger in the Northern hemisphere in DJF due to a

stronger subtropical jet.

Outside of the Pacific sector, strong El Nifio events are driving negative geopo-
tential anomalies over the South-East of the USA, which extend eastward over
the subtropical Atlantic ocean. Those negative anomalies contrast with positive
anomalies spanning from the North East of Canada to the Norwegian Sea. Over
The North Atlantic, those geopotential height anomalies project onto the neg-
ative phase of the NAO (NAO-), which is associated with a southward shift of
the North Atlantic westerly jet stream (evident by the solid black contours), in
agreement with the southward shift of precipitation anomalies shown in Fig. 4.4a.
The simulations therefore suggest that the El Nino-negative NAO teleconnection

will strengthen under future climate conditions (Fig. 4.5b).
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a) present Az500 Au200 MEM DJF b) future-present Az500 Au200 MEM DJF
T T SR .

Figure 4.5: a) 500 hPa geopotential height (m, shading) and 200 hPa zonal wind (black contours)
anomalies in the present MEM very strong El Niflo experiments and b) their differences between
future and present MEM El Nifio experiments. Hatched areas in subpanel a) show areas where
the MEM responses are not statistically significant at the 95% confidence level. In b), hatched
areas show a significant amplification of MEM anomalies in the future, whereas stippling shows

significant weakening of MEM anomalies.

Under future conditions, very strong El Nino events drive a weaker PNA re-
sponse, especially around the Aleutian low region, where the differences of z500
between future and present project negatively on the present day impacts. In the
Southern hemisphere, very strong El Ninos trigger an anomalous wavetrain span-
ning the extratropics and subpolar regions and driving low pressure anomalies in

southeastern South America.

4.3.4. Extreme temperature impacts

Fig. 4.3d suggests an intensification of strong El Nino-driven cold anomalies
over North America in the future. Here we use daily temperature data to explore
how those changes would translate in terms of cold extremes during the winter
season. In particular, we use the cool day index, which is percentile-based (cf.
Section 4.2.3), to understand changes to the distribution of cold anomalies driven
by El Nino in the future by effectively removing any shift in the distribution of

climatological cool days driven by greenhouse gas forcing.
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Figure 4.6: Anomalous cool days per winter (DJF) during very strong El Nifio in North America
in a) present conditions and b) future - present conditions. The hatching convention is the same
as in Figs. 4.3 and 4.4. ¢) Violin plots of daily maximum temperature (Tmax) in the present
conditions from the historical simulations, during very strong El Nifio under present conditions,
in the future conditions from the SSP2-4.5 simulations, and during very strong El Nino under
future conditions, in the area over eastern North America delimited by the green rectangle in
subpanels a and b. The black dashed line denotes the reference 10** percentile from the present
conditions and the red dashed line is the 10*® percentile from the future conditions. Numbers
on top of the violin plots represent the percentage of days below the cool day threshold on each
respective time period.

Very strong El Nino events in the present drive an increase of cool days in
North America of up to 8% per winter, especially between 20°N-40°N over the
southeast and southwest of the United States and the west of Mexico (Fig. 4.6a).
Over the central-eastern US (cf. green box in Fig. 4.6a), there are on average
5.72% of cool days per winter in the present day conditions; very strong El Nino
events increase this percentage to 6.77% (Fig. 4.6¢). Under future conditions, the
impacts of very strong El Nino events amplify over this central-eastern US region,
with a further increase to 8% in cool days per winter compared to the averaged fu-
ture conditions of 5.51% (Fig. 4.6¢). The intensification of cold anomalies driven
by El Nino under future conditions is striking given the shift of the distribution
of maximum daily temperature towards hotter values due to global warming, as
shown by the shift of the 10'" percentile between present and future climatologies

from -2°C to 2°C, respectively.

We now explore how the warmer impacts of strong El Nino under future condi-

tions over Australia (Fig. 4.4d) would translate in terms of summer heat waves.
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Very strong El Nino events adds up to 1 additional heatwave per summer over
the eastern and western margins of Australia, with the strongest increase at 22°S
and 120°E in western Australia (Fig. 4.7a). As shown by the violin plots in Fig.
4.7c, the average frequency of heatwaves per summer in Australia is expected to
increase from 0.69 in the present-day to 0.85 in the future, an increase in fre-
quency of 19%. On average over Australia, very strong El Niflo events increase
the frequency of heatwaves by 22% compared to the climatology. In the future,
the impacts of very strong El Nino will intensify in most of the country, with
a significant increase in heatwave frequency by 1 per summer over central and
northern Australia (Fig. 4.76b). Over the southwest of the country, there is a
slight decrease in frequency due to future very strong El Nino events relative to
their present analogues, but this weakening is not statistically significant. In the
future, very strong El Nino events will increase the frequency of heatwaves by
29% relative to the averaged future conditions (third and fourth violin plots in
Fig. 4.7¢c).
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Figure 4.7: Anomalous heatwaves per summer (DJF) during very strong El Nifio in Australia in
a) present conditions and b) the difference between future and present conditions. The hatching
convention is the same as in Figs. 4.3 and 4.4. c) Violin plots of heatwave frequency in the
present conditions from the historical simulations, during very strong El Nifio under present
conditions, in the future conditions from the SSP2-4.5 simulations, and during very strong El
Nifio under future conditions. Violin plots show the averaged heatwave frequency over Australia
in the present conditions, during very strong El Nino under present conditions, in the future

conditions, and during very strong El Nino under future conditions.

According to EC-Earth3-CC, a smaller number of regions will see a weakening

of the impacts of very strong El Nifio events in the future. Fig. 4.4d shows that in
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Southern Africa, very strong El Nino events drive cooler temperature anomalies

in DJF compared to the same events under present conditions.

Fig. 4.8 shows changes in the frequency of heatwaves driven by very strong
El Nino events between present and future conditions over southern Africa. The
heatwave threshold as well as the average heatwave frequency in the present and
future climatologies are shown in the supplementary figure 4.13. Under present
conditions, Southern Africa experiences up to 2 additional heatwaves per sum-
mer during very strong El Nino events, relative to the averaged summer, with the

strongest increase in the south of Namibia and north of South Africa.
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Figure 4.8: Anomalous heatwaves per summer (DJF) during very strong El Nifio in Southern
Africa in a) present-day and b) future - present. The hatching convention is the same as in
Figs. 4.3 and 4.4. ¢) Violin plots of heatwave frequency in the present-day climatology, during
very strong El Nifio in the present, in the future climatology and during very strong El Nifio in
the future. Violin plots show the averaged heatwave frequency in the present-day climatology,
during very strong El Nino in the present, in the future climatology and during very strong El
Nino in the future.

Fig. 4.8c illustrates the mean heatwave frequency averaged over the Southern
Africa region in the present and future conditions, as well as when very strong
El Nino events occur in the present and future conditions, respectively. On av-
erage over Southern Africa, heatwaves increase in frequency by 62% when a very
strong El Nino event occurs. Interestingly, this type of El Nifio event will drive
fewer heatwaves in the future over the region (Fig. 4.8b), relatively to the fu-
ture averaged conditions, except for a slight increase in frequency of up to 0.5

heatwaves per summer in the south of Namibia. As shown in Fig 4.8c, there
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is a negligible change in El Nino-driven heatwaves over South Africa in DJF in
a warmer climate. However, heatwaves will be come 29% more frequent in the

future compared to present-day climatology.

4.4. Discussion and conclusion

This study has used idealised pacemaker simulations with the EC-Earth3-CC
model to quantify changes in the global impacts of strong El Nino events in a
warmer climate. The observed 1982/83, 1997/98 and 2015/16 El Nifio events were
used as analogues of strong events in a future climate. This approach enables us
to isolate the effects of strong El Ninos and also the role of changing background
climate conditions on the atmospheric response to El Nifio from changes in ENSO

dynamics, which has been a limitation of some previous studies (e.g., McGregor
et al. (2022)).

Interestingly, the projected changes in El Nino teleconnections resemble those
suggested by previous studies, suggesting that simulated changes in future im-
pacts of El Nino in fully coupled models are dominated by changes in the mean
state, rather than by changes in ENSO SSTs. In agreement with McGregor et al.
(2022), we find a strengthening and southward shift of the North Atlantic jet
stream in boreal winter during El Nino event in the future, highlighting the re-
inforcement of the El Nino-negative NAO relationship. This is also in agreement
with previous literature (i.e. Drouard and Cassou (2019); Johnson et al. (2022)),
although this response is not captured in CMIP5 models (Perry et al., 2020).
Our results also align with the overall CMIP5 and CMIP6 trends in the north-
ward shift of precipitation anomalies north of the La Plata Basin and the drying
trend to the south of Brazil, although our pacemaker reveals a weakening of the
dry anomalies driven by very strong El Nino event over the Amazon basin. Fu-
ture work will assess whether there is any saturation of dry anomalies over this
area during El Nino events of large amplitude such as the ones we are focus-
ing on. Our results also agree with the overall CMIP5 and CMIP6 trend in the

future weakening of dry anomalies over Southern Africa driven by El Nifo events.
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In terms of future changes in surface temperature anomalies driven by strong
El Nino, we do find similarities between our results and the overall trend encom-
passing El Nino events of any amplitude. Some examples are a hot-gets hotter
trend over western Brazil, and Northern Africa, and while CMIP5 projections
do not show a significant change over Australia (Perry et al., 2020), our results
agree with overall CMIP6 projections (McGregor et al., 2022) and large ensemble
studies (Fasullo et al., 2018) in a significant amplification of hot anomalies over

Australia.

Some additional features arise when focusing on very strong El Nino events that
are not seen in the overall projections of ENSO impacts based on composite anal-
ysis, that indicate either a nonlinear climate response to strong El Nino events or
a disagreement of the EC-Earth3-CC model with the overall CMIP6 mean (i.e.
McGregor et al. (2022)). We find an intensification of cold anomalies driven by
very strong El Nino over northeast North America and a significant weakening of
warm anomalies over southern Africa. Interestingly, as shown in Fig. 4.4b, strong
El Nino impacts in the present day drive cold anomalies over Alaska, which do
not align with the composite impacts of El Nino shown in observations, probably

due to nonlinearities in El Nino impacts over this region (Garfinkel et al., 2019).

We showed that the simulated modulation of the number of cool days per winter
by strong El Nino is larger in the future over eastern North America. It is impor-
tant to note that due to the overall background warming from climate change,
the threshold for cool days increases from -2 K to 2 K from present to future.
The number of cool days per winter slightly decreases in the future climatology,
however there is a larger amount of cool days driven by El Nino in the future
(13.82%) than in the present (6.77%), showing a larger negative anomaly in cool
days during very strong El Nifio events in the future. In agreement with Meehl
and Teng (2007), we show an eastward shift of cold extremes in future El Nifo
events, with a decrease in cool days over the west coast of the US. This intensi-
fication might be linked to the strengthening of the teleconnection of El Nino to
the North Atlantic sector (Johnson et al., 2022).
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Regarding hot extremes, we have shown a mean state shift towards more heat-
waves in Australia in the future climate (see Fig. 4.12) compared to the present
one, and a further increase in heatwave frequency during the summer driven by
strong El Nino events. This suggests an increase in the impacts of El Nifio on
Australian austral summer climate, which will further exacerbate the increased
occurrence of hot anomalies induced by climate change. An increase in El Nino-
driven heatwaves in the future will also increase the risk of wildfires during Aus-
tralia’s fire season (Fasullo et al., 2018), when high temperatures allow wildfires
to spread rapidly (Abram et al., 2021).

Finally, we show that despite most of the regions with significant changes in
very strong El Nifio impacts, a limited number of areas, like southern Africa,
experience a weakening of the signal driven by El Nino under future conditions.
Fig. 4.8 suggests that El Nino-driven heatwaves during the summer will be half
as frequent in the future as they are today, especially over southern Namibia,
Botswana and central South Africa. While the climatological frequency of heat-
waves per summer as simulated by EC-Earth3-CC increases from 0.33 in the
present to 0.46 in the future, in agreement with future CORDEX-Africa climate
projections over the region (Russo et al., 2016), the El Nino-driven heatwaves do
not increase in frequency in a warmer climate. In absolute terms, the background
warming induced by climate change will increase the frequency of heatwaves over
Southern Africa, independent of whether there is a strong El Nino event happen-
ing or not. Therefore any increase in heatwave frequency over the region during
strong El Nino years will be driven by the underlying trend imposed by climate

change.

Our results reveal potential nonlinearities in the future climate response to El
Nino events (e.g. the Amazon basin), where increasing SST anomalies in the
Nino3.4 region do not further amplify the global surface impacts associated with
a canonical El Nino event. This nonlinearities might be accompanied by shifts
in circulation induced by climate change, with South America being the most
illustrative example. According to our results, dry anomalies over the Amazon

basin driven by very strong El Nino will get muted in the future, and wet and cool
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anomalies over the La Plata Basin are expected to shift northwards in DJF. Fur-

ther work is needed to assess the nature of these shifts and nonlinear behaviours.

We found that in our experiments, future El Nino events are slightly cooler in the
eastern Pacific and have a warmer warm pool than their present-day analogues.
We believe that this is caused by a feedback process triggered by the warm pool
responding strongly to the imposed SST anomalies over the restoring region,
which enhances a deeper convection over the warm pool and a strengthening of
the Walker circulation that ultimately leads to weak cold SST anomalies in the
restoring region. Furthermore, as is the case for most CMIP models (Cai et al.,
2015; Maher et al., 2022), EC-Earth3-CC shows a trend towards an El Nifo-like
mean state warming in the tropical Pacific which does not appear to match ob-
served trends over recent decades (Heede and Fedorov, 2021; Kociuba and Power,
2015). Future work could explore changes in strong El Nino teleconnections in
the future, restoring SSTs in a wider area spanning through the whole equatorial
Pacific ocean and potentially sampling a wider range of plausible background

state changes.

Human-caused climate change is warming the planet at unprecedented rates.
Natural climate variability can either amplify or mute the signature of climate
change in the future. Strong El Nino events are projected to increase in frequency
(Cai et al., 2014), and given the severity and reach of their impacts, it is crucial to
understand how the impacts of these extreme events will change in the future to
facilitate adaptation and mitigation policies in the areas affected. Future studies
are needed to improve our understanding of the mechanisms of such amplification
and dampening of the future impacts of very strong El Nino events. Addition-
ally, a multi-model approach would allow to verify our results for a larger set of

projections.

Another avenue for further study is identify regions where climate change will
exhacerbate the surface climate response to El Nino in the future, examining
the spatial constructive and destructive interferece of changes in strong El Nino

impacts with the mean signal of climate change.
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Figure 4.9: SST evolution during the 3 strong El Nifio events (a) 1982/83, b) 1997/98 and c)
2015/16). Solid lines correspond to SST anomalies in the eastern (Nino3.4 region) and dashed
lines to the western (Nino4 region) equatorial Pacific. Black lines show observations (ERSSTv5

(Huang et al., 2017)), colours show SST anomalies in the past (yellow), present (green) and
future (purple) pacemaker simulations.
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APR vs ASST Nifio3.4
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Figure 4.10: Model evaluation of mean precipitation (top) and surface temperature (bottom)
anomalies regressed onto SST anomalies in the Nino3.4 region in DJF (left column), compared
to observations (right column). Model data corresponds to output of tropical Pacific pacemaker
simulations run with the EC-Earth3-CC model where observed SST anomalies in the tropical
Pacific Ocean are imposed on top of the model’s own climatology between 1900 and 2018.
SST and TAS anomalies are computed relative to the 1980-2010 period, and the Berkeley
Earth dataset (Rohde and Hausfather, 2020) is used as the reference observational dataset. For
precipitation, the period used spans from 1980 to 2018, and GPCP v2.3 (Adler et al., 2018) is
used as the observational dataset of reference. Stippling denotes lack of statistical significance
at the 95% confidence level.
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a) cool days threshold present clim DJF b) cool days threshold future clim DJF
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Figure 4.11: Cool day threshold in the present (a) and future (b) climatologies over North
America, expressed as the value corresponding to the 10*" percentile of daily maximum winter

temperature at each gridpoint.
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a) heatwave threshold present clim DJF b) heatwave frequency present clim DJF
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Figure 4.12: Heatwave thresholds in the a) present-day and c) future climatologies over Aus-
tralia. Subpanels b) and d) show the average frequency of heatwaves per summer in the present

and future climatologies, respectively.
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a) heatwave threshold present clim DJF
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Figure 4.13: As in Fig. 4.12 but for Southern Africa.
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Chapter 5
Conclusions

“One never notices what has been done

one can only see what remains to be done.

Maria Salomea Sktodowska-Curie.
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5.1. Key findings

This doctoral thesis has explored the effects of changes in the mean climate
state on ENSO dynamics and teleconnections. Focusing on AMV as a key mode
of decadal natural climate variability and a scenario for future anthropogenic
forcing, the results chapters advance the overall scientific knowledge in how dif-
ferent drivers of variation in the background climate state modulate ENSO and

its teleconnections.

The instrumental SST record is relatively short, spanning only to quantify 1 full
AMV phase of each sign, which does not allow to robustly estimate the AMV im-
pacts on climate. To overcome this issue, idealised modeling experiments similar
to those performed for the DCPP project (Boer et al., 2016) are useful to ro-
bustly assess the global impacts of AMV and its interactions with other modes of
climate variability. Chapter 2 investigates the AMV modulation of ENSO vari-
ability using idealised experiments run with the NCAR-CESM1 model, where
North Atlantic SSTs are restored towards time independent patterns of the posi-
tive and negative phases of AMV. Positive AMV conditions were shown to weaken
both El Nifio and La Nina SST amplitude, as previously suggested (Dong and
Sutton, 2007; Yu et al., 2015), although the mechanisms of this modulation were
not clear. Warm AMV conditions strengthen the mean Walker circulation over
the tropical Pacific, enhancing the zonal SST gradient and shifting ENSO SST

and precipitation anomalies westwards.

With the aim of identifying the specific dynamical process behind the weaken-
ing of ENSO variability, the widely known method, the Bjerknes Stability Index
was used (Jin et al., 2006), which decomposes the atmosphere-ocean processes
contributing to ENSO growth and decay onto different feedback processes in the
equatorial Pacific. This revealed a significant weakening of the thermocline feed-
back in AMV+ relative to AMV-, consisting of a less reactive thermocline to
wind stress forcing. We point towards a confinement of the wind stress anomalies
over the western-most part of the equatorial Pacific as the mechanism responsible

for the thermocline feedback weakening. It is therefore key to consider not only

175



5. Conclusions

the strength of wind stress anomalies but also their location along the eastern
equatorial Pacific, because the combination of these two factors determines how

the thermocline reacts to changes in wind stress.

The weakened positive thermocline feedback under AMV+ delays ENSO growth,
leading to El Nifo and La Nina events whose SST anomalies are around 10%
weaker in the EP compared to AMV- conditions. The role of AMV in muting
ENSO variability highlights the importance of accounting for the combined ef-
fects of low frequency internal variability and greenhouse forcing in future climate

projections.

Building on the findings in Chapter 2, Chapter 3 investigates if and how AMV
modulates ENSO regional teleconnections. The fact that ENSO variability weak-
ens under warm AMYV conditions does not necessarily mean that ENSO telecon-
nections will also weaken. In fact, the sign of AMV modulation of ENSO impacts
is highly region dependent. Australia is selected as the region of interest to study
the AMV modulation of ENSO impacts, due to the good performance of CESM1
in capturing ENSO-driven impacts over Australia, and the well known influence
of ENSO on climate conditions over Australia (Chung and Power, 2017). Ad-
ditionally it has been suggested that other modes of climate variability interact
with ENSO and help improve ENSO impacts prediction over Australia (Kiem and
Franks, 2004; King et al., 2013; Power et al., 1999). The analysis separates the
anomalies in climate impacts associated with the mean AMV climate response
and the modulation of ENSO by AMV. In observations, one would observe the
combined effects but the model experiments allow for these components to be

separated.

Chapter 3 showed that AMV significantly modulates the climate response to
ENSO over Australia. During austral summer, El Nino typically drives hot and
dry anomalies in Australia, which get amplified over the west of the country
and weakened over the east under warm AMYV conditions. The results also show

some asymmetry in the AMV modulation of ENSO impacts over Australia, with
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a stronger weakening of the wet and cold anomalies driven by La Nina over east-
ern Australia and barely no AMV modulation of La Nina impacts over western

Australia.

Under warm AMV conditions, the decrease in extreme precipitation over the
central-west of Australia during El Nino summers is enhanced, and the amount
of warm days increases over the country, especially in the North. While AMV+
overall intensifies El Nino-related extremes, it weakens the extreme precipitation
response associated with La Nina, which leads to less wet days, and a large in-

crease in warm days over eastern Australia, muting the impacts of La Nina.

Finally, the impacts of AMV on the ENSO-fire relationship under warm and
cold AMV phases over southeastern Australia, the most populated area of the
country, was investigated. Following the approach of Turco et al. (2018), the
preconditioning by ENSO-driven precipitation and temperature anomalies pre-
condition the extent of burned area during the fire season was explored. This
approach has been proven to be very useful for seasonal prediction of global fire
risk. The results show no significant modulation of ENSO-driven burned area
by AMV, despite the large decrease in burned area during the positive phase of
AMYV, independent of the ENSO phase.

A decomposition of the large-scale atmospheric circulation into orthogonal local
zonal Walker and Hadley components revealed that under warm AMV condi-
tions there is a shift in tropical convection during El Nino from the western to
the central equatorial Pacific, as shown in Trascasa-Castro et al. (2021). This
shift mainly alters the Hadley circulation, which during El Nino translates into
enhanced subsidence over western Australia (amplifying El Nifio impacts) and
upward motion over the north east (weakening El Nino impacts), which helps
to explain the dipole of strengthening/weakening of El Nifio impacts over the
west/east of Australia under warm AMYV conditions. During La Nifa, the west-
ward shift of deep convection in the equatorial Pacific under AMV+ projects onto
enhanced subsidence over western Australia and a weaker enhancement of up-

ward motion over eastern Australia, again repeating the amplification /weakening
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dipole shown by the AMV modulation of the surface climate response to ENSO in
Australia. The AMV modulation of the Hadley circulation explains most of the
changes in ENSO-driven circulation over Australia, with a smaller contribution

of changes in the Walker circulation.

The impacts of El Nifo and La Nina events over Australia do not always have the
same spatial structure or amplitude, they vary from event to event. Our study
suggests that Atlantic Multidecadal Variability plays a role in explaining some
percentage of the climate response to ENSO in Australia. In our work, we dis-
tinguish between "co-occurrence" and "modulation". The first term refers to the
climate impact resulting of the combination of two modes of climate variability
that co-occur in time, and is directly comparable to observations, being useful to
develop storylines and understand what the climate impacts of different modes
of variability might be over a certain region. On the other hand, by exploring the
AMYV modulation of ENSO, we are able to isolate the direct impacts of one mode

over the other and understand the dynamical mechanisms of such modulation.

In the last decades, the unprecedented rise of global mean surface temperature
due to human activities has brought scientists together in a mission to reduce
uncertainties in future climate projections. Understanding the combined effects
of changes in El Nino and changes in the mean climate state due to anthropogenic
forcing will allow to reduce uncertainties in future climate impacts at a regional

scale.

There is still a large disagreement within models in when and how ENSO vari-
ability might respond to greenhouse gas forcing (Maher et al., 2023). However, a
number of studies suggest that the global impacts of El Nino will become amplified
in high greenhouse gas forcing future climates (Bellenger et al., 2014; Cai et al.,
2014, 2022; Johnson et al., 2022; McGregor et al., 2022; Perry et al., 2020). Mod-
els agree in that changes in ENSO-driven precipitation imposed by climate change
are expected to emerge by the middle of the century, decades before any change
in ENSO SST is discernible (Cai et al., 2021; Ying et al., 2022). The 1982/83,
1997/98 and 2015/16 El Nino events generated SST anomalies in the Nino3.4
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region above 2°C, and caused devastating impacts such as droughts and floods
that exposed several million people to food insecurity. Chapter 4 summarises the
main results of an investigation that aims to understand how the impacts of very
strong El Nino events, similar to those observed in the last decades, will alter
in a warmer planet, assuming that ENSO-SST characteristics will remain un-
changed. Pacemaker simulations were performed with the EC-Earth3-CC model
(Déscher et al., 2022). Pacemaker experiments are historical simulations (follow-
ing the CMIP nomenclature) in which the chronology of the SST is constrained
in a sub-domain of the model. Comparing pacemaker simulations with the tradi-
tional historical simulations allow to isolate the impacts of the constrained SST
anomalies on the climate. In this case, the ocean surface is restored to mimic
SST anomalies from the aforementioned observed very strong El Nino events.
This procedure was repeated using the same observed SST anomalies applied to
present-day and future model climatologies, so that any difference in the absolute
SST pattern obtained should reflect the change in the background state between
the present and future. The future scenario is the SSP2-4.5, a middle-of-the road
scenario, acknowledging that a more severe warming scenario might have changed
the global teleconnections of very strong El Nino even further (McGregor et al.,
2022).

In agreement with the multi-model CMIP6 trend, the EC-Earth3-CC model sim-
ulates a trend towards a weakening of the Walker circulation by the end of the
215% century under greenhouse gas forcing. This response consists of the east-
ern equatorial Pacific warming faster than the west, leading to a decrease of the
zonal SST gradient of around 20% in the future relative to the present-day. This
climatologically warmer eastern Pacific has implications for future ENSO tele-

connections, since deep convection is shifted towards the eastern Pacific.

While pacemaker simulations are widely know and used within the scientific com-
munity, our approach of running observed analogue El Nino in the future is rather
innovative. Opposite to atmosphere-only simulations, a coupled pacemaker ap-
proach allows to investigate the response of ocean variables and couple feedbacks

to a specific forcing such as the one we imposed mimicking very strong El Nino
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events, providing a more realistic comparison with the real world. In our very
strong El Nino simulations, we found that the west Pacific warm pool, which
lays outside the restoring region, responds strongly to the SST restoring over the
eastern Pacific ocean, triggering an intensification of the Walker circulation in

the future simulation relative to the present.

Over the tropical Pacific, the simulations show an anomalous precipitation re-
sponse to very strong future El Nino events that accompanies the change in SST
pattern. This response consists of an increase in precipitation over the warm
pool that follows the anomalous El Nino-driven warm SST anomalies, and re-
duced precipitation in the central and eastern equatorial Pacific. It is striking
that even having an anomalous SST pattern that reflects onto slightly milder El
Nino events in the future, the global response to very strong El Nino in the future
agrees with those works that exhibit an amplification of El Nino impacts towards
the future in may regions (Fasullo et al., 2018; Johnson et al., 2022; McGregor
et al., 2022; Perry et al., 2017). It is worth mentioning that in the aforemen-
tioned studies ENSO SST variability increases in the future. This suggests that
even with a slightly weaker El Nifio in the future, background changes driven by
climate change will amplify the impacts of El Nino in the future in many regions

of the planet.

The results of Chapter 4 reveal that very strong El Nino events analogous to
those observed in the last decades would drive stronger impacts. Some examples
are an intensification of cold anomalies over North America in boreal winter, and
hot anomalies south of the Amazon and Congo basins, northern Africa and Aus-
tralia in austral summer. The link between very strong El Nino and the negative
phase of the North Atlantic Oscillation will intensify towards the future. Over
the Amazon basin, there appears to be a nonlinear behaviour where future strong
El Nino events do not lead to further drying. Additionally, shifts in atmospheric
circulation in the future will weaken the response to El Nino, as it will be the

case for La Plata Basin and southern Africa.

A more in-depth analysis on daily temperature extremes suggests that the amount
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of cool days over North America in boreal winter will further increase towards the
future, and summer heatwaves in Australia driven by very strong El Nino events
will increase in frequency in the future, relative to the present. On the contrary,
the amount of extreme El Nino-driven heatwaves in Southern Africa will be less

frequent in the future.

With the results of this doctoral thesis, we have further proven that ENSO dy-
namics and teleconnections are sensitive to changes in the background state,

which can be driven by internal climate variability or external forcing.

5.2. Future work

The results described in Chapters 2-4 offer several novel insights to the effects
of the mean climate state on ENSO behaviour. Several avenues for further work

have been highlighted as a consequence of the findings:

= The BJ index assumes linear relationships between all variables and SSTs.
We know this is a simplication of ENSO processes. For instance the short-
wave feedback, included in the thermodynamic feedback, is very nonlinear
(Lloyd et al., 2012), and its magnitude largely varies between CMIP6 mod-
els due to the poor representation of tropical clouds (Bony and Dufresne,
2005). Future work, potentially with a multi-model approach using this
method should also include a careful assessment of the dynamical processes

involved in ENSO feedbacks.

s The results in this thesis rely on two climate models NCAR-CESM1 and
EC-Earth3-CC. Differences in the performance and representation of ENSO,
AMV and climate change in models are well documented. Overall, the suit
of CMIP6 models that followed this protocol analogue to DCPP suggest a
tropical Pacific cooling as a response to warm AMV conditions (Ruprich-
Robert et al., 2021), however the impact of AMV on ENSO feedbacks might
differ. Further investigation is needed to verify our results, ideally in a

multi-model context and including atmospheric-only simulations, since it
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has been recently suggested by O'Reilly et al. (2023) that idealised coupled
AMV simulations might overestimate the effects of AMV.

= Building on the analysis of ENSO impacts over Australia in Chapter 3 extra
work is needed to explore other world regions. Furthermore, as mentioned
in the previous point, a multimodel study is needed to assess whether this
modulation is verified in other CMIP models. Also, we have explored the
DJF season because it is when ENSO variability is largest, however the
strongest ENSO signal over Australia appears from October to December
(Taschetto et al., 2020), so it would be insightful to analyse changes to

teleconnections in other seasons.

» Regarding the very strong El Nino pacemaker simulations, additional ex-
periments could be performed expanding the restoring region to cover the
whole equatorial Pacific, including the warm pool. This way the time-
evolution of SST anomalies over the tropical equatorial Pacific will be more
strongly controlled, reducing feedback processes that lead to deviations of
the SST response from the target state which might ultimately affect the

global teleconnections of El Nino.

= Chapter 4 focuses on the modulation of El Nino impacts by climate change.
It would be interesting to also look at the combination of changes in El
Nino teleconnections and changes in the mean climate state to be able to
say whether El Nino amplifies or masks the impacts of climate change in
different regions. Also additional work is needed to examine models where
the tropical eastern Pacific does not warm as much as the EC-Earth3-CC
model (see Maher et al. (2022)).

= The results of Chapter 4 hint at the possibility of changes in the future
response to very strong El Nino events, for example over the Amazon basin,
where there seems to be a saturation of dry conditions during very strong
El Nino events in the future. Further investigation is needed to explore
whether the climate response to ENSO in the future gets saturated during

very strong El Nino events.
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= Further work will explore how strong El Nino events modulates the occur-
rence of extreme precipitation and temperature impacts in different regions
in the present and future climates, using an absolute threshold for both
climatological periods. In particular, I will quantify the relative contribu-
tions of changes in the mean state (due to climate change) and changes in
the teleconnections of very strong El Nino events to absolute changes in
the impacts of El Nino between present and future climates. That way, I
will be able to identify regions where the global warming signal amplifies

or weakens the future impacts of very strong El Nino events.

This thesis ends leaving more open questions than uncertainties solved. Never-
theless, it has made a contribution to the assembly of this beautiful global-scale

jigsaw puzzle called El Nino-Southern Oscillation.
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Life’s a laugh and death’s a joke, it’s true
You’ll see it’s all a show
Keep ’em laughin’ as you go
Just remember that the last laugh is on you
And
Always look on the bright side of life J393535
Always look on the right side of life J3737373"

"Always look on the bright side of life", by Eric Idle, Monty Python.
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