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ABSTRACT
Volcanic Impacts on El Niño / Southern Oscillation
Evgeniya Predybaylo
El Niño / Southern Oscillation (ENSO) is arguably the most influential climate driver
on Earth, so there is immense value for accurately forecasting it. The strong explosive volcanic eruptions provide a valuable opportunity to study the ENSO response
to external forcing. Such volcanic eruptions can inject millions of tons of SO2 into the
stratosphere, where they can convert into sulfate aerosols. For equatorial volcanoes,
these aerosols can spread globally, scattering and absorbing incoming sunlight, and
induce surface cooling worldwide. Despite this global cooling effect, the tropical Pacific Ocean surface often shows El Niño-like warming after strong volcanic eruptions.
However, limited instrumental data cannot uncover the actual ENSO response to a
robust external perturbation. Even modeling studies provide a limited understanding
of the Volcano-and-ENSO interaction mechanism.
This dissertation develops a firm understanding of the dynamical mechanisms of
the ENSO response to tropical and high-latitude eruptions. It does so by developing
a unified modeling framework that combines the roles of the seasonal cycle, stochastic forcing, eruption magnitude, and various tropical Pacific climate feedbacks. This
study analyzes specifically designed climate model simulations spanning over 20000
years. This framework illuminates the nature of ENSO’s responses to past eruptions
and explains why the El Niño-like response is more likely to occur during particular seasons and ENSO phases. It clarifies why prior studies obtained different and
seemingly conflicting results.
The ENSO response to strong volcanic eruptions is analyzed here in terms of
stochastic and deterministic components. The partial contribution of these compo-
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nents determines the predictability and strength of the ENSO response to volcanic
perturbation, and the ratio between them varies depending on the perturbation season and the ocean preconditioning. For boreal winter eruptions, stochastic dispersion
largely obscures the deterministic response, being the largest for the strong El Niño
preconditioning. Deterministic El Niño-like responses to summer eruptions are well
seen on neutral ENSO and weak to moderate El Niño onsets and grow with the eruption magnitude. This improved understanding is expected to advance climate model
simulations, predictions, and projections of ENSO, and its response to both tropical
and high-latitude volcanic eruptions.
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Chapter 1
Introduction

Several climate drivers are responsible for the variability of the climate system. The
most prominent examples include, but are not limited to, the energy coming from the
Sun (Budyko, 1969), the seasonal cycle induced by the redistribution of the incoming
solar radiation due to the Earth’s orbit, El Niño / Southern Oscillation (ENSO),
and changes in atmospheric composition due to volcanic eruptions. Observations
show that strong volcanic eruptions often coincide with or precede the positive phase
of ENSO, causing severe climate impacts worldwide. This phenomenon has to be
thoroughly studied to improve future climate predictions and understand the risks.
This dissertation contributes to understanding the critical factors affecting the ENSO
response to volcanic eruptions and sheds light on the response mechanisms.

1.1

What is ENSO?

ENSO is one of the most important climate variability modes after the seasonal cycle.
It is a large-scale phenomenon in the equatorial part of the biggest ocean on the Earth
- the Pacific. ENSO controls the climate not only in the equatorial Pacific (Soden,
2000) but also in many other parts of the globe (Brönnimann et al., 2007; Ineson and
Scaife, 2009; Graf and Zanchettin, 2012). It causes climate and environmental hazards
(Grove, 1998, 2006; Chen et al., 2017b), perturbs the hydrological cycle (Soden, 2000),
multidecadal biological and biogeochemical cycles of the ocean (Eddebbar et al., 2019;
Chavez et al., 2003; Yoder and Kennelly, 2003), and affects hurricane (Goldenberg

17
et al., 2001; Gray, 1984; Vecchi et al., 2014) and tornado (Lee et al., 2016) activity
as well as precipitation patterns (Ropelewski and Halpert, 1987, 1996; Ratnam et al.,
2014; Jia et al., 2015).
ENSO describes a quasi-periodic change of the air-sea interaction in the tropical
Pacific and is mainly associated with the change of the air and sea temperatures, precipitation intensity and patterns, and wind (Trenberth, 1997; D’Arrigo et al., 2005).
With a period of 2-7 years, ENSO alternates between three phases: neutral, positive
(El Niño), and negative (La Niña) (Rasmusson and Carpenter , 1982). During an
El Niño phase, the central and eastern tropical Pacific Ocean becomes significantly
warmer than usual. During a La Niña phase, it experiences a substantial inflow of
cold water. The state of ENSO is commonly identified using the sea surface temperature (SST) anomaly averaged over the Niño3.4 region (5°S–5°N and 170°W–120°W).
For convenience, this index is denoted here as iNiño3.4, thus leading to the following
commonly used definitions (Trenberth, 1997):
1. Neutral, or normal state of the Pacific is characterized with -0.4 K < iNiño3.4
< 0.4 K;
2. El Niño, when the SST of the equatorial Central Pacific (CP) and/or Eastern
Pacific (EP) is warmer than normal, having iNiño3.4 > 0.4 K for five consecutive
months;
3. La Niña, when the SST of the equatorial CP and EP is colder than normal,
having iNiño3.4 < -0.4 K for five consecutive months.

1.2

How does ENSO work?

The mechanism of ENSO is complex and not fully understood yet. For the reader’s
convenience, I shall shortly discuss the primary formation processes associated with
ENSO.
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Figure 1.1: Schematic representation of the neutral ENSO phase. Adopted from Bureau of
Meteorology (2012).

Figure 1.2: Schematic representation of the upwelling in the Pacific ocean. Adopted from
https://oceanservice.noaa.gov/facts/upwelling.html
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During the neutral phase of ENSO (Figure 1.1), the trade winds usually blow along
the equator from East to West and push the surface water away from the American
coast to Indonesia (Figure 1.2). This process drives the upwelling (raising) of the
deep water from beneath the pycnocline. The upwelled water is much colder than the
surface water and rich in nutrients. These nutrients support the growth of coastal
kelp and pelagic phytoplankton, which provide food for the marine food web and
birds. Therefore, upwelling is an inevitable part of the sustainable functioning of the
ecosystem. Meanwhile, the displaced surface water travels westward. It is gradually
warmed by the Sun and eventually accumulates in the Western Pacific (WP), raising
the sea level and forming a deeper thermocline in the West compared to the East.
El Niño (Figure 1.3) occurs when trade winds weaken or even reverse, and result in
a westerly wind anomaly, often referred to as westerly wind bursts (WWBs). These
WWBs relax the accumulated WP water, which forms a Kelvin wave and travels
eastward, increasing the temperature there by up to 6 degrees Celsius for several
months. This process suppresses the upwelling and deepens the EP thermocline,
reducing the biological productivity and therefore causing a long-term impact on
fisheries as well as leading to severe environmental changes in many parts of the
globe.
After some time, the weakened trade winds, which produced an El Niño, pick up
again and blow the warm water back to the West, bringing the Pacific Ocean back to
the neutral conditions (Figure 1.1). However, sometimes a La Niña (Figure 1.4) may
follow an El Niño. La Niña forms when the trade winds become even stronger than
usual, intensify the upwelling, and bring excessive amounts of cold water by raising
it from the bottom of the ocean. This completes one full round of ENSO.
The ENSO cycle has been widely described using the observational and paleo data
(Smith et al., 2008). El Niño and La Niña are found to be asymmetric in magnitude
and have a different spatio-temporal appearance and intensity (Choi et al., 2013, 2015;
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Figure 1.3: Schematic representation of the El Niño phase. Adopted from Bureau of
Meteorology (2012).

Figure 1.4: Schematic representation of the La Niña phase. Adopted from Bureau of
Meteorology (2012).
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Karnauskas, 2013). El Niño usually peaks in boreal winter, and each El Niño event
is different. ENSO comprises a spectrum of spatial patterns and amplitudes (Karnauskas, 2013), making it difficult to classify individual events into specific groups.
Nevertheless, there is a tendency for weak and moderate El Niños to peak in the
CP, while strong and extreme El Niños peak in the EP. It is essential to distinguish
between them and to accurately predict the upcoming events, since different El Niño
types affect the globe differently.
Accurate future projections of the duration, type, and strength of ENSO events
are crucial to assess future climate risks (Vecchi and Wittenberg, 2010; Capotondi
et al., 2015; Wittenberg, 2015; Guilyardi et al., 2016), to minimize the economic and
societal impacts (Kling, 2017; Glantz , 2001), and for decision-making (Cash et al.,
2006). Unfortunately, predictions and projections of ENSO remain a challenge due to
the strong nonlinearity of ENSO processes and high ENSO variability (Wittenberg,
2002; Collins et al., 2010; DiNezio et al., 2012; Watanabe et al., 2012; Choi et al.,
2013; Lee et al., 2014; Wittenberg et al., 2014). For example, it is usually easier to
predict La Niñas than El Niños, because El Niños partially depend on the sporadic
WWBs, while La Niñas are more likely to occur immediately after strong El Niños.

1.3

ENSO sensitivity to external forcing

The ENSO cycle is sensitive to both internal climate fluctuations (Tziperman and Yu,
2007; Lengaigne et al., 2004) as well as natural and anthropogenic external forcing
on different time scales.
In the long term, an increase of carbon dioxide leading to global warming could
significantly alter ENSO (Van Oldenborgh et al., 2005; Yeh et al., 2009; Ashok and
Yamagata, 2009; Collins et al., 2010; Cai et al., 2014, 2015a,b; DiNezio et al., 2009;
Fedorov and Philander , 2000; Latif and Keenlyside, 2009; Cai et al., 2018), affecting
its intensity and frequency.
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In a comparatively short term, the volcanic emissions can disrupt and reset the
ENSO cycle on the 2-5 year time scale (Robock , 2000; Stenchikov , 2009; Timmreck ,
2012; Meehl et al., 2015; Timmreck et al., 2016). It was observed that the strongest
eruptions of the nineteenth and twentieth centuries happened in El Niño years. For
example, Figure 1.5 shows observed El Niños during the recent eruptions of Agung in
April 1963, El Chichón in 1982, and Pinatubo in 1991. El Chichón was accompanied
by a strong EP El Niño, while the Pinatubo was accompanied by a moderate El Niño
peaking in the CP. Raible et al. (2016) recently confirmed that the 1815 Tambora
eruption, which produced about three times more sulfur dioxide than Pinatubo and
caused the “Year without a summer" in 1816, was also accompanied by an El Niño.
However, the actual volcanic impact on ENSO cannot be determined empirically due
to the brevity of in situ and satellite observations. Studies based on the paleo data
(Adams et al., 2003; McGregor et al., 2010; Wahl et al., 2014; Li et al., 2013) confirmed
a remarkable shift in the tropical Pacific climate in post-volcanic years towards an
El Niño-like state or even a multi-year El Niño. Volcanic eruptions could, therefore,
help to reveal as yet undetermined physical mechanisms of ENSO.

1.4

How do volcanic eruptions affect the climate?

There are dozens of eruptions happening every year; however, not all of them have
a significant impact on Earth’s climate. Volcanic eruptions can be tropospheric
or stratospheric depending on the altitude reached by the plume. The plume of a
tropospheric volcanic eruption (Figure 1.6) does not reach beyond the troposphere
(∼10 km above the surface), where it is more likely to fall or to be washed out by
rain within a few weeks. Tropospheric volcanic eruptions usually cause temporary inconveniences such as flight disruptions or short-term weather changes, although their
impact on climate is negligible (Robock , 1981). However, a stratospheric volcanic
eruption (Figure 1.7) injects erupted material (ash, sulfur-rich gases, carbon dioxide,
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Figure 1.5: Observed sea surface temperature anomaly in December after the eruption of
a) Agung 1963, b) El Chichón 1982, and c) Pinatubo 1991 calculated with respect to the
climatology. Anomaly is calculated with respect to climatology. The black borders mark
the Niño3.4 region (5S-5N 170W-120W).
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water vapor, etc.) into the lower stratosphere at altitudes greater than 18 km altitude
in the tropics and greater than 10 km in the high-latitudes (Newhall and Self , 1982;
Schnetzler et al., 1997). One of the main plume components – sulfur dioxide (SO2)
– converts into sulfate aerosols (H2SO4) (Turco et al., 1983; Lamb, 1970; LeGrande
et al., 2016) which stay there for more than a year due to the high stability of the
stratosphere (Long and Stowe, 1994). For example, the eruption of Mount Pinatubo
in the Philippines in 1991 injected 20 Mt of SO2 into the stratosphere and, therefore,
increased the concentration of sulfate aerosols in the stratosphere from 0.1 µg m−2
to 40 µg m−2 (Brimblecombe, 2013). The sulfate aerosols, formed after stratospheric
volcanic eruptions, affect the energy balance of our planet by scattering a significant
amount of incoming solar radiation and absorbing thermal radiation (Lacis et al.,
1992; Hansen et al., 1997; Stenchikov et al., 1998).
The climate system responds to changes in the energy balance by heating the
stratosphere and cooling the surface (Robock , 2000; Stenchikov , 2009; Timmreck ,
2012; Meehl et al., 2015; Timmreck et al., 2016). Remarkably, these changes cause
complex dynamical responses, for example, leading to the winter warming in Northern
Europe and Asia (Robock and Mao, 1992; Zambri et al., 2017; Stenchikov et al., 2006),
or anomalous cooling in the Middle East (Osipov and Stenchikov , 2017). Volcanicallyinduced tropospheric changes can also perturb major climate variability modes (Blake
et al., 2018). Soon after the volcanic eruption, the tropical Pacific surface is likely
to cool Li et al. (2013) and then this shows an El Niño-like response within one or
two years after the eruption (Adams et al., 2003; D’Arrigo et al., 2009; Raible et al.,
2016) followed by a La Niña (Sun et al., 2018).

1.5

Volcano and ENSO interaction

Over the past decade, the mechanism of the ENSO response to volcanic eruptions has
received much attention (Mann et al., 2005; Emile-Geay et al., 2008; McGregor et al.,
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Figure 1.6: Schematic representation of a tropospheric volcanic eruption.

Figure 1.7: Schematic representation of a stratospheric volcanic eruption.
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2010; Ohba et al., 2013; Maher et al., 2015; Pausata et al., 2015, 2016; Stevenson
et al., 2017; Predybaylo et al., 2017; Khodri et al., 2017; Sun et al., 2019; Wang et al.,
2018; Liu et al., 2018a; Miao et al., 2018; Eddebbar et al., 2019), although consensus
on the mechanisms has not yet been reached.
The main problems of all the research performed so far may be the lack of factors
involved in the analysis and misleading sampling for time composites and ensembles.
The factors that control the ENSO response to volcanic forcing, should include:
1. Ocean preconditioning (or an onset) that is associated with a set of atmospheric and oceanic initial conditions (ICs) preceding the eruption (Ohba et al.,
2013; Pausata et al., 2016; Predybaylo et al., 2017). These ICs are referred to
as Neutral, El Niño, or La Niña onsets, if in the absence of eruption, they lead
to either neutral, positive, or negative ENSO years, respectively. The tropical
Pacific response highly depends on the ocean preconditioning regardless of the
eruption type (high-latitude or equatorial). For example, Neutral or El Niño
onsets are more likely to be affected by equatorial eruptions, (Ohba et al., 2013;
Predybaylo et al., 2017) than a La Niña onset.
2. Volcanic eruption timing relative to the seasonal cycle or ENSO (Stevenson
et al., 2017; Predybaylo et al., 2017) that may hide a strong stochasticity of the
ENSO response. Generally, ENSO is sensitive to even very small perturbations
which occur during the boreal winter. However, if the perturbation happens
during the boreal summer, the ENSO response is more robust (Wittenberg et al.,
2014; Predybaylo et al., 2017). Considering that volcanic eruptions may take
place any time during the year (Mason et al., 2004), it is important to analyze
their impacts separately.
3. Volcanic eruption magnitude that is responsible for the strength of the
ENSO response. The stronger the volcanic eruption is, the more significant the
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ENSO response it should cause. For example, the 1815 Tambora eruption would
cool the Pacific more, and then trigger a warmer El Nino than a Pinatubo-like
eruption would (Emile-Geay et al., 2008; Predybaylo et al., 2017; McGregor and
Timmermann, 2011; Li et al., 2013; Stevenson et al., 2017; Ohba et al., 2013).
4. Volcanic eruption location that is responsible for the aerosol cloud, which is
globally-distributed for the majority of equatorial eruptions and hemispherically
distributed for high-latitude eruptions (Oman et al., 2005; Kravitz and Robock ,
2011; Schneider et al., 2009). The radiative impact and the resultant climate
responses produced by differently located eruptions differ. Both types of eruptions can cause a significant ENSO response, although in the case of equatorial
eruptions, the ENSO response is more pronounced than that of high-latitude
eruptions, and it is driven by different mechanisms (Pausata et al., 2016, 2015;
Stevenson et al., 2016; Sun et al., 2019).

1.6

The Challenge

The strong interaction of the two major climate drivers (volcanic eruptions and
ENSO) can have dramatic consequences for the entire planet. Strong volcanic eruptions may serve as a magnificent natural experiment which could help us to uncover
hidden features of ENSO and better understand its mechanism. Extensive modelling
of the Volcano-and-ENSO interaction (Stenchikov , 2009; Li et al., 2011; Timmreck ,
2012; Wittenberg et al., 2014), may explain some of its temporal modulations in historical and paleo records, and their relation to internal ENSO dynamics (Emile-Geay
et al., 2008; Vecchi and Wittenberg, 2010; Emile-Geay et al., 2013; McGregor et al.,
2013; Ogata et al., 2013; Atwood et al., 2016). Therefore, the main objective of this
dissertation is to identify possible ENSO responses to volcanic eruptions and describe
the driving mechanisms, taking into account ENSO preconditioning and eruption
timing, magnitude, and location.
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1.7

Dissertation overview

This dissertation consists of eight chapters. Chapter 1 is introductory and guides
the reader through the main concepts of the ENSO and its mechanisms, briefly describes the climate impact of strong volcanic eruptions and initiates the discussion on
the variety of ENSO responses to volcanic eruptions, highlighting the importance of
accurate ENSO predictions.

Chapter 2
Before studying the volcanic impact on ENSO, it is necessary to ensure that the observed global volcanic impact is reproduced correctly by the climate model. Chapter
2 explains how the model handles a volcanic eruption and guides the reader through
the concept of radiative forcing. It also examines the general climate responses to the
1991 Pinatubo eruption, which were simulated using the GFDL CM2.1 coupled climate model and three volcanic datasets containing volcanic aerosol optical properties.
For all three cases, realistic values of radiative forcing were obtained. Nevertheless,
there are discrepancies in the aerosol optical properties between the datasets, which
may lead to overestimated heating of the stratosphere.

Chapter 3
Chapter 3 initiates the discussion on the ENSO response to strong volcanic perturbation with the impact of an equatorial Pinatubo-size eruption (Predybaylo et al., 2017).
The 1991 Mount Pinatubo eruption is the most observed eruption of its kind. Therefore, available observations are used to verify the responses simulated in CM2.1. A
series of different experiments is performed to test various hypotheses. It is assumed
here that before the volcanic eruption, the ENSO was in either CP or EP El Niño,
La Niña, or neutral phases. Statistically significant El Niño responses are obtained
for a year after the eruption for all cases except the La Niña onset, which shows no
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response in the equatorial EP. A Pinatubo-size volcanic eruption has a weaker impact
on the EP El Niño than on the CP El Niño onsets. This chapter shows that the ocean
dynamical thermostat, and (to a lesser extent) wind changes due to land-ocean temperature gradients, are the main feedbacks affecting the El Niño development after
the eruption.

Chapter 4
In Chapter 4, the “perturbed forcing” technique is applied to examine the seasonal
sensitivity of the most vulnerable ENSO onset to the small perturbations. It occurs
that the impact of a summer eruption on the EP El Niño onset is more pronounced
than that of the winter eruptions. The reason is that the ENSO response consists of
two components: stochastic and deterministic. Thus, the seasonal ENSO response
sensitivity depends on the interplay between these components.

Chapter 5
The fact that the climate response depends on the eruption season and the initial
ENSO phase may help to reconcile apparent inconsistencies among previous studies.
Thus, Chapter 5 continues the discussion on the impact of equatorial volcanic eruptions on ENSO. It describes a complex interaction of different ocean preconditioning
(neutral, La Niña, and weak, moderate, strong, and extreme El Niños) with Pinatubosize and Tambora-size (equivalent to three Pinatubo) eruptions occurring in winter,
spring, or summer (Predybaylo et al., 2019 [under review]). To deal with the strong
ENSO variability and isolate the deterministic volcanic signal from the stochastic
ENSO response, I calculate and analyze over 20000 years of coupled climate model
simulations.
The stochastic ENSO response appears to be the strongest for winter eruptions.
Therefore, for these cases, the forced deterministic ENSO response is barely signif-

30
icant. Spring eruptions could affect the selected ENSO onsets more strongly than
winter eruptions, although the stochastic component remains large. The effect of the
summer eruptions is most robust, pushing El Niño onsets into an El Niño-like condition in the year following the eruption year. The weak-to-moderate El Niño onsets
develop stronger and longer El Niño-like responses than strong-to-extreme El Niño
onsets. There is no response of the La Niña onset to volcanic forcing in any season.

Chapter 6
Chapter 6 considers the newly proposed mechanisms of the ENSO response to the
strong equatorial eruptions (Predybaylo et al., 2019 [under review]). According to the
results of our experiments, the ocean dynamical thermostat mechanism is the primary
driver of the ENSO response to volcanic forcing. It thoroughly explains the sensitivity
of the ENSO response to the ocean preconditioning. The land cooling mechanisms
are found to be of secondary importance.

Chapter 7
Chapter 7 complements this dissertation with a discussion of the ENSO response to
the high-latitude eruptions. The framework developed in Chapters 3 and 5 is applied
to investigate the sensitivity of this response to the ocean preconditioning, eruption
magnitude, and eruption timing.
I found that the deterministic ENSO response to the high-latitude eruptions and
its mechanism differ qualitatively from the equatorial eruptions, although the stochastic response is similar to the one discussed in Chapter 5.
The high-latitude summer eruption of 1912 Katmai in Alaska is unlikely to produce any impact on ENSO. However, a summer eruption of three times the size is
likely to cause a weak El Niño-like response about half a year after the eruption.
The mechanism of this response is based on the zonally non-uniform shift of the

31
Intertropical Convergence Zone (ITCZ).

Chapter 8
Each Chapter has its own summary section. Chapter 8 contains the concluding
remarks and my future research plan.

1.8

Contributions

Naturally, some of the work included in this thesis was done together with my colleagues. In this Section, I would like to highlight my contribution and to acknowledge
people who were closely involved in the process.
From the very beginning, I wanted to work with a global climate model because I
was interested in the large-scale phenomena and processes. Back then, I just started
reading about different climate drivers, and I did not even know what El Niño is.
When I found out how powerful and destructive ENSO is, I was struck by the fact
that it can be affected by strong volcanic eruptions. I found fascinating studying
these two massive phenomena interacting with each other!
Dr. Christopher Kerr helped me to set up and run the global climate model,
CM2.1, on Shaheen (the first supercomputer at KAUST). At the same time, Dr. Fanrong Zeng consulted me regarding the running scripts. I carefully started producing
some simulations, getting to know the model, reproducing the existing experiments.
Then, I implemented the double radiation call diagnostics in CM2.1, which are employed in the evaluation of the radiative forcing in Chapter 2. Later, I recompiled
the model on the new supercomputer, Shaheen II, which replaced Shaheen. Most
of the work was done on this machine with the invaluable support of the KAUST
High-Performance Computing (HPC) team. They helped me with the compilation
process and other HPC problems, which came up on the way.
Finally, I was well-prepared to study the mechanisms and sensitivity of the ENSO
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response to strong eruptions. I designed the unique grand-ensemble experiments
which were capable of distinguishing noise from the volcanic signal. I carried out
all simulations for this study myself; to accomplish this, I wrote production, postprocessing, and grand-ensemble scripts. After that, I produced all diagnostics, figures,
and illustrations that allowed me to deeply analyze the output and make conclusions
about the physical mechanisms. As a final piece, I wrote this manuscript summarizing
all the findings I made.
Prof. Georgiy Stenchikov supervised my whole dissertation. He was always there
for me, inspiring, discussing the experimental setups and results, and editing my
manuscript.
While working on Chapters 3-5, I closely cooperated with Dr. Andrew Wittenberg.
He helped to design and plan the experiments, contributed to the discussion of the
results and editing the papers (Predybaylo et al., 2017, 2019 [under review]).
The last but not least, my husband, Dr. Sergey Osipov, provided me with constant
moral and physical support, scientific insights, and advice.
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Chapter 2
Evaluation of volcanic radiative impact

2.1

Motivation

Due to the increase of the sulfate aerosols concentration in the stratosphere, there
was anomalous heating of the stratosphere and cooling of the surface after the 1991
Pinatubo eruption (Angell , 1996; Hansen et al., 1992; Dutton and Christy, 1992).
Following the spatial spread of the aerosols, these temperature anomalies peaked in
the tropics and diminished poleward. In particular, the Pinatubo aerosols heated the
lower stratosphere (maximum at 24 km) up to 2-3.5 K in the tropics (Angell , 1996;
Labitzke and McCormick , 1992), and up to 1 K globally. At the surface, the observed
global temperature decrease ranged from 0.2 K (Jones and Kelly, 1996) to 0.5 K
(Dutton and Christy, 1992). As the Pinatubo eruption coincided with an El Niño,
the volcanic impact could be less pronounced in the observations (Soden et al., 2002).
Stenchikov et al. (2009) calculated the Pinatubo effect and revealed that the global
cooling in the lower troposphere reaches 0.7 K in a few months after the eruption,
which is consistent with the microwave sounding unit (MSU) observations (Figure
2.1a).
The changes of stratospheric and tropospheric temperatures appear due to the
Earth’s energy imbalance. The volcanic sulfate aerosols scatter significant amount of
incoming solar radiation, reflect and absorb in the near-infrared as well as absorb and
emit thermal longwave radiation (Lacis et al., 1992; Hansen et al., 1997; Stenchikov
et al., 1998). The resulting adjustments of the solar shortwave (SW) and longwave

34
(LW) fluxes at the top of the atmosphere (TOA) are usually referred to as radiative
forcing. The combined effect of the SW cooling and LW warming after the Pinatubo
eruption reached -3.5 Wm−2 (Minnis et al., 1993; Stenchikov et al., 1998) meaning
that more energy escaped back into space compared to the usual conditions (without
a volcanic eruption), and for this reason, there was an overall cooling of the planet.
There are two common ways to simulate the impact of a volcanic eruption in the
up-to-date General Circulation Models (GCMs). The first approach is to use the
GCMs coupled to the interactactive chemistry module and simulate chemical and
microphysical processes in the volcanic plume (Pozzer et al., 2011; Oman et al., 2006;
Timmreck et al., 1999a,b). This approach is, however, very challenging because models struggle to produce aerosol clouds with the temporal, spatial and microphysical
properties that match observations. This in turn produces inaccurate radiative forcing
and the different climate response. The second approach is to prescribe the precompiled aerosol optical properties to the GCM, which are based on observations. This
approach produces much more realistic radiative forcing and improves the comparison
of the simulated climate response with the observations, especially, the global mean
and zonally averaged temperature anomalies in the stratosphere and troposphere. In
this dissertation, the second approach is applied.
The pre-calculated aerosol optical properties used by the GCMs are derived from
the available observations and combined into the datasets. In this Chapter, we evaluate the existing datasets and compare the stratospheric and tropospheric responses
produced by the model using these datasets. This chapter answers the following
questions:
1. What are the differences between the volcanic datasets used to prescribe aerosol
characteristics to the model?
2. What are the most important characteristics of the volcanic aerosols that define
the radiative and, therefore, climate impact?
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3. Does the model reproduce the observed stratospheric and tropospheric responses?

2.2
2.2.1

Methodology
Choice of the model

We use the global coupled ocean-atmosphere GCM CM2.1, developed at the Geophysical Fluid Dynamics Laboratory (GFDL) (Delworth et al., 2006). CM2.1 has
an accurate radiative scheme (Bender et al., 2010) and dynamics, which help us to
evaluate the differences in the radiative impact produced by the different volcanic
datasets and later to investigate the ENSO response to volcanic eruptions. Figure 2.1
shows that our model produces decent responses to the Pinatubo eruption in both
stratosphere and troposphere (Stenchikov et al., 2009). CM2.1 was involved in the
Coupled Model Intercomparison Project phase 3 (CMIP3) and the Fourth Assessment
Report of the Intergovernmental Panel for Climate Change (IPCC AR4). CM2.1 was
used to study volcanic impacts on the Atlantic Meridional Overturning Circulation
(Stenchikov , 2009; Stenchikov et al., 2009), the Arctic Oscillation (Stenchikov et al.,
2006), and the Middle East and North Africa (MENA) region (Dogar et al., 2017).
CM2.1 captures the main aspects of tropical Pacific climate and ENSO (Wittenberg et al., 2006). It has been extensively used to explore historical, paleo, and future
variability and predictability of the ENSO (Wittenberg, 2009; Cobb et al., 2013; Kug
et al., 2010; McGregor et al., 2013; Ogata et al., 2013; Wittenberg et al., 2014; Karamperidou et al., 2014; Bellenger et al., 2014; Chen et al., 2016, 2017a; Atwood et al.,
2016, 2017). The detailed ENSO performance in CM2.1 is discussed in Section 3.1.3).

2.2.2

Model description

CM2.1 combines four submodels: atmosphere, ocean, land, and sea ice.
1. The atmospheric component (Anderson et al., 2004) has a horizontal grid spac-
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ing of 2° latitude by 2.5° longitude, with 24 vertical levels reaching 40 km altitude and a finite-volume dynamical core (Lin, 2004). The atmospheric physics
module has a 0.5 hour time step. The atmospheric radiation module includes
SW and LW components which are calculated every three hours. The CM2.1
SW radiation is computed for 18 bands (5 near-infrared, 4 visible, and 9 ultraviolet) (Freidenreich and Ramaswamy, 1999), and the LW spectrum is split into
9 bands. In further discussions, we refer to the following SW and LW bands of
CM2.1: visible (0.5-0.6 µm, blue), near-infrared-A (0.87-1.22 µm, orange), and
near-infrared-B (1.22-2.38 µm, green) and near-infrared-C (2.38-4 µm, red) and
LW bands: infrared-A (9-9.9 µm, blue), and infrared-B (9.9-10.7 µm, orange)
shown in Figure 2.2. The radiative transfer calculations in the CM2.1 model
are performed using spatially and temporarily varying aerosol optical properties. The atmospheric composition, incoming solar radiation, and land cover
are kept at the 1990 level.
2. The ocean component (Griffies et al., 2005; Gnanadesikan et al., 2006) is implemented on a tripolar horizontal grid, with zonal spacing of 1°, and meridional
spacing telescoping from 1° at high latitudes to 1/3° near the equator. The

Figure 2.1: Observed lower tropospheric microwave sounding unit (MSU) 2LT temperature anomaly (K) caused by the Pinatubo eruption (Santer et al., 2001) with ENSO effect
removed, and the simulated synthetic 2LT ensemble mean temperature anomaly (K) calculated from the Pinatubo ensemble with the El Niño 1991 effect removed; yellow shading
shows Âś2σ ensemble mean variability. Adopted from Stenchikov et al. (2009).
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Figure 2.2: Normalized solar spectral irradiance in the SW (upper plot) and LW ( bottom
plot). In discussions, the following SW and LW bands of CM2.1 are references: visible (0.50.6 µm, blue), near-infrared-A (0.87-1.22 µm, orange), and near-infrared-B (1.22-2.38 µm,
green) and near-infrared-C (2.38-4 µm, red) and LW bands: infrared-A (9-9.9 µm, blue),
and infrared-B (9.9-10.7 µm, orange).
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ocean model has 50 vertical levels, with 10 m spacing over the top 220 m, and
2 hours time step.
3. The land surface component (Milly and Shmakin, 2002) has the same horizontal
resolution as the atmospheric component.
4. Sea ice component is based on GFDL Sea Ice Simulator, which is a dynamical
model with three vertical layers, one snow and two ice, and five ice thickness
categories.
The coupler is used to organize the communication between the submodels. It
computes and passes the fluxes from one submodel to another in such a way that
each submodel receives an appropriately gridded input. The coupling of the ocean
and atmosphere occurs every 2 hours, which is equal to the time step of the ocean
model. All fluxes are conserved to within machine precision.

2.2.3

Volcanic datasets

To simulate the volcanic eruption in CM2.1, one needs to prescribe the aerosol characteristics. However, the observational data usually contain the Aerosol Extinction
Optical Depth (AEOD) of the aerosols which cannot be directly used by the GCM.
To perform accurate radiative transfer calculations, the following properties have to
be spatially-, spectrally-, and temporally-resolved (Chung, 2012):
1. Extinction, which is the attenuation of the direct light beam due to the aerosol
scattering and absorption.
2. Single Scattering albedo (SSA), which is the fraction of the total aerosol extinction that is due to scattering.
3. Asymmetry parameter, which defines the directions of the light scattering by
the aerosol particles.
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Here we consider three well-known datasets to study the volcanic impact: SATO1.8,
SATO2, and CMIP6.

SATO1.8 and SATO2
Stenchikov et al. (1998) developed the SATO1.8 dataset, using the longest AEOD
dataset for 1850-1990 (Sato et al., 1993). They improved this dataset by adding the
information about the aerosol microphysical parameters - size distribution and composition, which built the required set of the aerosol characteristics. For the Pinatubo
period, SATO1.8 is based on the aerosol extinctions in four 5 km layers of lower
stratosphere (from 15 to 35 km altitude) from the Stratospheric Aerosol and Gas Experiment (SAGE) II and supported by the Stratospheric Aerosol Measurement (SAM)
II (McCormick et al., 1979), advanced very high-resolution radiometer (AVHRR), lidar, and balloon observations, as well as volume density and effective radius from the
Upper Atmospheric Research Satellite (UARS) (Lambert et al., 1997). SATO2 differs
from SATO1.8 by assumptions about the aerosol size distribution. The SATO1.8
dataset assumes a lognormal size distribution of the aerosol particles with the dispersion σ = 1.8, while the SATO2 dataset uses σ = 2. Thus, the number of coarse
particles is higher, and the number of fine particles is smaller in the SATO2 dataset
compared to SATO1.8.

CMIP6
This dataset was developed for the Coupled Model Intercomparison Project Phase
6 (CMIP6) (Eyring et al., 2016), and it is currently used for the Model Intercomparison Project on the climatic response to Volcanic forcing (VolMIP) (Zanchettin
et al., 2016). The CMIP6 dataset uses the AEOD from the SAGE 3λ (Revell et al.,
2017), which combines SAM, SAGE I, SAGE II, the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO), and OSIRIS measurements.
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Figure 2.3: Hovmöller diagram of zonally averaged aerosol SSCA at 50 hPa after the
Pinatubo eruption calculated in the CM2.1 model using the aerosol optical properties from
CMIP6 (left column), SATO1.8 (middle column), and SATO2 (right column) datasets. Each
row represents the SSCA for a specific part of the SW spectrum: visible (0.5-0.6 µm), nearinfrared-A (0.87-1.22 µm), near-infrared-B (1.22-2.38 µm), and near-infrared-C (2.38-4 µm).
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Comparison of the volcanic aerosol datasets
Generally, the sulfate aerosols start absorbing at wavelengths greater than 2.5 µm
in the near-infrared; therefore, in the near-infrared, the extinction of the solar light
should be only due to scattering, or SSA equals to 1. For convenience, we plot
the value of 1-SSA, which is defined here as a Single Scattering Co-Albedo (SSCA).
Figure 2.3e-l compares the SSCA of SATO1.8 and SATO2 datasets after the Pinatubo
eruption. In fact, the SATO1.8 and SATO2 SSCAs are equal to zero in the visible and
near-infrared-A,B, meaning that there is no absorption of light by the aerosol particles
in these bands. In the near-infrared-C, the SATO1.8 SSCA becomes significant.
Figure 2.3a-d shows that unlike the SATO aerosols, the CMIP6 aerosols absorb not
only the near-infrared-C but also the near-infrared-B. Moreover, the near-infrared-B
band of the spectrum contains more energy than the near-infrared-C (Figure 2.2) and,
therefore, may play an essential role for the radiative balance due to the excessive
absorption by the CMIP6 aerosols.
Figure 2.4 compares the AEOD after the Pinatubo eruption in different bands of
the SW spectrum (Figure 2.2a). Regardless of the dataset, the largest AEOD is in the
first three bands (visible and near-infrared-A,B), then it decreases as the wavelength
increases. The SATO AEOD in the visible is about 10% larger than the CMIP6
AEOD, reaching its maximum of around 0.25 during the first year after the eruption.
However, in the near-infrared, the SATO AEOD is smaller than CMIP6. Despite the
near-infrared-C takes the lowest values of AEOD, it plays an important role for the
radiative forcing due to the strong absorption.
Figure 2.5 compares the Aerosol Absorption Optical Depth (AAOD) in SW and
LW (Figure 2.2a,b) between the datasets. It is important to note that the shown
spectral bands differ from those in Figure 2.4. The AAOD is not shown for the visible
and near-infrared-A because all extinction in those bands is entirely due to scattering
and therefore, the AAOD is equal to zero. In the near-infrared-B, it should also be
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Figure 2.4: Hovmöller diagram of zonally averaged column integrated Aerosol Extinction
Optical Depth (AEOD) after the Pinatubo eruption from the CMIP6 (left column), SATO1.8
(middle column), and SATO2 (right column) datasets. Each row represents the AOD for
a specific part of the SW spectrum: visible (0.5-0.6 µm), near-infrared-A (0.87-1.22 µm),
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Figure 2.5: Hovmöller diagram of zonally averaged column integrated AAOD after the
Pinatubo eruption from the CMIP6 (left column), SATO1.8 (middle column), and SATO2
(right column) datasets. Each row represents the AAOD in a specific part of the SW
spectrum: near-infrared-B (1.22-2.38 µm) and near-infrared-C (2.38-4 µm), and the LW
spectrum: infrared-A (9-9.9 µm) and infrared-B (9.9-10.7 µm).
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zero, however, the CMIP6 AAOD takes positive values because of the non-zero SSCA
(Figure 2.3). Despite the AAOD in the near-infrared-B is relatively small, this band
contains much more energy (Figure 2.2a) than the near-infrared-C. This will have a
strong impact on the SW heating rates, as the stratospheric heating contributed from
the near-Infrared-B is similar to the near-infrared-C. For all three datasets, the AAOD
is the largest in the infrared-B. The SATO2 aerosols are overall more absorbing than
the SATO1.8 due to the larger number of the coarse particles.
The CMIP6 dataset has the largest maximum AAOD in the infrared-A and
infrared-B bands of the LW spectrum. The difference between the SATO1.8 and
SATO2 AAOD is small, although the SATO2 AAOD is slightly higher due to the
different size distribution of volcanic aerosol particles. The higher number of large
particles in SATO2 dataset leads to a stronger absorption in the LW.

2.2.4

Experimental setup

For consistency, we start the simulations from January 1, 1991. The Pinatubo eruption is introduced in June 1991 using the monthly mean zonally averaged vertically
resolved extinction, SSA, and asymmetry parameter from the CMIP6, SATO1.8, and
SATO2 volcanic datasets (Figure 2.6). Due to the time interpolation of the monthly
mean aerosol characteristics, the actual perturbation starts in the mid-May 1991.
Our first goal is to compare the aerosol characteristics and to evaluate the radiative forcing in CM2.1. To quantify volcanic radiative forcing, we implement a double
radiation call technique in CM2.1 as follows. The radiative transfer calculations are
carried out twice on the same atmospheric (meteorological) vertical profile, but with
different set of the aerosol optical properties. During the each model time step, we
first call the radiation driver in the absence of the volcanic aerosols (“noVolcano”, the
aerosol extinction is zero) and save the radiative fluxes. The next second call accounts
for the effect of the aerosols (“Volcano”) and produces volcanically-perturbed fluxes.
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We calculate the radiative forcing as the difference between these two sets of fluxes
(Volcano minus noVolcano). An ensemble of simulations is unnecessary, since the
radiative transfer does not exhibit strong enough dependence on the background climate state (Stenchikov et al., 1998). Therefore, a single realization of each experiment
is sufficient to obtain the statistically significant radiative changes.
Our second goal is to quantify the climate impact of Pinatubo eruption. For this
purpose, the ensemble simulations are required due to the strong climate variability.
We perform three sets of control (without volcanic aerosols) and perturbed (with
volcanic aerosols) 5-member ensemble simulations. Individual members of the control
and perturbed ensembles are started from the same initial conditions (ICs) in order
to remove the ENSO phase and obtain an actual volcanic impact.

Figure 2.6: Schematic representation of the experimental setup.
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2.3

Results

2.3.1

Pinatubo radiative forcing

Despite the differences in the volcanic datasets, all three of them produce comparable
clear-sky and all-sky SW and LW radiative forcing at the TOA (Figure 2.7). The
simulated maximum total radiative forcing produced by SATO aerosols almost reaches
-4 Wm−2 for all-sky and -6 Wm−2 for clear-sky, while the CMIP6 total radiative forcing
is slightly weaker than SATO, reaching about -3.5 Wm−2 for all-sky and -5.2 Wm−2
for clear-sky. This is mainly because of the discrepancies in the SW forcing, whereas
there is a good agreement between CMIP6 and SATO LW radiative forcings. Overall,
the model produces realistic Pinatubo radiative forcing.

2.3.2

Heating rates

To further test the performance of the datasets, we compare the vertical distribution
of the equatorial heating rates (Figure 2.8). Stenchikov et al. (1998) reported that the
contribution of the LW radiation to the stratospheric heating should be about two
times larger than the that of the SW radiation. For SATO1.8 and SATO2 datasets,
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Figure 2.7: Globally averaged time series of the radiative forcing at the TOA for SATO1.8
(blue), SATO2 (orange), and CMIP6 (green). All-sky (solid) and clear-sky (dashed) radiative forcings are calculated using the double radiation call: a) net (down-up) SW, b) LW,
and c) total (SW+LW) radiative fluxes.
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this ratio is approximately preserved. The SATO2 LW heating rate is, however, larger
than that of SATO1.8 dataset because of the stronger SATO2 LW absorption (Figure
2.5). In contrast, the absorption artifact by the CMIP6 aerosols in the near-infraredB leads to the highly overestimated stratospheric SW heating rates. The CMIP6 LW
heating rate is more than 1.5 times smaller than the SW heating rate. Moreover,
the CMIP6 SW heating is more than three times larger than that of the other two
datasets.

2.3.3

Simulated stratospheric and tropospheric temperature
responses

Even though the radiative forcing at the TOA is one of the important characteristics
to evaluate the performance of the volcanic dataset, there are still stratospheric and
tropospheric temperatures to consider. Figure 2.9 (bottom row) shows the pure volcanic impact on the equatorial temperature profile and zonally averaged temperature

Figure 2.8: Vertical profile of the equatorial SW (top row) and LW (bottom row) heating
rates (K/day) produced by the CMIP6 (left column), SATO1.8 (middle column) and SATO2
(right column) volcanic aerosols.
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at the surface and the 50 hPa pressure level. In general, the volcanic aerosols from
all three datasets produce a realistic impact on the stratosphere and troposphere in
CM2.1. The resulting tropospheric temperature decrease is almost the same for all
datasets. Therefore, small discrepancies in the aerosol optical properties do not affect
the tropospheric changes. However, the stratospheric responses to volcanic aerosols
vary depending on the datasets. The use of the CMIP6 or SATO2 datasets leads to an
overestimated stratospheric warming (>4 K). The reason for that is the exaggerated
CMIP6 aerosol absorption in the SW and the enhanced SATO2 aerosol absorption in
the LW. The maximum SATO1.8 stratospheric warming of 3.65 K agrees well with
the observations (Labitzke and McCormick , 1992).

2.4

Summary

In this study, we compared the radiative forcing and climate responses in the GFDL
CM2.1 climate model with prescribed volcanic aerosol datasets (SATO1.8, SATO2,
and CMIP6). We show that despite differences, all datasets produce similar forcing
and climate impacts.
The AEOD and AAOD are the most important characteristics to be preserved
during the aerosol data processing. The tropospheric cooling depends solely on the
SW AEOD, while the stratospheric heating response is sensitive to the aerosol absorption in SW and LW. The stratospheric temperature is affected by the LW absorption
stronger than by the SW absorption. The LW absorption explains most of the stratospheric heating and is sensitive to the width of the aerosol size distribution.
We show that the SW radiative forcing is mostly sensitive to the SSA and optical
depth, and to a lesser extent to the vertical structure of the volcanic aerosols.
We use the SATO1.8 dataset for our experiments described below.
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Chapter 3
Impacts of equatorial volcanic eruptions on different ENSO
phases

3.1
3.1.1

Preliminaries
Previous modeling findings

In one of the first modeling studies on volcanic impacts on ENSO, (Hirono, 1988)
suggested that absorption of solar and terrestrial radiation by volcanic aerosols led
to atmospheric heating, which produced a wind anomaly that triggered an El Niño
event. This interaction was further studied by Robock et al. (1995) with the help of an
atmospheric GCM Community Climate Model Version 1 (CCM1) developed at the
National Center for Atmospheric Research (NCAR). Robock et al. (1995) calculated
the effect of the El Chichón eruption and concluded that at the time of the eruption,
the El Niño in the spring of 1982 was already underway, so the eruption did not cause
it; however, volcanic forcing might have affected the El Niño amplitude. Later, many
more studies (Ashok et al., 2007; Kug et al., 2010; Lee et al., 2014; Chen et al., 2015;
Capotondi et al., 2015; Chen et al., 2016) have highlighted the diversity of ENSO
events, mechanisms, and impacts.
Mann et al. (2005) and Emile-Geay et al. (2008) studied volcanic impacts on
ENSO using the simplified coupled atmosphere-ocean model of Zebiak and Cane
(1987). Emile-Geay et al. (2008) performed large ensemble experiments testing the
tropical Pacific response to strong volcanic forcing. They found that only very powerful eruptions of more than an order of magnitude stronger than Pinatubo could lead
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to a correlation between volcanic forcing and El Niño and, therefore, affect El Niño
likelihood and/or magnitude. The simplicity of the Cane-Zebiak model precluded
a reliable quantitative determination of the level of volcanic forcing needed for an
ENSO response, leaving uncertain whether Pinatubo was above or below this threshold. Both papers, however, suggested that strong volcanic forcing affects ENSO and
tropical Pacific climate via the Ocean Dynamical Thermostat (ODT) mechanism (Seager et al., 1988; Clement et al., 1996), in which surface perturbations are displaced
by upwelling of deeper, cold waters.
Ohba et al. (2013) confirmed the findings of Adams et al. (2003) and McGregor
et al. (2010) using an interim version of the Model for Interdisciplinary Research on
Climate (MIROC) (Watanabe et al., 2010). They investigated the sensitivity of ENSO
to volcanic forcings of realistic strength (1.5 x Pinatubo, and 0.5, 1.5 and 2 scaling of
that value) as well as the background ENSO phase: neutral, positive and negative.
They suggested that the ODT is not the sole mechanism affecting the SST response;
there is also a strong contribution of the atmospheric response to the changes in the
land-ocean temperature gradient in the WP.
Maher et al. (2015) analyzed the tropical Pacific climate state in the composite
CMIP3 and CMIP5 historical simulations after the five strongest eruptions. They
also found a tendency toward an El Niño-like SST response in the first year, and the
La Niña-like response in the third year after an eruption. However, only a third of
the examined models were able to simulate a realistic ENSO (Kim et al., 2014; Kim
and Jin, 2011).
Stevenson et al. (2017) used the Community Earth System Model (CESM) to
study the responses to volcanic eruptions occurred in January, April, July, and October, calculating aerosol distributions interactively within the model. They found
a cooling response during the first six months after an eruption. This response was
interpreted as resulting from reduced downward SW flux (especially in the relatively
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cloud-clear east Pacific), which strengthened the zonal SST gradient along the equator, and shifted the ITCZ northward. The initial La Niña-like cooling in the CESM
was then followed by El Niño-like warming of the Eastern Pacific. Stevenson et al.
(2017) suggested that it is caused by an induced off-equatorial anticyclonic wind stress
curl that forced an equatorward Sverdrup transport of heat in the upper ocean.

3.1.2

ENSO genesis

Generally, ENSO comprises El Niño, La Niña and neutral phases. However, El Niños
can be of multiple types that can be split roughly into CP and EP groups (Ashok
et al., 2007; Kug et al., 2010; Lee et al., 2014; Chen et al., 2015; Capotondi et al., 2015;
Chen et al., 2016). CP and EP El Niño types are characterized by a distinct genesis.
Observations show that weak and moderate El Niños mostly tend to be of the CP
type, while the strong El Niños usually follow a canonical EP pattern (Rasmusson and
Carpenter , 1982; Zheng et al., 2014; Fang et al., 2015). Kug et al. (2010) showed that
the formation of the moderate El Niño is the product of zonal advection, while the
strong El Niño involves a greater role for vertical advection. Chen et al. (2015) argued
that chaotically generated WWBs play a key role in El Niño formation. WWBs occur
sporadically during November (in the year before the event)-May (in the year of the
event) and strongly impact ENSO variability (Vecchi et al., 2006). WWBs have been
shown to play a role in triggering and amplifying El Niño (Gebbie et al., 2007; ZavalaGaray et al., 2008; Wittenberg et al., 2014; Atwood et al., 2016), as well as affecting
its type (Chen et al., 2015).
The development of a moderate El Niño is initiated by WWBs that cause eastward
advection of warm water towards the CP. Consequently, the SST gradient between
the WP and CP decreases, and results in a reduction of the easterly trade winds
over the WP. This causes CP SST warming via the Bjerknes feedback mechanism
(Bjerknes, 1969) and further decreases the SST gradient. The resultant CP El Niño
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slightly reduces the EP upwelling, but does not shut it down completely, allowing the
EP to remain cold.
Strong WWBs frequently serve as forerunners of extremely strong El Niño events,
by driving the multiple oceanic Kelvin wave pulses that accumulate warm water in the
EP. Thus, an expanded warm pool develops early in September-October of an El Niño
year, and SST anomalies peak in the boreal winter near the eastern boundary, almost
completely shutting down the equatorial upwelling. The related equatorial Pacific
westerly wind anomaly is greater for EP than CP El Niños, due to a stronger response
of the zonal surface pressure gradient. CM2.1 generally captures all these features,
though Wittenberg et al. (2006) noted that in CM2.1 westerly wind anomalies formed
due to the Bjerknes effect are located further west than in the real world.

3.1.3

ENSO in CM2.1

CM2.1’s tropical Pacific and ENSO simulation characteristics have been extensively
discussed (Wittenberg, 2009; Cobb et al., 2013; McGregor et al., 2013; Ogata et al.,
2013; Wittenberg et al., 2014; Karamperidou et al., 2014; Bellenger et al., 2014; Chen
et al., 2017a; Atwood et al., 2017). While the simulated SST, winds, surface fluxes and
oceanic subsurface temperature do have biases in some regions, they generally agree
well with observations. Wittenberg et al. (2006) and Wittenberg (2009) showed that
CM2.1 captures the main aspects of tropical Pacific climate and ENSO. In addition,
Kim and Jin (2011) showed that CM2.1 is one of the few models able to produce
a stable, realistic ENSO under various external forcing perturbations. Kug et al.
(2010) and Capotondi et al. (2015) discussed CM2.1’s ability to successfully reproduce
realistic CP and EP El Niño patterns and frequencies (Table 3.1).
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Table 3.1: Comparison of ENSO phase probabilities in the observational data and CM2.1
model output for Neutral, Central Pacific El Niño, Eastern Pacific El Niño, and La Niña.

Observations
CM2.1

3.1.4

Neutral

CP El Niño

EP El Niño

La Niña

0.43
0.49

0.23
0.16

0.11
0.08

0.23
0.27

Formulation of the problem

Having noted the above differences in amplitude, spatial pattern and genesis of the
CP and EP El Niños, it is important to study the different ways in which EP and
CP El Niños respond to an eruption. We consider a complete set of ICs to cover
the possible initial ENSO phases that could occur in the year of an eruption. We do
not suggest a causal relationship between volcanic eruptions and ENSO at the time
of eruption; instead, we assume that the eruption could happen in either Neutral,
El Niño (CP or EP), or La Niña conditions, which occur with different probabilities
(see Table 3.1). Having this setup, we primarily focus on the following questions:
1. How do ENSO responses and feedbacks depend on the preconditioning of the
tropical Pacific climate system?
2. What atmospheric and oceanic feedbacks tend to amplify or damp the ENSO
response?
3. What causes the diversity of ENSO responses to Pinatubo-size volcanic forcing
in observations and model simulations?

3.2

Methodology

In our simulations, we examine the impact of Pinatubo forcing on different ENSO
onsets, which tend to peak around December of 1991, coinciding with the peak in
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the Pinatubo volcanic forcing that develops half a year after the eruption. Below we
refer to 1991 as the initial year of the simulation or the year of eruption, and 1992
and 1993 as the first and second years after the eruption, respectively.

3.2.1

Initial condition ensembles

To evaluate the volcanic impact on ENSO, we conduct control (CTR, without volcanic
aerosols) and perturbed (PRT, with aerosols) ensemble simulations using different
ICs.
We start each simulation from January 1, 1991 with the coupled atmosphere–
ocean ICs extracted from the 300-year present-day control run. This experimental
design allows the corresponding ENSO ICs to freely develop before the eruption, exactly as in the present-day control run, and then the Pinatubo forcing is applied
in June 1991. The control and perturbed runs first diverge in mid-May 1991, because the monthly mean aerosol characteristics used to prescribe volcanic aerosols
are interpolated between the months.
The ENSO from the 300-year present-day run were categorized by their strength
and associated spatial pattern according to the threshold values of the boreal winter (October/November/December (OND)) iNiño3.4. The chosen ENSOs are then
combined into 10-member control ensembles of Neutral (-0.15 K - 0.15 K), weak CP
El Niño (1.4 K - 1.8 K), extreme EP El Niño (above 3.4 K), and La Niña (below
-1 K) named Neutral, CP El Niño, EP El Niño, and La Niña ensembles, respectively.
Figure 3.1 shows control 10-member ensemble mean surface temperature anomalies,
wind stress anomalies, and total precipitation, in December of 1991 for all experiments.
We conducted four 10-member Control ensemble simulations with ENSO-neutral,
La Niña, CP El Niño, and EP El Niño occurring in the initial year of each control
experiment (see Table 3.2). The ensemble of 10 different ICs from each ENSO category
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Table 3.2: Summary of the control and perturbed IC 10-member ensemble simulations for
different ENSO onsets defined with iNiño3.4 ranges.
ENSEMBLE NAME
1.
2.
3.
4.
5.
6.
7.
8.

La Niña CTR
La Niña PRT
Neutral CTR
Neutral PRT
CP El Niño CTR
CP El Niño PRT
EP El Niño CTR
EP El Niño PRT

iNIÑO3.4 RANGE (K)
iNiño3.4 < -1
0 < iNiño3.4 < 0.15
1.4 < iNiño3.4 < 1.8
3.4 < iNiño3.4

FORCING SIZE PERTURBATION MONTH
P inatubo
P inatubo
P inatubo
P inatubo

June
June
June
June

is intended to capture the intrinsic variability of the climate system. To increase
the signal-to-noise ratio, we present our results using ensemble means, and use the
ensemble spread to calculate statistical significance. We implement three methods of
calculating anomalies. Using monthly averages (climatology, CLM) computed from
the present-day control run conducted by Delworth et al. (2006), we calculate the
control and perturbed anomalies by subtracting the climatology from the control and
perturbed runs, respectively. CTR-CLM represents a pure ENSO signal, and the
difference PRT-CTR (which we call the “response") shows the actual ENSO response
to volcanic forcing, as the “control ENSO" effect is removed. Statistical significance
of the ensemble mean differences is computed using a two-tailed Student’s t-test at
the 0.05 significance level.
To impose a volcanic eruption in CM2.1, we prescribe the volcanic aerosol optical
properties using the SATO1.8 Pinatubo dataset (Sato et al., 1993; Stenchikov et al.,
1998) containing the aerosol extinction (0 ), single scattering albedo, and asymmetry
parameter.

3.2.2

Observational data

To plot the observed El Niño patterns (Figure 1.5), we use monthly mean SSTs from
the Extended Reconstructed Sea Surface Temperature (ERSST) V4 dataset by the
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Figure 3.1: Simulated surface temperature (K, shading) and surface wind stress vector
(Pa, arrows) anomalies with respect to the climatology (CTR-CLM), and total precipitation
(mm day-1 , contours) of the 10-member control ensemble mean ENSO phases in December
1991: a) Neutral (NTE), b) Central Pacific El Niño (CPE), c) Eastern Pacific El Niño
(EPE), and d) La Niña (LAN).
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National Oceanic and Atmospheric Administration (Huang et al., 2015). The data
have a spatial resolution of 2° latitude by 2° longitude, and cover January 1854present. The climatology is computed as monthly averages from the data for years
1880-2000. Figure 3.2 shows that the Niño 3.4 SST anomaly trajectories following
the El Chichón (1982) and Pinatubo (1991) eruptions evolve quite differently. The
El Niño of 1982 is stronger than that of 1991, but terminates sooner. The 1982
El Niño is followed by a prolonged La Niña, while the weaker and longer El Niño of
1991 is followed by prolonged El Niño warm anomalies.
The observed ENSO frequencies (Table 3.1) are calculated using the ERSST V4
dataset for the period 1980-2010. CP El Niño events are identified following PascoliniCampbell et al. (2015) method based on combination of nine different SST-based
indices (see Table 1 in Pascolini-Campbell et al. (2015)) complemented by the visual
examination of spatial patterns.
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Figure 3.2: Observed iNiño 3.4 (K) evolution after the El Chichón (red, top x-axis) and
Pinatubo (green, bottom x-axis) eruptions, calculated using the ERSST V4 dataset. Eruption dates are marked with triangles.
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3.3

Results

Imposing the prescribed volcanic aerosols in the model reduces the SW radiation
reaching the surface. The LW effect of volcanic aerosols at the surface is relatively
small and insignificant (Stenchikov et al., 1998). Figure 3.3 represents the time evolution of the 10-member ensemble mean all-sky net (down - up) surface SW radiative
flux response (PRT-CTR), averaged globally and over the tropical belt (20°S-20°N)
for Neutral, CP El Niño, EP El Niño, and La Niña onsets. The net SW radiative
surface response in the tropics peaks at -5.5 Wm−2 in the fall of 1991, as the SO2
mass conversion e-folding time is about 35 days, and the aerosol layer fully develops
by then (Stenchikov et al., 1998). The global net SW radiative surface response of
-3 Wm−2 peaks six months after the eruption, because of the interaction of conversion
and transport processes. For the CP El Niño and EP El Niño onsets, we see weaker
forcing in the winter of 1991, due to El Niño-induced increases in cloud cover. The
volcanic radiative effect is present for more than two years, and is quite similar in the
different ensembles — apart from incoherent chaotic fluctuations among the different
onsets, which are not completely removed by the 10-member ensemble mean.
Figure 3.4 depicts the global and tropical mean surface temperature responses
(PRT-CTR) to volcanic forcing. Half a year after the eruption the surface temperature
decreases by about 0.4 K globally, which is in a good agreement with observations and
other modeling studies (Dutton and Christy, 1992; Hansen et al., 1992; McCormick
et al., 1995; Soden et al., 2002). The surface temperature relaxes slowly because
of the high thermal capacity of the ocean. According to Stenchikov et al. (2009) it
takes about a decade for the atmosphere and upper ocean system to equilibrate (not
shown). In the tropics, the surface temperature fluctuations are higher and depend
on the ocean preconditioning, demonstrating warmer anomalies in comparison with
the global ones for the Neutral and CP El Niño onsets during 1992 and beginning of
1993.

60
Figure 3.5 shows the 10-member ensemble mean perturbations of the Niño 3.4
SST. Red curves show the isolated effect of volcanic forcing on ENSO. The Pinatubo
volcanic forcing causes a statistically significant increase of the iNiño 3.4 in summer
1992 in the Neutral and CP El Niño ensembles. The Neutral onset transforms into a
moderate-to-weak El Niño-like warming in the second winter after the eruption that
lasts more than a year (Figure 3.5a); and in the CP El Niño 10-member ensemble
mean, El Niño extends for an extra year (Figure 3.5b). Distinctively, the EP El Niño
onset exhibits cooling in winter of 1991 and is followed by weaker warming compared
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Figure 3.3: Simulated a) global and b) tropical (20°S-20°N) all-sky net (down-up) SW
radiative forcing at the surface (Wm−2 ) calculated as a 10-member ensemble mean difference
(PRT-CTR) for Neutral (NTE, black), Central Pacific El Niño (CPE, green), Eastern Pacific
El Niño (EPE, red), and La Niña (LAN, blue) onsets.
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to the Neutral and CP El Niño onsets (Figure 3.5c). The La Niña onset does not
show any notable responses to volcanic forcing (Figure 3.5d), and for this reason we
do not show it in further discussions.

3.3.1

Volcanic impacts on different ENSO phases

Figure 3.6 displays Hovmöller diagrams of SST, zonal wind, net surface heat flux, allsky net (down-up) SW flux at the surface, latent heat flux, and total cloud amount
responses (PRT-CTR) for the Neutral, CP El Niño, and EP El Niño onsets. Shortly
after the eruption, the equatorial Pacific region is subject to a strong SW radiation
reduction (Figure 3.6a,i,q). The uniformly distributed clear-sky radiative forcing is
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Figure 3.4: Same as in Figure 3.3 but for the surface temperature response (K).
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modulated by clouds. All-sky radiative forcing drives climate changes and could itself
cause about 0.3 K global SST cooling (Stenchikov et al., 2009).
The land initially cools faster than the ocean, and the associated Land-Ocean Temperature Gradient (LOTG) both in the WP and EP generates zonal wind anomalies,
which, in turn, affect ocean temperature in the initial stage of the process (Ohba
et al., 2013). The ODT mechanism (Seager et al., 1988; Clement et al., 1996) comes
into play later, as the ocean responds more slowly to the radiative forcing. The ODT
mechanism triggers non-uniform SST changes in the equatorial Pacific due to a differential ocean response to the spatially uniform radiative forcing. The efficiency and
duration of these mechanisms depend on the background ocean state, therefore ENSO
responses appear to be different for different ocean preconditioning (Figure 3.5).
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Neutral onset response
Figure 3.6b shows that during the first three months after the eruption, the developed
LOTG in the WP is stronger than in the EP for the Neutral onset, because the EP
ocean surface and nearby land areas in the background state are cold (Figure 3.1a).
The developed WP LOTG decreases the trade winds west of 140°E (Figure 3.6c). This
westerly wind anomaly allows more warm water to advect eastward and favors WWBs.
Both effects (enhanced westerlies and WWBs) are usually important forerunners of
an El Niño event. However, because of the land’s low thermal capacity, this LOTG
mechanism is short-lived and lasts for 2-3 months until the ocean temperature adjusts
to the radiative forcing.
The SST changes are further supported by the ODT mechanism. Specifically, in
Figure 3.6b, we see a significant WP SST reduction starting in October of 1991, while
the EP SST remains unperturbed. Such a spatially varying response of the ocean surface to a uniform atmospheric forcing is due to the upwelling which is strong in the CP
and EP and regulates the SST there. Cooling of the WP SST increases sea level pressure (not shown) in the WP, enhances the CP westerly wind anomalies, and further
reduces of the easterly trade winds (Figure 3.6c). This activates the Bjerknes feedback
(Bjerknes, 1969) and leads to a positive SST anomaly in the EP (Figure 3.6b). It is
important to note that the relatively weak El Niño-like SST response of the Neutral
onset does not completely shut down the upwelling (Figure 3.1a), and therefore the
ODT mechanism is functioning throughout the period of volcanic forcing. Although
the wind feedback is controlled by the ODT mechanism, it is also intensified by the
eastward shift of the deep convection (Figure 3.6g), which tends to follow the warmest
SSTs as explained in detail in Choi et al. (2015).
To evaluate the effect of the surface energy balance change we calculate the net
energy flux NF = SW + LW + SH + LH, where SW is the net (down-up) SW flux,
LW is the net (down-up) longwave flux, SH is the sensible heat flux, and LH is the
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latent heat flux at the surface. The net surface heat flux response is negative in the
areas with a positive SST response, thus tending to damp the latter. Figure 3.6d,e,f
shows that the all-sky surface radiative and LH fluxes in the first and second years
after the eruption mostly damp the SST response. The main contributors to the net
energy flux anomaly are the SW and LH fluxes (see Figure 3.6e,f). The presence of
clouds in the tropical Pacific changes the distribution of the incoming solar radiation:
the all-sky SW response is negative over the warmer ocean areas, as the warmer ocean
favors more shading by convective clouds. Similarly, the SW response is positive over
the colder ocean areas, as the colder ocean favors less shading by convective clouds.
This indicates that the SST response is partly damped by changes in overshooting
deep convection. LH flux also responds to the SST changes, and mostly works to
damp the SST response. Compared to SW and LH fluxes, the effect of the LW and
SH (not shown) on the net surface heat flux changes is small.

Central Pacific El Niño onset response
In the initial stage associated with the fast land cooling during two or three months
after the eruption, Figure 3.6j shows, in contrast to the Neutral onset, a weak negative
surface temperature response in the EP for the CP El Niño onset. This is because
the LOTG mechanism develops not only in the WP but also in the EP, since the
control EP SST and nearby land are warmer than normal (see Figure 3.1b) despite
the maximum SST is in the CP, thus enhancing westerly wind anomaly in the WP,
and easterly wind anomaly in the EP (Figure 3.6k). This causes an eastward transport
of warm water in the WP and intensification of the upwelling and cooling SST in the
EP. Similar to the Neutral ensemble, this effect is short-lived. In the WP the net-flux
cooling of ocean in 1991 (Figure 3.6l) turns on the ODT mechanism (Seager et al.,
1988; Clement et al., 1996) starting from October 1991. Due to the CP position of the
warm pool during the CP El Niño onset, the upwelling is partially suppressed, but still
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functions. Therefore, the ODT mechanism is slightly weaker for the CP El Niño onset
than for the Neutral, but still is relatively long-lasting. The positive SST response
survives until the end of 1992, slightly shorter than for the Neutral onset. Similar to
the Neutral onset, an eastward shift of deep convection (Figure 3.6o) enhances the
response.
The westerly wind response, driven by the weakened WP SST gradient, pushes the
equatorial Pacific towards El Niño-like conditions and warms the EP SST (Figure 3.6j,k),
similar to the Neutral onset. The volcanically-induced warming in the EP finally shuts
down the upwelling and the ODT in February of 1993. The cloudiness and net surface
energy fluxes tend to damp the SST response after May 1992.
According to the observational study by Li et al. (2010), at the time of the Mt
Pinatubo eruption the moderate CP El Niño of 1991 also transitioned to EP in 1992,
similar to what we find in our CP El Niño simulations.

Eastern Pacific El Niño onset response
The SST and atmospheric responses of the EP El Niño onset significantly deviate
from those of the CP El Niño and Neutral onsets. A much more pronounced EP
cooling that starts soon after the eruption and lasts for more than half a year is a
distinct feature of the EP El Niño response (Figure 3.6r). A newly-developed zonal
SST gradient enhances the trade winds in the CP (Figure 3.6s), boosting the upwelling
and facilitating a prompt westward expansion of the negative SST response toward
the CP in October 1991 – February 1992. At the same time, similar to the Neutral
and CP El Niño onsets, the westerly wind response develops in the WP initially
due to the LOTG mechanism and later due to the ODT mechanism. This gradually
leads to a relaxation of the negative temperature response in the CP and EP, causing
a positive SST response in May-September 1992. Because of the weak ODT and
deficit of available heat content during the EP El Niño onset, due to the shutdown
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of background upwelling and the poleward discharge of heat content associated with
the strong El Niño, the westerly wind anomaly is short-lived and vanishes by the end
of summer 1992 (Figure 3.6s). Thus, the resulting El Niño-like signal is shorter than
that of the Neutral and CP El Niño onsets.
The cloud cover of the EP El Niño onset is the broadest among all the onsets,
but it responds relatively moderately, except for a strong decline in the EP and CP
in 1991 (Figure 3.6w). Due to the EP SST cooling in the second half of 1991, both
the deep convection zone and cloudiness anomaly decline in the EP (Figure 3.6w).
In the first half of 1992 the colder EP SST leads to the westward shift of convection
and precipitation, reducing the amount of clouds in the EP, and increasing downward
SW radiation (Figure 3.6u). Generally for any ocean preconditioning, the SW flux
mainly responds to cloud changes, which increase where the SST warms and decrease
where it cools, effectively damping the SST response (Figure 3.6e,m,u).
Finally, we consider the ocean heat content response, which is less affected by
the direct surface cooling caused by volcanic radiative forcing. Figure 3.6h,p,x show
the response of the top 300 m ocean heat content of the 2°S-2°N averaged equatorial
Pacific region. It demonstrates roughly the same effects, discussed above in Sections
3.3.1 and 3.3.1 using SST changes as diagnostics, but more clearly defines the termination of different development phases. Positive responses of the ocean heat content
extend to the end of 1992 for the Neutral onset, and the end of 1993 for the CP
El Niño onset. In both cases, the ODT effects are evident until the end of the warming phase. For the EP El Niño onset, in contrast, we see a significant negative ocean
heat content response in the EP that lasts until the end of 1991.
Because the strong background El Niño warms SSTs in the EP already at the time
of eruption and later on (see Figure 3.1c), the sea and land surface temperatures near
the South American continent are much higher for the EP El Niño than for the CP
El Niño and Neutral onsets. When the land surface temperature in the EP decreases
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after the eruption, the EP LOTG is stronger than for the Neutral or CP El Niño
onsets due to the anomalously warm coastal waters. However, because of the land’s
low thermal capacity, the LOTG effect is short-lived similar to the Neutral and CP
El Niño onsets, and cannot maintain the negative temperature response beyond half
a year after the eruption (Figure 3.6r). This is further clarified in Section 3.3.3.

3.3.2

Ocean heat budget

To better understand the interplay of different processes and compare their contributions in changing the mixed layer temperature and heat content, we analyze the
ocean mixed layer heat budget using the equation for mixed layer temperature from
Stevenson and Niiler (1983) and Huang et al. (2010) to calculate monthly mean ocean
temperature tendencies:
Ta − TH
∂Ta
∂Ta
QN F
dTa
= −wH
− ua
− va
+
+ QRes
dt
H
∂x
∂y
ρCp H

(3.1)

where Ta , ua and va are the temperature, zonal and meridional currents; subscript
a denotes the quantities vertically averaged between surface and the bottom of the
mixed layer at H=50 m; TH and wH are the temperature and ocean vertical velocity
at H=50 m, QN F is net surface heat flux, ρ=1029 kg m-3 is the seawater density, and
Cp =3990 J kg-1 K-1 is the specific heat capacity of seawater at constant pressure. The
first term in the right side of Equation 3.1 denotes the thermocline and ODT effect,
the second and third terms are zonal and meridional advection, the fourth term is
heating/cooling caused by surface heat fluxes, QRes is a residual term which includes
vertical diffusion and subgridscale mixing.
Each element of the heat budget is integrated over the narrowed Niño3 + Niño4
region (2°S-2°N 160°E-90°W) for the perturbed and control ensembles, and the difference response is presented in Figure 3.7. The results are shown for five half-year
periods: a) July-December 1991; b) January-June 1992; c) July-December 1993; d)

70
January-June 1993, and e) July-December 1993.
During period a (Figure 3.7a), the mixed layer responds to the radiative cooling and the change of the surface wind stresses induced by to the increased LOTG
and slowly developing ODT and Bjerknes feedbacks. The upper ocean warms only
for Neutral, while the strongest cooling happens in EP El Niño due to zonal and
meridional advective cooling in the EP.
Figure 3.7b shows the important stage of strengthening of the El Niño-like response due to the volcanic impact. Period b in the control CP El Niño and EP
El Niño onsets corresponds to the transition from El Niño to La Niña. However, due
to the strong ocean dynamical response to volcanic forcing, an intense warming is observed for all ocean preconditionings even though the surface fluxes tend to damp the
temperature anomalies. For the Neutral and CP El Niño onsets, all three advective
terms contribute roughly equally to this warming. In contrast, the warming of the
EP El Niño onset is mostly caused by the thermocline effect. Zonal and meridional
advection also contribute to this warming, but to a lesser extent.
During period c, all described El Niño-like responses enter a decay phase. This
decay is the fastest for the EP El Niño onset due to a fast transition from a strong
El Niño into a strong La Niña, mostly caused by upwelling of anomalously cold water
due to arrival of an upwelling oceanic Kelvin wave.
During period d, strong zonal advection feedback is responsible for the final cooling
phase of the CP El Niño onset. The Neutral onset reaches the final relaxation state at
a later time than the CP El Niño onset (period e) by means of both the thermocline
and zonal advection feedbacks.

3.3.3

Initial ENSO responses

The initial stage of the ENSO response (period a in Figure 3.7) is characterized by
competition between the LOTG and ODT mechanisms, and reveals drastic differences
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Figure 3.7: Simulated eruption response of the oceanic top 50 m total temperature tendency (K/month) (red), thermocline feedback and ocean dynamical thermostat (blue), zonal
advection (cyan), meridional advection (black), net surface heat flux (green), and residual
(white) for the time intervals: a) July-December 1991, b) January-June 1992, c) JulyDecember 1992, d) January-June 1993, e) July-December 1993. Within each time interval,
the 10-member ensemble mean responses (PRT-CTR) of the Neutral, CP El Niño, and EP
El Niño onsets to the Pinatubo eruption are shown. The values are integrated over the
narrowed Niño3 + Niño4 region (2°S-2°N, 160°E-90°W). Error bars show the standard error
of the ensemble-mean difference, which increases with time as both ensembles chaotically
disperse.
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between the SST responses of the EP El Niño and Neutral/CP El Niño onsets. To
better demonstrate the genesis of the LOTG and ODT mechanisms and differences
in the SST response evolution for the Neutral, CP El Niño, and EP El Niño onsets,
we show maps of the monthly 10-member ensemble mean responses of surface temperature and wind stress for all experiments for July-December of 1991 (Figure 3.8).
The left column of Figure 3.8 corresponds to the Neutral onset, the middle to the CP
El Niño, and the right to the EP El Niño. Regardless of the ocean preconditioning,
the land mass cooling is present in Australia and the Americas. Although, it is partially opposed by advection of warm air from the ocean as happens for the Neutral
onset in July and November, for the CP El Niño in July, and for the EP El Niño in
August, November, and slightly in October 1991.
For the Neutral and CP El Niño onsets, both WP and EP LOTG effects on
equatorial (5°S-5°N) wind stress are seen in August-September. The WP SST cooling
associated with the ODT mechanism takes place in October and November 1991 in
the CP El Niño and Neutral experiments, respectively, and develops a westerly wind
stress response in the WP and CP (Figure 3.8d,e,j,k).
For the EP El Niño onset, we see the strong off-land wind stress response in July
1991 (Figure 3.8m). The significant SST cooling of the EP starts from August 1991
(Figure 3.8n). This SST cooling is so strong that it initiates a significant positive
feedback of the wind stress in the CP in September-December, and continues to
expand westward (Figure 3.8o-r). At the same time, the ODT mechanism turns on
in October 1991 (Figure 3.8p). As we mentioned earlier, strong EP cooling seen in
the case of the EP El Niño onset cannot be fully explained by only LOTG and ODT
mechanisms. Our working hypothesis is that this ocean cooling is partially caused
by the predominant weakening of the strong El Niños in the case of the strong EP
El Niño onset. This effect was discussed by Wittenberg et al. (2014) and based on
the asymmetry of a strong El Niño response probability distribution function. It
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SST and wind stress, 10-member ensemble mean response
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Figure 3.8: Simulated surface temperature (K, shading) and surface wind stress vector
(Pa, arrows) 10-member ensemble mean response (PRT-CTR) to the Pinatubo radiative
forcing in the Neutral (NTE, a-f), Central Pacific El Niño (CPE, g-l), and Eastern Pacific
El Niño (EPE, m-r) experiments for July-December 1991.
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essentially means that a very strong El Niño disturbed by any perturbation more
probably leads to an outcome of a weaker El Niño. To better quantify this effect, a
specific set of sensitivity experiments are conducted and analyzed in the Chapter 4.

3.4

Summary

This chapter focuses on mechanisms of the response of ENSO to perturbed-Pinatubo
volcanic forcing, and aims to reconcile apparent inconsistencies in previous studies
(Mann et al., 2005; Emile-Geay et al., 2008; McGregor and Timmermann, 2011; Ohba
et al., 2013). Using the coupled ocean-atmosphere model CM2.1, we simulate the
climate impact of a Pinatubo-size eruption in ENSO-neutral, CP and EP El Niño,
and La Niña years. We show that the initial ENSO phase, El Niño amplitude and
type, and the seasonal timing of the eruption affect the climate and ENSO responses
to volcanic forcing. We find that the eruption causes different climate responses
in CP and EP El Niño years, and we study the sensitivity of the volcano-induced
ENSO response to small perturbations, illuminating the contributions of stochastic
and deterministic responses to volcanic radiative forcing.

3.4.1

ENSO response mechanisms

A Pinatubo-size eruption induces an El Niño-like response in the first year after
the eruption in ENSO-neutral years, and prolongs moderate CP El Niños. The EP
El Niño weakens due to a combined effect of the enhanced LOTG mechanism and
the ENSO stochastic response, and its termination is delayed. The ENSO in La Niña
years is largely insensitive to volcanic forcing in CM2.1. The absence of any La Niña
response is caused by a weak LOTG mechanism due to the anomalously cold equatorial SST, and suppressed ODT mechanism because of the weak zonal upwelling
gradient in the entire equatorial Pacific. This effect might be exaggerated by CM2.1,
as its La Niñas tend to expand upwelling farther west than observed.
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The LOTG mechanism described by Ohba et al. (2013) as the main driver of the
ENSO response to volcanic forcing is also at work in CM2.1. However, we find it
to be relatively short-lived and work only for the first 2-3 months after the eruption,
being the forerunner of stronger dynamical responses. Depending on the ENSO phase,
the LOTG enhances wind anomalies in the WP and/or EP. During the response of
Neutral or CP El Niño onsets, the WP westerly wind anomaly dominates and causes
an El Niño-like warming in the perturbed experiments. In the response of the EP
El Niño onset, the EP easterly wind anomaly prevails, although it is not fully related
to the LOTG mechanism.
The ODT mechanism of Clement et al. (1996) takes over after the LOTG in
October-November 1991, maintaining an El Niño-like response for a year in the case
of the CP El Niño onset, and almost two years in the case of the Neutral. For the EP
El Niño onset, the weakened upwelling tempers the ODT, resulting in only short-term
SST warming.

3.4.2

Consistency with other studies and observations

Our results are consistent with the findings by Ohba et al. (2013) in terms of development of an El Niño-like response in the first year after a Pinatubo-size eruption.
However, they did not consider different flavors of El Niño. In addition, the La Niña in
CM2.1 does not show a tendency toward warmer ocean conditions after the eruption,
unlike in the MIROC5i model used by Ohba et al. (2013).
The responses of different El Niño types - CP and EP in our study - are consistent,
even quantitatively, with the modelling (Liu et al., 2018a) and ERSST observational
data displayed in Figure 3.2 and discussed in Li et al. (2010) and Wahl et al. (2014).
The strong EP El Niño at the time of the El Chichón eruption was comparatively
short and followed by a La Niña, while the moderate CP El Niño during the Pinatubo
eruption lasted longer and transformed from CP to EP in the second year after the
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eruption, as seen in our simulations. In fact, a La Niña-like response often follows
the El Niño-like response (Maher et al., 2015), which we have not fully addressed in
this study, which has focused on the immediate post-eruption period. The induced
La Niña-like response will be a subject of a different study.
Recent eruptions, El Chichón and Pinatubo, were accompanied by the El Niño
events of different strength and types. Figure 3.2 shows the observed iNiño3.4 starting
from January of each eruption year. Along with the Figure 1.5, it demonstrates that
the types of listed El Niños very well agree with our modelled results presented in
this chapter. In fact, the El Niño in El Chichón year is of EP type, and it is just as
long and strong as the perturbed El Niño from the Section 3.3.1. The weak El Niño
in Pinatubo and Agung years is of CP type, moderate strength and lasts longer than
that in El Chichón, which fairly corresponds to the simulated moderate El Niño in
Section 3.3.1.
As Pinatubo-size volcanic impacts in ENSO-neutral and CP El Niño years generate El Niño like responses in at least the first year after an eruption, the frequency
of El Niño conditions in this year might reach 0.65 (see Table 3.1: Neutral + CP
El Niño). This is consistent with paleo analyses that suggest a doubling of the probability of warm EP SSTs in post-eruption years, compared to the model climatology
(0.27, see Table 3.1: CP El Niño + EP El Niño).
The numerical experiments we conducted are consistent with those proposed in the
“volc-pinatubo-full” task from the VolMIP activity planned for CMIP6 (Zanchettin
et al., 2016) and will be contributing to that intercomparison study. Our recommendations for a more accurate and selective compositing of the results will help to
better identify the ENSO responses to volcanic forcing. The “volc-pinatubo-slab” experimental design (Zanchettin et al., 2016), however, is insufficient to cover all aspects
of Volcano-ENSO interaction, as a full ocean model is needed.
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Chapter 4
El Niño response sensitivity to small perturbations

4.1

Motivation

Wittenberg et al. (2014) demonstrated that the EP El Niño is very sensitive to the
small perturbations, and therefore its predictability is limited. In their simulations,
a slight perturbation of ICs at the beginning of a calendar year drastically affected
the El Niño later in the year and onwards. Stricken by the change of the ICs, the
sporadically developing WWBs stochastically-impacted the amplitude of El Niño and
were even able to reverse the ENSO phase with respect to the unperturbed case.
At first glance, this contradicts our observation of a statistically significant ENSO
response of the EP El Niño and CP El Niño onsets to volcanic forcing, and has to
be explained. In addition, this stochastic behaviour could be useful to understand
the initial stage of the EP El Niño development, as the stochastic component of the
response might be responsible for the drastic initial cooling response of the EP El Niño
onset, as we hypothesized in Section 3.3.3. In chis Chapter, we examine the evolution
of the volcanically perturbed EP El Niño probability distribution, relative to that of
unperturbed or infinitesimally perturbed simulations.

4.2
4.2.1

Methodology
“Perturbed forcing” ensembles

To specifically test the sensitivity of the El Niño response to small perturbations
in the control and perturbed runs, we use a single EP El Niño onset (Figure 4.1,
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Table 4.1: Summary of the perturbed forcing ensembles for Section 4. Each ensemble
contains 50 members, which all start from the same ICs of the Eastern Pacific El Niño
onset. αp ranges from 0.001 to 0.05.

ENSEMBLE NAME
1.
2.
3.
4.

Winter Butterfly
Summer Butterfly
Winter Pinatubo
Summer Pinatubo

NOTATION

FORCING SIZE

PERTURBATION MONTH

CT RαF eb
CT RαJun
P RTαF eb
P RTαJun

αp xP inatubo
αp xP inatubo
(1 + αp )xP inatubo
(1 + αp )xP inatubo

February
June
February
June

black dashed line). We name this control simulation CT R0 . The perturbations are
introduced by a small radiative forcing that is generated by imposing the Pinatubo
aerosol extinctions (Sato et al., 1993; Stenchikov et al., 2009) multiplied by a factor
α, where α ranges from 0.001 to 0.05 with a step of 0.001. The corresponding SW
radiative forcings scale proportionally. We apply these small perturbations in the
experiments with zero background volcanic forcing (“Butterfly”) and in the volcanic
experiments on the top of the full-scale Pinatubo-size forcing. In both volcanic and
“Butterfly” experiments, the small forcing is imposed at the beginning of 1991 (in
our case in February), as in Wittenberg et al. (2014), and in June, at the time of the
actual observed Pinatubo eruption. We assume that forcing imposed early in the year
has more time to disrupt the control El Niño, than that imposed in June.
In order to evaluate the spread of responses to these small perturbations, we calculate two sets of 50-member perturbed forcing ensembles using February and June
“Butterfly" and “perturbed-Pinatubo" forcing, denoted CT RαF eb , CT RαJun , P RTαF eb ,
P RTαJun , respectively (see Table 4.1). Thus, in the experiments with “June" perturbations, we preserve the control El Niño until the time of a perturbation, so the
control El Niño develops unaffected until a perturbation is imposed. In “February"
experiments, the El Niño is actually first affected in January, due to time interpolation
of the prescribed volcanic optical depth.
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4.3

Results

Figure 4.1 compares the iNiño 3.4 responses of the EP El Niño onset to Butterfly and
perturbed-Pinatubo perturbations imposed in February (upper panel) and in June
(lower panel). Perturbations imposed in February lead to a drastic change of the
iNiño 3.4, almost completely suppressing the strong EP El Niño in most members of
the Butterfly and volcanic ensembles. In contrast, June Butterfly perturbations runs
disturb the El Niño only slightly. The median of the June perturbed-Pinatubo ensemble mimics the Niño 3.4 response revealed in Figure 3.5c, confirming the statistical
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Figure 4.1: Comparison of simulated iNiño 3.4 (K) in a single reference Eastern Pacific
El Niño realization (CT R0 ) and 50-member control and perturbed ensembles with Butterfly
and Pinatubo-size perturbations in February (CT RαF eb , a; P RTαF eb , c) and June (CT RαJun ,
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(black solid curve) are calculated with respect to the climatology. Bars denote the ensemble
mean quantities. Red shading depicts ±σ ensemble variability.
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stability of our 10-member ensemble ENSO responses described in Section 3.3.1.
Thus, the Butterfly perturbations imposed in June do not have enough time to
grow and affect the ENSO phase in the current and next year (Figure 4.1b). Although the variability inside the June Butterfly ensemble grows in the second year
after perturbation, the ensemble mean still captures the El Niño trajectory fairly
well. However, the February perturbations change ENSO drastically. Experiments
conducted imposing disturbances in different months (not shown) suggest that the
signal-to-noise ratio in the case of winter and spring eruptions is smaller than in the
case of summer and fall eruptions, i.e. the ENSO response to eruptions like El Chichón
or Tambora in April (apart from the response dependence on the magnitude of an
eruption) could be less pronounced than that of Pinatubo which happened later in the
year. This finding is consistent with the concept of the “ENSO spring predictability
barrier", which suggests that the persistence of El Niño is lower during the late boreal
winter and spring, while it increases starting in June. McPhaden (2003) examined
this concept in the observations and Levine and McPhaden (2015) confirmed it using
a simplified conceptual model, while our study finds consistent behavior in a coupled
ocean-atmosphere GCM.
Another interesting feature in Figure 4.1 is a decrease of the iNiño 3.4 in both
Butterfly and perturbed-Pinatubo ensembles with respect to the peak amplitude of
the Control El Niño in November-December 1991. This effect is directly related to
the drastic SST cooling in the EP El Niño case shown in Figure 3.8 and discussed
in Section 3.3.3. It is also consistent with the results from our 10-member ensemble
(Figure 3.5c). To clarify this issue, in Figure 4.2 we present the 50-member ensemble
mean monthly surface temperature responses calculated from the perturbed-Pinatubo
and Butterfly ensembles with respect to the Control El Niño, and the difference between them (P RTαJun - CT RαJun ). The idea is to split up the “perturbed-Pinatubo"
(left column) response into the stochastic (middle column) and the forced determin-
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istic volcanic (right column) components.
Black dots in Figure 4.2a-f,g-l (left and middle columns) show the areas where the
CT R0 surface temperature is below the 10th percentile or above the 90th percentile
of the perturbed-Pinatubo (left column) and CT RαJun (central column) ensembles,
respectively. We choose to use percentiles here because the probability distributions of
both P RTαJun and CT RαJun ensembles are skewed as discussed above. In Figure 4.2mr (right column) black dots show statistically significant P RTαJun -CT RαJun surface
temperature responses at the 0.05 significance level, calculated using a two-tailed
Student’s t-test, as their probability distribution is close to normal.
The magnitude of the stochastic response in the EP is evident in Figure 4.2g-l
(central column), which shows the purely chaotic dispersion of the unforced ensemble.
The anomaly is predominantly negative in the equatorial region, indicating a shift to
weaker El Niños.
The volcanically-induced SST cooling with the stochastic component removed
(Figure 4.2m-r) is statistically significant, and reaches more than 1 K in the equatorial
region. The “deterministic" SST cooling (Figure 4.2m-r) is slightly greater than the
stochastic cooling caused by the infinitesimal forcing (Figure 4.2m-r).
In order to better separate the radiative and dynamical feedbacks in July-December
1991 for this single EP El Niño onset, we perform the ocean heat budget analysis using
the differences between the June perturbed-Pinatubo and Butterfly ensembles (i.e.,
removing the stochastic component of the response) as described in Section 3.3.2,
but for two 3-month intervals. Figure 4.3 shows that during the first three months
(July-September, 1991) of the radiative cooling, the zonal and meridional advection
along with the thermocline feedbacks strengthen the cooling in the EP. Starting from
October 1991 the ODT overwhelms this, and, despite the intensified radiative cooling,
the mixed layer warms due to thermocline and zonal advection feedbacks.
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Figure 4.2: Simulated monthly averaged surface temperature (K, shading) 50-member
perturbed-Pinatubo (P RTαJun , a-f) and Butterfly (CT RαJun , g-l) ensemble means with α perturbations calculated as anomalies with respect to a single reference Eastern Pacific El Niño
realization (CT R0 ), and difference between P RTαJun and CT RαJun (m-r) for July-December
1991. Black dots indicate areas where the reference surface temperature is below the 10th
percentile or above the 90th percentile for the 50-member CT RαJun (a-f) and P RTαJun (g-l)
ensemble distributions, and statistical significance of the ensemble-mean surface temperature
difference calculated using two-tailed Student’s t-test at the 0.05 significance level (m-r).
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4.4

Summary

Wittenberg et al. (2014) indicated the high sensitivity of El Niños to small perturbations that limits their predictability. Taking into account the findings of Wittenberg
et al. (2014) and using the “perturbed forcing" technique, we find that the total cooling response of the strong EP El Niño onset during the first six months after an
eruption is a combination of stochastic and deterministic components.
The role of the stochastic component is large if small perturbations are imposed
at the beginning of the calendar year, but decreases if disturbances are imposed later
in the year. Because the Pinatubo eruption occurred in June, the deterministic part
of the EP El Niño response prevails over the stochastic one. This suggests that the
timing of a volcanic eruption is critical for the El Niño response. The EP El Niño
responses to volcanic eruptions occurring in the winter-spring are more contaminated
by chaotic dispersion than those occurring in summer-fall. Therefore, Pinatubo-size
eruptions in winter and spring are less likely to produce a clean impact on strong
EP El Niños than the actual Pinatubo, which occurred in June. In this context, the
conclusion in Robock et al. (1995) that the huge “El Niño of the century" in 1982 after
the El Chichón eruption in April could not be significantly influenced by volcanic
forcing, as it was already in the development phase at the time of eruption, might be
questioned.
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Chapter 5
ENSO response sensitivity to the season and magnitude of
equatorial eruptions

5.1

Motivation

In Chapter 3, we showed that the response of ENSO to strong equatorial volcanic
eruptions depends on the ocean preconditioning (or ENSO state) that is associated
with a set of atmospheric and oceanic ICs prior to the eruption (Ohba et al., 2013;
Predybaylo et al., 2017; Zambri et al., 2019). We refer to these ICs as La Niña, Neutral,
or El Niño onsets, if in the absence of an eruption they tend to evolve into anomalously
cool, neutral, or warm equatorial SST conditions in the CP/EP, respectively. Boreal
summer volcanic eruptions tend to force Neutral and El Niño onsets to develop an
amplified or extended El Niño-like response in the year following the eruption. CP
El Niño onsets respond more strongly than EP El Niño onsets, while La Niña onsets
show the weakest response to volcanic forcing (Predybaylo et al., 2017).
Previous research indicates the complexity of the ENSO response to volcanic
forcing (McGregor and Timmermann, 2011; Ohba et al., 2013; Pausata et al., 2016;
Stevenson et al., 2017; Predybaylo et al., 2017; Khodri et al., 2017; Emile-Geay et al.,
2008) as it is also sensitive to other factors – for example, the timing of an eruption
relative to the seasonal cycle or ENSO (Stevenson et al., 2017; Predybaylo et al., 2017).
In Chapter 3, we showed that the strong El Niño onset is sensitive to even infinitesimal
perturbations applied in January (Wittenberg et al., 2014), but less sensitive when
these perturbations are applied in June (Predybaylo et al., 2017). This is consistent
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with the well-known boreal spring predictability barrier for ENSO (McPhaden, 2003;
Levine and McPhaden, 2015).
The response of ENSO to a volcanic eruption can thus be decomposed into two
components: a stochastic (or chaotic) component that would arise from any perturbation (even an infinitesimal one), and a deterministic component associated specifically
with the finite volcanic forcing (Predybaylo et al., 2017). The deterministic response
to volcanic forcing would be expected to emerge most strongly from the stochastic
dispersion for eruptions that occur after boreal spring, the season of strongest wind
noise and coupled instability (Samelson and Tziperman, 2001) in the equatorial Pacific. The deterministic response should also scale (not necessarily linear) with the
magnitude of the volcanic forcing, whereas the stochastic response does not. To compare our results with the previous studies (Ohba et al., 2013; Pausata et al., 2016;
Khodri et al., 2017), that considered the total climate response to volcanic forcing
with respect to climatology or experiments without volcanic aerosols, one should use
a sum of stochastic and deterministic components.
In this chapter, we test different impact of different equatorial volcanic eruptions
on ENSO with respect to their sensitivity to ENSO phase and the magnitude of
radiative forcing and cover the following questions:
1. Why is the ENSO response to volcanic forcing sensitive to the equatorial Pacific
preconditioning and eruption timing?
2. What is the contribution of the stochastic and deterministic components to the
ENSO response?
3. How does the ENSO response scale with the magnitude of volcanic forcing?
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5.2
5.2.1

Methodology
Experimental setup: grand-ensemble

To answer these questions, we designed experiments with the CM2.1 model combining different ENSO onsets with 1991 Pinatubo-size and 1815 Tambora-size volcanic
eruptions occurring in February, April, or June.
To analyze the ENSO responses to different equatorial eruptions in terms of
stochastic and deterministic components and to deal with strong ENSO variability and high sensitivity to small perturbations, we apply a grand-ensemble technique.
We build the Butterfly and volcanic grand-ensemble simulations as ensembles of ensembles, perturbing the initial condition ensembles with the set of slightly different,
or perturbed, forcings.
For every ICs, the stochastic component can be found by examining the ENSO
response to an ensemble of very small (“butterfly”) perturbations, which cause dispersion of the ensemble trajectories due to the intrinsic chaotic behavior of the climate
system. The deterministic component is then found by repeating the butterfly ensemble experiment with the additional volcanic forcing, and then comparing the “volcano
plus butterfly” ensemble against the “butterfly” ensemble. For details of how these
perturbations were generated, please refer to the Methods section.

Initial conditions
To generate a pool of ICs, we perform a 500-year run with fixed 1990 values for
radiative forcings and land cover, without volcanic aerosols. We then use ranges of
iNiño3.4 averaged over OND to define 6 groups of simulated ENSO events: La Niña
(below -2 K), Neutral (-0.2 K to 0.2 K), weak El Niño (1 K to 1.5 K), moderate
El Niño (1.5 K to 2.2 K), strong El Niño (2.2 K to 3 K), and extreme El Niño (above
3 K) (Table 5.1, Figure 5.1). This selection accounts for the model biases related to
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Table 5.1: The ranges of OND iNiño3.4 used to generate Control IC 10-member ensemble
simulations for different ENSO onsets.

ENSO ONSET
1.
2.
3.
4.
5.
6.

La Niña
Neutral
Weak CP El Niño
Moderate CP El Niño
Strong EP El Niño
Extreme EP El Niño

iNIÑO3.4 RANGE (K)
iNiño3.4 < -2
-0.2 < iNiño3.4 < 0.2
1 < iNiño3.4 < 1.5
1.5 < iNiño3.4 < 2
2 < iNiño3.4 < 3
3 < iNiño3.4

the ENSO madnitudes.
Ten events are randomly selected for each of these six groups. For each selected
event, the model trajectory is traced back in time to January 1 of the event year,
and the model state at that time is identified as the “onset” initial condition for that
event. We then relabel the initial time as 1 January 1991. The subsequent three years
of evolution of the 10 control runs in each group is denoted as the Control ensemble.

Perturbed forcing
To impose the Butterfly and volcanic perturbations and volcanic eruptions in CM2.1,
we prescribe the volcanic aerosol optical properties using the SATO1.8 Pinatubo
dataset (Sato et al., 1993; Stenchikov et al., 1998) containing the aerosol extinction
(0 ), single scattering albedo, and asymmetry parameter. Rather than perturbing the
initial conditions, we instead used slightly-perturbed forcings to generate the initial
ensemble spread (the two methods would produce effectively the same result). We
vary the perturbation strengths by multiplying the Pinatubo aerosol extinction by
a coefficient 0.001 < αp < 0.01 for Butterfly perturbations, 1 + αp for Pinatubosize eruptions, and 3 + αp for Tambora-size eruptions, where perturbed forcing index
p=[1,...10] (Table 5.2).
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Figure 5.1: Simulated surface temperature (K, shading) and surface wind vector (m/s,
arrows) anomalies with respect to the climatology (CTR-CLM), and total precipitation
(mm day-1 , contours) of the 10-member control ensemble mean ENSO phases in December
1991: La Niña, Neutral, weak El Niño, moderate El Niño, strong El Niño, and extreme
El Niño.
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Butterfly grand-ensembles
To obtain a stochastic response, the model is run for three years starting from each of
the onset initial conditions, but now adding a tiny “butterfly” perturbation (see Methods) to generate an alternative trajectory that diverges chaotically from the original
control trajectory. This process is repeated with 10 different tiny perturbations, giving a 10-member perturbed ensemble plume for each onset initial condition. This resembles what is commonly done in “perfect-model” predictability studies (Wittenberg
et al., 2014). The 10 butterfly trajectories for each of the 10 onset initial conditions
yield a “grand-ensemble” of 100 simulations for each of the six ENSO groups.

Volcanic grand-ensembles
To assess the impact of volcanic forcing, we repeat the 100-member grand-ensembles
as above, but add to the butterfly forcing a volcanic aerosol perturbation comparable to that from Pinatubo or Tambora (Stenchikov et al., 2009; Raible et al., 2016).
This is done for each ENSO onset and eruption timing and magnitude (Table 5.2,
see Methods). The Control, Butterfly, and Eruption ensembles are all identical before the aerosol perturbations are applied. The difference between the Butterfly and
Eruption ensemble distributions, which can be summarized e.g. using their difference of ensemble medians, then isolates the effects of the volcanic forcing (Predybaylo
et al., 2017), i.e. the deterministic response. To test the seasonal dependence of the
response, three different sets of experiments are performed with volcanic forcing consistent with eruptions in February, April, or June. The Butterfly, Pinatubo, and
Tambora seasonal experiments (Table 5.2) thus amount to a total of 3 seasons x 3
volcanoes x 10 butterflies x 10 ICs x 6 onsets x 3 years, or 16,200 years of simulation.
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Table 5.2: Summary of the perturbed 100-member grand-ensemble simulations for each
ENSO onset listed in Table 5.1: La Niña, Neutral, weak El Niño, moderate El Niño, strong
El Niño, and extreme El Niño. Each grand-ensemble involves 10 ICs forced with the sets of
10 perturbed forcings. P inatubo corresponds to the original Pinatubo forcing, αp < 0.01 is
a Butterfly forcing coefficient, p ranges from 1 to 10.

GRAND ENSEMBLE NAME
1.
2.
3.
4.
5.
6.
7.
8.
9.

February Butterfly
April Butterfly
June Butterfly
February Pinatubo
April Pinatubo
June Pinatubo
February Tambora
April Tambora
June Tambora

5.2.2

FORCING SIZE

PERTURBATION MONTH

αp xP inatubo
αp xP inatubo
αp xP inatubo
(1 + αp )xP inatubo
(1 + αp )xP inatubo
(1 + αp )xP inatubo
(3 + αp )xP inatubo
(3 + αp )xP inatubo
(3 + αp )xP inatubo

February
April
June
February
April
June
February
April
June

Stochastic and deterministic responses

To evaluate the volcanic impact on ENSO, we mainly analyze the responses of two
variables: SST and surface zonal wind (u). For a given variable ψ, the cumulative
influence of the initial conditions plus noise and chaotic instability, in the absence
of volcanic forcing, is measured by the distribution of the Butterfly grand-ensemble.
The median of the Butterfly ensemble is

ψB (t) = ψ(t, αp 0 , ICk )

(5.1)

where 0 is the Pinatubo aerosol extinction, and an overbar denotes a median (not
a mean) over all initial conditions k = [1, 2, . . . , 10] and perturbed forcings p. The
median of a volcanic ensemble is

ψV (t) = ψ(t, (V + αp )0 , ICk )

(5.2)
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where V is the volcanic forcing magnitude (V = 1 for Pinatubo, V = 3 for Tambora).
The deterministic volcanic response ψV,d is here defined as the median of the eruption
grand-ensemble minus the median of the Butterfly grand-ensemble:

ψV,d = ψV (t) − ψB (t)

(5.3)

The contribution of noise to the ENSO events drawn from the Control is measured
by distinguishing the Control ensemble from the Butterfly grand-ensemble, which we
again summarize using a difference of ensemble medians. The median of the Control
ensemble is
ψC (t) = ψ(t, ICk )

(5.4)

and a measure of the cumulative influence of stochasticity on the selected Control
events, i.e. the stochastic response, is

ψs = ψB (t) − ψC (t)

5.3

(5.5)

ENSO response to equatorial Butterfly perturbations

Figure 5.2 illustrates the iNiño3.4 of individual members of the Control ensembles
and Butterfly grand-ensembles. A few months after perturbation, the spread of the
Butterfly ensemble is generally much larger than that of the Control ensemble, especially for the February and April perturbations. This indicates that the Control
trajectories, which were selected according to their OND iNiño3.4, achieved those
OND values in part due to their particular (random) realizations of stochastic forcing. This stochastic forcing is especially strong in boreal spring; hence the trajectories
with June perturbations (third column in Figure 5.2) tend to see less rapid dispersion. Control trajectories are relevant only in that they identify 1-January initial
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Figure 5.2: Control and perturbed iNiño3.4 (K) and their responses to February (left column),
April (middle column), or June (right column) Butterfly and volcanic perturbations. Eruption
times are marked by brown triangles. Each row represents an individual Control ENSO onset group:
La Niña, Neutral, weak El Niño, moderate El Niño, strong El Niño, and extreme El Niño (see Section 5.2.1 for ENSO event definitions). Spaghetti curves represent individual iNiño3.4 trajectories
from the Control ensemble (green) and Butterfly grand-ensemble (gray). The median of each Butterfly grand-ensemble (ButterflyM ) is shown as a thick gray curve with dots. The dashed green curve
represents the stochastic response calculated as the ButterflyM minus the Control ensemble median
(ControlM , not shown); this is the correction that would be needed to remove the post-initialization
stochastic selection bias present in the Control ensemble. The deterministic response to the Pinatubo
(blue) and Tambora (red) magnitude volcanic forcings is calculated as the corresponding volcanic
grand-ensemble median (PinatuboM or TamboraM , not shown) minus ButterflyM . Orange-shaded
two-tailed bootstrap confidence intervals calculated from the Butterfly grand-ensemble medians help
to detect the statistical significance of the deterministic signal of the eruption median relative to the
Butterfly median at 0.05 significance level. Yellow-shaded vertical bands indicate the seasons OND
1991 and SON 1992 used to summarize ENSO responses in Figure 5.3.
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conditions that were conducive to development of particular ENSO phases by OND;
it is the Butterfly ensemble that most fully describes the plume of possible trajectories
emanating from those initial conditions.
The difference between the medians of the Butterfly and Control distributions
(green dashed curve) summarizes the role that stochastic forcing played in producing the Control ensemble. The smaller the absolute value of this difference, the less
important the stochastic forcing was relative to ocean preconditioning for event development. Figure 5.2d-f shows that moderate-to-extreme El Niño onsets are more
influenced by stochastic atmospheric forcing than La Niña neutral, or weak El Niño
onsets, especially when perturbed before boreal spring.
Figure 5.3 compares the median iNiño3.4 of the Control ensemble (gray dots)
and Butterfly ensemble (box-and-whiskers) in the first (OND 1991) and second year
(September/October/November (SON) 1992) after perturbation. The spread of the
Butterfly ensemble in the first year is larger for perturbations made in February than
June, since in the former case the ensemble not only has more time to disperse but is
also subject to the strong noise and instability present in boreal spring. The selected
Control moderate-to-extreme El Niños are at the high end of their respective Butterfly
distributions, again indicating the key role that stochastic forcing played in the events
selected from the Control run. Retrospectively perturbing the trajectories is unlikely
to reproduce the particular lucky sequence of strong stochastic forcing that aided the
development of many of the Control El Niños; thus these perturbations usually result
in weaker El Niños. This would hold for a volcanic perturbation as well – hence the
need for a Butterfly ensemble, to serve as a reference against which to compare any
cooling seen in the eruption runs and to illuminate a deterministic response.
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Figure 5.3: Summary of the ENSO responses shown in Figure 5.2. (a) iNiño3.4 (K)
averaged over OND 1991. Green dots show the 10-member medians of the unperturbed
Control ensembles, for various types of ENSO events identified in the Control run (abscissa;
see Section 5.2.1 for event definitions). For February perturbations, box-and-whiskers show
the distribution (median, quartiles, extrema) of the 100-member Butterfly grand-ensemble;
blue dots show the median of the 100-member Pinatubo grand-ensemble; red dots show the
median of the 100-member Tambora grand-ensemble. Horizontal shaded bands indicate the
iNiño3.4 ranges for the various ENSO types defined in Section 5.2.1: La Niña (blue), Neutral
(light gray), weak El Niño (yellow), moderate El Niño (orange), strong El Niño (red), and
extreme El Niño (dark red). (b) As in (a), but for June perturbations. (c,d) As in (a,b),
but for iNiño3.4 averaged over SON 1992.
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5.4

ENSO response to equatorial volcanic forcing

For February eruptions, the deterministic responses to volcanic forcing (blue and
red lines in Figure 5.2) are relatively weak during the first year, and comparable in
magnitude to the effects of noise in the control run (dashed green line). The eruption
responses are weakest for La Niña, Neutral, and weak El Niño onsets, although all
event types see appreciable eruption-induced cooling of iNiño3.4 after March 1993.
The response to a February eruption is generally difficult to detect, in the face of the
large ensemble dispersion driven by chaotic instabilities during the first boreal spring
after the eruption.
It has been previously discussed that explosive February and April eruptions are
able to significantly impact weak El Niño onsets, leading to a La Niña-like cooling in
the eruption year, followed by an El Niño-like warming the following year (McGregor
and Timmermann, 2011; Li et al., 2013; Stevenson et al., 2017). In our simulations,
the substantial negative iNiño3.4 responses (defined as a sum of stochastic and deterministic responses) to the February eruptions are likewise detected for moderate,
strong and extreme El Niño onsets at the end of the eruption year. However, this
cooling contains both deterministic (forced by radiative cooling) and stochastic components, and the latter is significant.
Compared to the February eruptions, the April volcanic eruptions induce stronger
deterministic responses, with clear cooling in the first year. The El Niño cases
also exhibit a clear warming response in the second year, particularly for Tambora
(Figure 5.2i-l).
The ENSO responses to June volcanic eruptions (Figures 5.2m-r, 5.3d) are comparable in magnitude to those for the April eruptions, but the signal is less clouded by
stochastic dispersion since the perturbation occurs after boreal spring. The deterministic El Niño-like response during the year following the June eruption is strongest for
weak and moderate El Niño onsets, while the La Niña onset shows no such response
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even for Tambora-size eruptions. The response of the Neutral onset is weaker than
the weak El Niño onset, because clouds in the WP reduce volcanic radiative cooling
for the Neutral ENSO onset, and shift to the CP for the weak El Niño onset.

5.5

Summary

We performed large ensemble simulations to explore the sensitivity of ENSO to explosive tropical volcanic eruptions, and the dependence of that sensitivity on the ocean
preconditioning and the season and magnitude of the eruption. Using the grandensemble technique we distinguished betweeen the stochastic response component
and the deterministic volcanically-induced response. These experiments comprised
6200 perturbed simulations and over 20,000 model years, the most extensive set of
simulations yet applied to this topic. For February eruptions, the ENSO response
is strongly influenced by boreal spring instabilities, and is thus relatively difficult to
detect even for Tambora-scale forcing. For April or June eruptions, however, there
is clear cooling in the first year after the eruption, followed by warming in the second year. La Niña onsets are relatively insensitive to any eruptions, while weak
and moderate El Niño onsets are strongly sensitive. The response increases with the
magnitude of the aerosol forcing, although not always linearly.
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Chapter 6
Physical mechanisms of ENSO response to equatorial volcanic
eruptions

6.1

Overview

A number of hypotheses have been proposed to describe the ENSO response to volcanic eruptions (Figure 6.1). For eruptions at low latitudes, several studies (Ohba
et al., 2013; Zuo et al., 2018; Predybaylo et al., 2017) favor LOTG, (Figure 6.1a) and
ODT (Figure 6.1b) mechanisms, although other mechanisms have also been identified.
A study using the CESM attributed an El Niño-like response in the second year after the eruption to meridional energy advection, excited by wind stress curl induced
by equatorial cooling of the ocean surface (Stevenson et al., 2017). A study using
the Institute Pierre Simone Laplace (IPSL) climate model attributed an El Niño-like
response to a volcanically-induced rapid cooling of the African continent, which weakened the West African monsoon and induced westerly wind anomalies over the WP
(Khodri et al., 2017). For high-latitude eruptions it has been proposed that a strong
Northern Hemisphere eruption could shift the Intertropical Convergence Zone south
and trigger an El Niño-like response (Pausata et al., 2016, 2015; Colose et al., 2016)
but this topic will be discussed in details in Chapter 7.
In this chapter, we test different volcanic impact mechanisms with respect to their
sensitivity to ENSO phase and the magnitude of radiative forcing and identify the
importance of the effect of rapid land cooling due to reduced solar heating during the
initial stages of an eruption. Based on the specifically designed set of experiments
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Figure 6.1: Schematic representation of the (a) LOTG and (b) ODT mechanisms, 6–12
months after an explosive tropical volcanic eruption, as a function of ENSO preconditioning:
La Niña, Neutral, weak CP El Niño, and extreme EP El Niño. See Section 5.2.1 and Table 6.1
for ENSO event definitions.
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Table 6.1: The ranges of OND iNiño3.4 used to generate Control IC 5-member ensemble
simulations for different ENSO onsets.

ENSO ONSET
1.
2.
3.
4.

La Niña
Neutral
Weak CP El Niño
Extreme EP El Niño

iNINO3.4 RANGE (K)
-∞ - (-2)
-0.2 - 0.2
1 - 1.5
3-∞

with the land surface temperature override, we answer the following question:
1. What is the main driving mechanism behind the impact of the equatorial eruptions on ENSO?

6.2

Experimental setup

To test the rapid land cooling hypothesis, we perform experiments in which the
eruption-induced land cooling is suppressed in particular regions – namely Africa as
suggested by Khodri et al. (2017), and the Maritime Continent and Australia (M&A)
which is well positioned geographically to affect the WP winds through LOTG (Ohba
et al., 2013; Predybaylo et al., 2017). We override the land surface temperature in
these regions using archived hourly data from the original 500-year Control simulation
in which there was no volcanic cooling.

Override grand-ensembles
To account for any changes in climate or ENSO arising from the override procedure
itself, we first conduct two new 100-year 1990 Control simulations (without volcanic
forcing) in which the land surface temperature in the selected regions is overridden
by the hourly data from the original Control run (Table 6.3). Comparison of the new
Control simulations is provided in Table 6.2 and Figures 6.2,6.3. For each of the four
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Table 6.2: ENSO phase probabilities in the observational data (ERSST V4) and CM2.1
model output with and without temperature override over Africa and M&A continents
(M&A) for La Niña, Neutral, weak CP El Niño, and extreme EP El Niño.

Observations
CM2.1 no override
CM2.1 Africa override
CM2.1 M&A override

La Niña

Neutral

Weak El Niño

Extreme El Niño

0.23
0.33
0.32
0.28

0.43
0.38
0.39
0.43

0.23
0.20
0.20
0.21

0.11
0.09
0.09
0.08

ENSO event types defined in Table 6.1 (La Niña (below -2 K), Neutral (-0.2 K to
0.2 K), weak El Niño (1 K to 1.5 K), and extreme El Niño (above 3 K)), we then
choose 5 new ICs from the new 100-year controls, and perform new 50-member grandensemble Butterfly and Tambora experiments with the land temperature overridden
(see Table 6.3). The land-override Control, land-override Butterfly, and land-override
Eruption runs only differ in their volcanic aerosol forcing. The land-override ensembles amount to a total of 2 seasons x 2 volcanoes x 5 butterflies x 10 ICs x 6 onsets
x 3 years, or 3600 years of simulation.

500
3
3
100
3
3
100
3
3

3°E-55°E 38°S-35°N
3°E-55°E 38°S-35°N
3°E-55°E 38°S-35°N
93°E-165°E 37°S-7°N
93°E-165°E 37°S-7°N
93°E-165°E 37°S-7°N

1.
2.
3.
4.
5.
6.
7.
8.
9.

No override, historical
No override, Butterfly
No override, Tambora
Africa override, historical
Africa override, Butterfly
Africa override, Tambora
M&A override, historical
M&A override, Butterfly
M&A override, Tambora

OVERRIDE REGION DURATION
(years)

EXPERIMENT NAME

αp xP inatubo
(3 + αp )xP inatubo
αp xP inatubo
(3 + αp )xP inatubo
αp xP inatubo
(3 + αp )xP inatubo

FORCING SIZE, p

1
10
10
1
5
5
1
5
5

10
10
10
10
10
10

1
100
100
1
50
50
1
50
50

# of ICs # of PERT TOTAL
per IC
#
of
ENS
MEM

Table 6.3: List of control and perturbed grand-ensemble simulations with and without land surface temperature override over Africa and
Maritime and Australia (M&A) continents for each ENSO onset listed in Table 6.1: La Niña, Neutral, weak El Niño, moderate El Niño,
strong El Niño, and extreme El Niño. P inatubo corresponds to the original Pinatubo aerosol extinction 0 , αp < 0.01 is a Butterfly
forcing coefficient, p ranges from 1 to 10.
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6.3

Results

In (Predybaylo et al., 2017), we identified two mechanisms controlling the ENSO
response to volcanic forcing in the CM2.1 model: the LOTG (Figure 6.1a) (Ohba
et al., 2013) and the ODT (Figure 6.1b) (Seager et al., 1988; Clement et al., 1996).
For the LOTG, the Maritime Continent and Australia (M&A) cool faster than the
surrounding ocean, weakening the westward SST gradient and trade winds in the WP
(Predybaylo et al., 2017; Ohba et al., 2013). However, the LOTG response is shortlived, and the subsequent response is controlled by the ODT. The ODT is sensitive
to the equatorial zonal gradient of ocean upwelling and thermocline depth, and thus
to the ocean preconditioning and ENSO state. Figure 6.4i demonstrates that in the
case of the weak CP El Niño onsets, the WP cools more strongly than the EP, due to
the shallower thermocline and more intense upwelling in the EP that attenuate the
EP SST response to the radiative forcing. This reduces the westward SST gradient
in the WP, leading to strong and long-lasting westerly wind anomalies that cause

Figure 6.2: Time-series of the global surface temperature anomaly in the control experiments with and without temperature override. Globally averaged monthly mean surface
temperature anomaly calculated with respect to the climatology for the long control simulations with (orange) and without temperature override over Africa (blue) and M&A (green).
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an El Niño-like response. In contrast, the La Niña onset has an extended upwelling
area in the equatorial Pacific, while the extreme EP El Niño onset has a uniformly
deep thermocline over the entire equatorial Pacific. Both of them no not develop a
strong zonal SST gradient in the response; and this results in a weaker wind response,
weaker zonal feedbacks, and a weaker El Niño-like response to volcanic forcing.
In contrast, the mechanisms based on Africa and M&A cooling are insensitive
to the ocean preconditioning, and have a smaller impact on the ENSO response.
Figure 6.4 compares the ensemble median deterministic responses to June Tamborasize perturbations for four different ENSO onsets, in the land temperature override
experiments with and without volcanically-induced land cooling over Africa or M&A.
The tropical Pacific SST and surface zonal wind responses in the experiment pairs
with temperature override, whether or not the cooling over Africa and M&A is included, are all very similar to the original experiment pair without override. Thus
the continental cooling appears to play a less important role than the ODT in our
experiments.

Figure 6.3: Time-series of the iNiño3.4 in the control experiments with and without temperature override. Same as in Fig. 6.2 but for the iNiño3.4.
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Figure 6.4: Longitude-time diagrams of SST response (K, shaded) and surface zonal wind
(m/s, black contours) deterministic response to a June-1991 Tambora-size eruption, averaged over 5°S-5°N during June 1991 – June 1993. The response is calculated as the Tambora
grand-ensemble median minus the Butterfly grand-ensemble median, for experiments without continental temperature override (left column) and with temperature override over Africa
(middle column) and the Maritime Continent and Australia (right column). Rows indicate
responses of La Niña, Neutral, weak El Niño, and extreme El Niño onsets (see Section 5.2.1
for event definitions). Medians are calculated from 100-member grand-ensembles for the
experiments without override, and 50-member grand-ensembles for the experiments with
override (Table 6.3). Dashed lines bound the Indian ocean (red), Pacific ocean (black), and
Niño3.4 region (green).
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6.4

Summary

By overriding land surface temperatures over Africa, the Maritime Continent, and
Australia, we showed that in this model the continental cooling and associated landocean temperature gradient changes play a relatively small role in the ENSO response
beyond the first few months after the eruption; the ocean-dynamical thermostat plays
a much larger role. This is in contrast with previous results from the IPSL model,
which had suggested an important role for African cooling (Khodri et al., 2017).
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Chapter 7
Impact of strong high-latitude eruptions on ENSO

7.1

Motivation

In previous Chapters, we considered the effect of the equatorial Pinatubo-size and
Tambora-size eruptions, the most powerful eruptions of the last two centuries, on
ENSO (Predybaylo et al., 2017, 2019 [under review]). We found that several factors
may affect the ENSO response. We, therefore, conducted a sensitivity analysis of the
ENSO response and studied the importance of the ENSO preconditioning, eruption
magnitude, and eruption timing. We also found that the ENSO response contains
two components – stochastic and deterministic. The interplay of these components
depends on the eruption season, roughly showing that the deterministic component is
dominant after the summer eruptions, while after the winter eruptions, the stochastic
component prevails. In Chapter 6, we tested several mechanisms, which may explain
the impact of equatorial eruptions on ENSO. We found that the ocean dynamical
thermostat (Clement et al., 1996) plays a significant role. With this, we concluded
the investigation and confirmed our hypothesis that equatorial eruptions significantly
affect ENSO.
The high-latitude volcanic eruption could also impact ENSO, even though their
impact on Earth’s climate is generally weaker and shorter compared to the equatorial
volcanoes. Previous studies (Pausata et al., 2015, 2016; Stevenson et al., 2017; Sun
et al., 2019; Zuo et al., 2018) suggested that the extraordinarily strong Northern
Hemisphere (NH) volcanic eruptions produce a warming response in the tropical

108
Pacific by means of the southward shift of the ITCZ. In this chapter, we apply our
designed framework to test the deterministic impact of the realistic high-latitude
eruptions.
We first consider how the distribution of the volcanic aerosol cloud depends on the
location of the volcano. For the equatorial volcanic eruptions, the aerosol coverage
can vary. As we discussed in Chapter 2, the sulfate aerosols produced by the Mount
Pinatubo in the Philippines in 1991 spread into both hemispheres (Figure 7.1a). The
plume of the tropical eruption of El Chichón in Mexico in 1982 mostly dispersed into
the NH, although partially spread into the Southern hemisphere. In contrast, the
plume of the Mount Agung in Indonesia in 1963 remained in the Southern hemisphere. The aerosols from the high-latitude eruptions, however, are trapped by the
corresponding hemisphere (Schneider et al., 2009; Kravitz and Robock , 2011). Additionally, the lifetime of the volcanic aerosols from the high-latitude volcanic eruptions
is shorter than that after the equatorial eruptions. Thus, their impact on climate is
weaker.
The strongest high-latitude eruption of the twentieth century was an eruption of
Katmai in Alaska in 1912 (Volz , 1975; Stothers, 1996) located at 58°N. It emitted
around 5 Mt of sulfur dioxide to the lower stratosphere (Hildreth and Fierstein, 2012;
Gao et al., 2007; Stothers, 1996), that converted to 7 Mt of sulfate aerosols (Oman
et al., 2006). The sulfate aerosols remained in the NH stratosphere (Figure 7.1b)
and caused a strong impact on the NH climate (Oman et al., 2005). The decrease
of the surface temperature in the NH was about 1 K after the eruption, while the
stratosphere significantly warmed up.
Pausata et al. (2015) investigated the response of the tropical variability modes to
the summer NH eruption, which produced 100 Tg of SO2 and is stronger than five 1991
Pinatubo or twenty 1912 Katmai eruptions. They detected an El Niño-like response
in 4-9 months following the volcanic eruption, using the coupled Norwegian Earth
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System Model (NorESM1-M). They suggested that by cooling the NH, such a volcano
can push the ITCZ southwards to the equator. This equatorward shift of the ITCZ
causes a decrease of the trade winds and favors El Niño-like conditions. Later, Pausata
et al. (2016) found that the ENSO response to the summer high-latitude volcanoes
depends on the ENSO preconditioning, revealing a significant warming response of
the Neutral and La Niña onsets. Zambri et al. (2019) obtained a significant warming
response in the Pacific for all three ENSO phases, using the CESM.
Later, several other studies (Pausata et al., 2015, 2016; Lim et al., 2015; Colose
et al., 2016; Stevenson et al., 2016; Zuo et al., 2018; Zambri et al., 2019) discussed
a shift of the ITCZ in response to asymmetric volcanic forcing as an alternative
mechanism of volcano-El Niño interaction using different methods. Lim et al. (2015)
reported that this mechanism drives the El Niño-like response only when the volcanic
forcing is greater than 15 Wm−2 . The impact of both NH and Southern hemisphere
eruptions on ENSO was studied using proxy reconstructions and the CESM (Stevenson et al., 2016; Liu et al., 2018a,b). It was also analyzed using the oxygen isotopic
ratios (δ 18 O) from the proxy reconstructions and the isotope-enabled members of
the Last Millennium CESM Ensemble (Stevenson et al., 2019). They confirmed the
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Figure 7.1: Longitude-time diagram of extinction optical depth after an equatorial eruption
of Pinatubo (left panel) and high-latitude eruptions of Katmai (middle panel) and 3xKatmai
(right panel) in the Northern Hemisphere.
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El Niño-like response after the NH eruptions, and found cooling of the Tropical Pacific after the Southern hemisphere eruptions, although the mechanism of this cooling
remains uncertain.
The previous modeling studies have described the ENSO response to high-latitude
eruptions in terms of the difference between the “volcano” and “no volcano” experiments, which we defined in Chapter 5 as a total response. Yet, the stochastic component of this response has not been taken into account. In this chapter, we examine
the deterministic response of the tropical Pacific (which is the difference between
total and stochastic responses) to 1912 Katmai-size and 3xKatmai-size high-latitude
eruptions which could happen in February or June. Here we discuss the following
questions:
1. What is the mechanism of the ENSO response to high-latitude eruptions?
2. Does the response of ENSO to high-latitude eruptions depend on the ENSO
preconditioning?
3. Does the response of ENSO to high-latitude eruptions depend on the volcanic
eruption timing?

7.2

Experimental setup

To distinguish between the responses of the different ENSO onsets to high-latitude
eruptions, we run the sets of control (without volcanic aerosols) ensembles and perturbed (with volcanic aerosols) grand-ensemble simulations. We investigate the responses of the Neutral, La Niña, weak CP El Niño, and extreme EP El Niño preconditioning to the perturbed Katmai and 3xKatmai forcings. As in Chapters 3 and 5,
the ICs for each ENSO onset are chosen from the long control run according to the
iNiño3.4 ranges summarized in Table 7.1. The SON mean states of the control ENSO
onsets are shown in Figure 7.2 and 7.3.
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Table 7.1: The ranges of the OND 1991 mean iNiño3.4 used to generate Control IC 5member ensemble simulations for different ENSO onsets.

ENSO ONSET
1.
2.
3.
4.

iNIÑO3.4 RANGE (K)

La Niña
Neutral
Weak CP El Niño
Extreme EP El Niño

iNiño3.4 < -2
-0.2 <iNiño3.4< 0.2
1 <iNiño3.4< 1.5
3 < iNiño3.4

Table 7.2: Summary of the perturbed 25-member grand-ensemble simulations for each
ENSO onset listed in Table 7.1: La Niña, Neutral, weak El Niño, and extreme El Niño.
Each grand-ensemble involves 5 ICs forced with the sets of 5 perturbed forcings. Katmai
corresponds to the original high-latitude Katmai forcing, αp < 0.01 is a Butterfly forcing
coefficient, p ranges from 1 to 5.

GRAND ENSEMBLE NAME

FORCING SIZE

FORCING START MONTH

1.
2.
3.
4.
5.
6.

αp xKatmai
αp xKatmai
(1 + αp )xKatmai
(1 + αp )xKatmai
(3 + αp )xKatmai
(3 + αp )xKatmai

February
June
February
June
February
June

February Butterfly
June Butterfly
February Katmai
June Katmai
February 3xKatmai
June 3xKatmai
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In our setting, the perturbed grand-ensemble simulations require prescribing volcanic aerosol optical properties. We use the extinction, single scattering albedo, and
asymmetry parameter for the 1912 Katmai eruption from the SATO dataset (Sato
et al., 1993; Stenchikov et al., 1998). Figure 7.1 illustrates the maximum Katmai
AEOD in the visible (0.5-0.6 µm) reaching about 0.12 between 40°N and 60°N. Following the Experimental setup of Chapter 5, we obtain the AEOD for the 3xKatmai
eruption by scaling the Katmai AEOD by a factor of 3; the resulting maximum AEOD
reaches 0.37. The Katmai-size, 3xKatmai-size, and Butterfly AEOD for the sensitivity study are generated using the“perturbed forcing” technique. The summary of the
perturbed grand-ensembles is represented in Table 7.2
We then calculate the stochastic and deterministic response components to eliminate the volcanically-forced signal from the total ENSO response.
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Figure 7.2: Control surface temperature (K, shading) anomalies of the 5-member control
ensemble mean calculated with respect to the climatology in SON 1991 for a) La Niña, b)
Neutral, c) CP El Niño, and d) EP El Niño onsets.
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Total precipitation (mm/day) control anomaly, SON 1991
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Figure 7.3: Control total precipitation (mm/day) anomalies of the 5-member control ensemble mean calculated with respect to the climatology in SON 1991 for a) La Niña, b)
Neutral, c) CP El Niño, and d) EP El Niño onsets.
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7.3

Results

Our CM2.1 simulations show that the net SW forcing at the TOA produced by the
Katmai eruption concentrates in the NH and almost reaches -3.5 Wm−2 (Figure 7.4
and 7.5). The 3xKatmai eruption decreases the net SW at the TOA flux in the NH
by more than 9 Wm−2 . The volcanic radiative forcing peaks in five months after the
February eruptions, and in four months after the June eruptions (Figure 7.4).
We further examine the stochastic and deterministic responses that occur in the
tropical Pacific (Figure 7.6).

7.3.1

Response to high-latitude Butterfly perturbations

The small perturbations help us to calculate the stochastic component of the ENSO
response. We design the Butterfly forcing here by scaling the Katmai forcing, and
therefore, it is spatially different from that used in Chapter 5. However, we expect
that the resulting stochastic component of the ENSO response remains similar to that
in the equatorial case.
Figure 7.6 illustrates the stochastic (green dashed) responses of different ENSO
onsets. It shows that the extreme El Niño onset is the most sensitive to the February
Butterfly perturbations, which tends to damp the potential amplitude of an upcoming
El Niño (Figure 7.6d,i). This is in line with our statement in Chapter 5 that any
boreal winter perturbations may significantly damp an upcoming extreme El Niño.
Similarly, the spread of stochastic responses, and therefore the ENSO sensitivity,
is larger after winter perturbations than after the summer ones. In general, the
distribution of stochastic ENSO responses to the NH perturbations (Figure 7.7) is in
a good agreement with those discussed in Chapter 5 (Figure 5.3a,b), even considering
a much smaller number of grand-ensemble members.
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Figure 7.4: Radiative forcing at the TOA after the February (top panel) and June (bottom
panel) eruptions of Katmai (blue) and 3xKatmai (red). The change of the net (downward upward) SW (solid curves) and LW (dashed curves) fluxes averaged globally (curves with no
markers) and over the Northern Hemisphere (NH, curves with markers). Positive radiative
forcing defines heating, and negative radiative forcing is associated with cooling.
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7.3.2

Response to high-latitude volcanic forcing

Here we mainly concentrate on the first-year deterministic ENSO response, 3-10
months after the high-latitude eruption (Figure 7.7). We calculate the deterministic
response by subtracting the stochastic component from the total ENSO response to
the volcanic forcing. The use of the deterministic component helps to understand the
pure volcanic impact and analyse the deterministic mechanism.
The deterministic ENSO responses to high-latitude volcanic eruptions are qualitatively different (Figure 7.6) from those to the equatorial eruptions (Figure 5.3a,b).
There is a well-seen warming response in the first six months after the 3xKatmai-size
eruption, instead of a strong cooling response. Similarly to the case with the lowlatitude eruptions, these responses depend on the ENSO preconditioning, the timing
of the eruption, and eruption magnitude.
Figure 7.8 illustrates the globally distributed surface temperature deterministic
responses to volcanic eruptions averaged for the boreal fall of the eruption year (SON
1991). Katmai eruption causes up to 0.5 K cooling in the NH and no response
of ENSO, except for the EP El Niño onset which reveals a statistically significant
El Niño-like response after the February Katmai eruption (Figure 7.8m). ConsiderPina−ubo (EQ eruption), max = -11.81
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Figure 7.5: Longitude-time diagram of zonal SW radiative forcing after an equatorial
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Figure 7.6: Control iNiño3.4 (K) and its responses to February (left column) or June (right
column) high-latitude Butterfly perturbations. Perturbation times are marked by brown triangles. Rows represent an individual Control ENSO onset group: La Niña, Neutral, weak
El Niño, and extreme El Niño. Spaghetti curves represent individual iNiño3.4 trajectories from the Control ensemble (green) and Butterfly grand-ensemble (gray). The median
of each Butterfly grand-ensemble (ButterflyM ) is shown as a thick gray curve with dots.
Dashed green curves represents ButterflyM minus the Control ensemble median (ControlM ,
not shown); this is the correction that would be needed to remove the post-initialization
stochastic selection bias present in the Control ensemble. Orange-shaded areas represent
90% bootstrap confidence intervals of the Butterfly grand-ensemble medians. Yellow-shaded
vertical bands indicate the time interval (SON 1991) used to plot Figures 7.8, 7.11, and 7.7.
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Figure 7.7: Summary of the ENSO responses shown in Figure 7.6. (a) iNiño3.4 (K)
averaged over SON 1991. Green dots show the 5-member medians of the unperturbed
Control ensembles, for various types of ENSO events identified in the Control run (abscissa;
see Section 7.2 for event definitions). For February perturbations, box-and-whiskers show the
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dots show the median of the 25-member Katmai grand-ensemble; red dots show the median
of the 25-member 3xKatmai grand-ensemble; and (b) as in (a), but for June perturbations.
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ing a substantial contribution of the stochastic component, the significance, in this
case, can be questioned. Moreover, the response of the EP El Niño onset to the
February 3xKatmai perturbation (Figure 7.8n) does not scale with the amplitude of
the eruption. Therefore, we consider this warming response as an artifact due to the
highly stochastic behavior of the EP El Niño onset in boreal winter. The ensemble size
has to be increased to verify this. The Neutral and CP El Niño onsets (Figure 7.8f,j)
tend to show a weak El Niño-like response to February 3xKatmai eruptions. However,
it is also not significant and largely affected by the strong variability of the stochastic
component (Figure 7.7).
Strong cooling of the NH after the June 3xKatmai-size eruptions leads to significant El Niño-like warming of 0.3–0.5 K, which is comparable in the amplitude with
that discussed in Pausata et al. (2015) and Pausata et al. (2016). As in Pausata
et al. (2016), we detect the most robust deterministic El Niño-like response on the
Neutral onset (Figure 7.8h). Similarly, the CP and EP El Niño onsets show a weak
deterministic warming response (Figure 7.8l,p). There is no deterministic signal in
the case of the La Niña onset.

7.3.3

ENSO response mechanism

The ocean dynamical thermostat is not at play for the high-latitude volcanic eruptions, because the equatorial forcing is weak. Therefore, the response mechanism
of ENSO to high-latitude volcanic eruptions should differ from that to equatorial
volcanic eruptions.
Pausata et al. (2015) proposed the following response mechanism. The strong
cooling of the NH after the high-latitude volcanic eruption drives a southward migration of the ITCZ due to the volcanically-induced energetic deficiency of the NH
hemisphere (Colose et al., 2016). This ITCZ shift leads to the westerly wind anomaly
in the central-western Pacific which initiates an El Niño-like response. Later, Pausata
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et al. (2016) relate the differences between the response of different ENSO onsets to
the fact that the ITCZ is farther north during the La Niña onset compared to the
El Niño onset.
In fact, the different ENSO onsets are associated with different ITCZ patterns
(Schneider et al., 2014). The Figure 7.9 shows how the ITCZ would look in the
absence of the volcanic forcing for all four ENSO onsets. Typically, the ITCZ in the
Pacific consists of two parts. The first branch of the intense precipitation spans at
around 10°N from the American coast to Indonesia along the equator, and the second
(short) branch settles in the WP at about 10°S (Figure 7.9b). The Neutral and CP
El Niño onsets have similar ITCZ patterns, which only differ in the WP, because
of the slight eastward shift and weakening of the Walker circulation during the CP
El Niño onset (Figures 7.3b,c and 7.9b,c). The EP El Niño onset has a different ITCZ
pattern which is much wider and shorter (10°S to 15°N) lacking the WP branch due
to the strong eastward shift of the Walker circulation (Figures (7.3d). The La Niña
onset exhibits a weaker equatorial branch and misses part of the WP branch due to
the zonal extension of the Pacific Walker cell.
We here hypothesize that the ENSO response depends on the ocean preconditioning, because the ITCZ responds differently for different ENSO onsets.
We further analyze only the impact of the June 3xKatmai-size eruptions on these
ITCZ patterns by looking at the deterministic response of the precipitation and wind
patterns in the tropical Pacific (Figures 7.10h,l,p and 7.11h,l,p). With this, we aim to
explain the mechanism describing different sensitivity of ENSO responses to strong
high-latitude volcanic forcing.
In the cases with the El Niño-like response after high-latitude eruptions, we observe a slight southward shift of the ITCZ over the Pacific and stronger ones over the
Indian Ocean and Western Africa. The meridional distribution of the precipitation
response over the Pacific is, however, zonally non-uniform. In the case of Neutral,
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CP El Niño, and EP El Niño, there is a strong increase of precipitation in the WP,
which results in a decrease of the trade winds leading to El Niño-like warming. In
the case of the La Niña onset, this precipitation increase is absent, and therefore, no
temperature response is revealed.

7.4

Summary

In Chapter 7, we separated the stochastic and deterministic components of the ENSO
response to the high-latitude volcanic eruptions. The ENSO preconditioning and
volcanic eruption magnitude together with the eruption timing, define the intensity
and significance of the tropical Pacific response.
We found that the deterministic ENSO response to high-latitude volcanic eruptions is weaker than to the equatorial ones. The warming response is likely to emerge
for 4-6 months after the June 3xKatmai eruption, yet not for every ENSO onset.
The stochastic component of the response is similar to the equatorial perturbations, despite spatially different Butterfly forcing. It is large for winter volcanic eruptions, thus it is hard to detect a deterministic signal from the February high-latitude
volcanic eruptions. However, it is important to analyze the deterministic response for
an understanding of the mechanism.
The mechanism of the deterministic response is more complicated than was described in previous studies. Seasonal dependence of the ENSO response is related
to the ITCZ structure. The shift of ITCZ is zonally non-uniform and requires further investigations and analysis. The well-known double ITCZ problem as well as
ENSO problem in the climate models could also play a role and make the results
model-dependent.
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Chapter 8
Concluding remarks

8.1

Conclusions

This dissertation covers the response of different ENSO phases to strong low-latitude
and high-latitude volcanic eruptions. A unique experimental framework that allowed
to distinguish the pure volcanic signal within the high tropical variability was designed. For this study, I have completed over 7000 simulations with the CM2.1
model, overall spanning more than 20000 years of climate data. Using different initial conditions of the ocean and applying slightly varying volcanic forcing, it became
possible to break the ENSO response into stochastic and deterministic components
(Predybaylo et al., 2017). The stochastic component defines the ENSO sensitivity
to small atmospheric perturbations, and the deterministic component indicates the
volcanic impact. The partial contribution of these components determines the predictability and strength of the ENSO response to volcanic forcing. The ratio between
the response components varies depending on the perturbation season; if ENSO is
perturbed in winter, the stochastic component overrides the deterministic one. Therefore, special attention should be paid to composited ensembles, which may be highly
contaminated by the noise.
This study showed that the ENSO response strongly depends on the ocean preconditioning (Predybaylo et al., 2017). In particular, it was detected that CP and EP
El Niños respond differently when interacting with volcanic forcing.
The results of this study are aligned with the available observations for the erup-
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tions of El Chichón and Pinatubo. It was confirmed that the probability of an El Niño
to appear after the volcanic eruption doubles. The dissimilarities between the responses of different ENSO types are explained by the ODT mechanism for equatorial
eruptions and by the non-uniform shift of the ITCZ for high-latitude eruptions. These
mechanisms are strongly related to the ENSO onset.
Many up-to-date models have their own tropical climate and ENSO behavior,
which does not always well reproduce the observed characteristics (Gabriel and Robock ,
2015; Chen et al., 2017a). Some models simulate only one type of El Niño, or produce unrealistically weak or overly frequent ENSO events (Ham and Kug, 2012; Yu
and Kim, 2010). In addition, many models have a double ITCZ problem which can
contribute to the uncertainty. This intrinsic model behavior inevitably affects the
simulated ENSO sensitivity, and may not be able to cover the full set of possible
cases in nature completely. These model biases could help to explain why studies of
volcanic impacts on ENSO have produced seemingly conflicting results.

8.2

Recommendations for further analysis

The main conclusion of this study is that the observed and simulated composites of the
ENSO response to volcanic eruptions have to be assembled bearing in mind the ocean
preconditioning, timing, magnitude, and location of the eruption. Empirical analyses
of observations and multi-model ensemble outputs usually disregard the timing of
an eruption and the preconditioning when sampling post-volcanic years (Emile-Geay
et al., 2008; McGregor and Timmermann, 2011; Lim et al., 2015). However, such
pooled sampling might misrepresent the impact of eruptions on ENSO. I believe
that more selective sampling, and inter-comparison of results from multiple models,
could help clarify the sensitivities of ENSO to volcanic forcings. All principles and
techniques for accurate sampling discussed in this dissertation may be applied to the
analysis of the various observational data and multi-model studies.
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8.3

Future research work

I plan to continue my academic career at Max Planck Institute for Chemistry (MPIC)
in Germany. With the acquired knowledge, experience and under the supervision of
Prof. Jos Lelieveld, I will work to further the understanding of the volcano-climate
interactions, and also learn new techniques and gain valuable skills from the experts
in atmospheric chemistry.
My main focus will shift towards the realistic interactive simulations of the volcanic
plume development based on the ECHAM/MESSy Atmospheric Chemistry (EMAC)
model (Pozzer et al., 2011). This will allow me to study future climate change and
to account for the effect of the volcanic eruptions and their interaction with ENSO.

Postscript
I would like to finish my dissertation with a short anecdote that was born at the very
beginning of my Ph.D. journey. To the question “What do you do for a living?", I
can always answer “I do modeling. Climate modeling".

130

REFERENCES

Adams, J. B., M. E. Mann, and C. M. Ammann (2003), Proxy evidence for an El
Niño-like response to volcanic forcing, Nature, 426 (6964), 274–278.
Anderson, J. L., V. Balaji, A. J. Broccoli, W. F. Cooke, et al. (2004), The new
GFDL global atmosphere and land model AM2-LM2: Evaluation with prescribed
SST simulations, Journal of Climate, 17 (24), 4641.
Angell, J. K. (1996), Stratospheric temperatures after volcanic eruptions, in The
Mount Pinatubo Eruption, pp. 83–93, Springer.
Ashok, K., and T. Yamagata (2009), Climate change: The El Niño with a difference,
Nature, 461 (7263), 481.
Ashok, K., S. K. Behera, S. A. Rao, H. Weng, and T. Yamagata (2007), El Niño
Modoki and its possible teleconnection, Journal of Geophysical Research: Oceans
(1978–2012), 112 (C11).
Atwood, A. R., D. S. Battisti, A. T. Wittenberg, W. G. H. Roberts, and D. J. Vimont
(2016), Characterizing unforced multi-decadal variability of ENSO: A case study
with the GFDL CM2.1 coupled GCM, Climate Dyn., submitted.
Atwood, A. R., D. S. Battisti, A. T. Wittenberg, W. Roberts, and D. J. Vimont
(2017), Characterizing unforced multi-decadal variability of ENSO: A case study
with the GFDL CM2.1 coupled GCM, Climate Dynamics, 49 (7-8), 2845–2862.
Bellenger, H., É. Guilyardi, J. Leloup, M. Lengaigne, and J. Vialard (2014), ENSO
representation in climate models: from CMIP3 to CMIP5, Climate Dynamics, 42 (78), 1999–2018.
Bender, F. A.-M., A. M. Ekman, and H. Rodhe (2010), Response to the eruption
of mount pinatubo in relation to climate sensitivity in the cmip3 models, Climate
dynamics, 35 (5), 875–886.
Bjerknes, J. (1969), Atmospheric teleconnections from the Equatorial Pacific, Monthly
Weather Review, 97 (3), 163–172.
Blake, S. A., S. C. Lewis, A. N. LeGrande, and R. L. Miller (2018), Assessing the
impact of large volcanic eruptions of the last millennium (850–1850 ce) on australian
rainfall regimes, Climate of the Past, 14 (6), 811.
Brimblecombe, P. (2013), The global sulfur cycle, in Treatise on Geochemistry: Second
Edition, pp. 559–591, Elsevier Inc.

131
Brönnimann, S., E. Xoplaki, C. Casty, A. Pauling, and J. Luterbacher (2007), ENSO
influence on europe during the last centuries, Climate Dynamics, 28 (2-3), 181–197.
Budyko, M. I. (1969), The effect of solar radiation variations on the climate of the
earth, tellus, 21 (5), 611–619.
Bureau of Meteorology, A. (2012), Record-breaking la niña events: An analysis of the
la niña life cycle and the impacts and significance of the 2010–11 and 2011–12 la
niña events in australia, Bureau of Meteorology, Melbourne.
Cai, W., S. Borlace, M. Lengaigne, P. Van Rensch, M. Collins, G. Vecchi, A. Timmermann, A. Santoso, M. J. McPhaden, L. Wu, et al. (2014), Increasing frequency of
extreme El Niño events due to greenhouse warming, Nature Climate Change, 4 (2),
111–116.
Cai, W., G. Wang, A. Santoso, M. J. McPhaden, L. Wu, F.-F. Jin, A. Timmermann,
M. Collins, G. Vecchi, M. Lengaigne, et al. (2015a), Increased frequency of extreme
La Niña events under greenhouse warming, Nature Climate Change, 5 (2), 132.
Cai, W., A. Santoso, G. Wang, S.-W. Yeh, S.-I. An, K. M. Cobb, M. Collins, E. Guilyardi, F.-F. Jin, J.-S. Kug, et al. (2015b), ENSO and greenhouse warming, Nature
Climate Change, 5 (9), 849.
Cai, W., G. Wang, B. Dewitte, L. Wu, A. Santoso, K. Takahashi, Y. Yang, A. Carréric,
and M. J. McPhaden (2018), Increased variability of eastern Pacific El Niño under
greenhouse warming, Nature, 564 (7735), 201.
Capotondi, A., A. T. Wittenberg, M. Newman, E. Di Lorenzo, J.-Y. Yu, P. Braconnot,
J. Cole, B. Dewitte, B. Giese, E. Guilyardi, et al. (2015), Understanding ENSO
diversity, Bulletin of the American Meteorological Society, 96, 921–938, doi:10.1175/
BAMS-D-13-00117.1.
Cash, D. W., J. C. Borck, and A. G. Patt (2006), Countering the loading-dock approach to linking science and decision making comparative analysis of El Niño/Southern Oscillation (ENSO) forecasting systems, Science, Technology & Human
Values, 31 (4), 465–494.
Chavez, F. P., J. Ryan, S. E. Lluch-Cota, and M. Ñiquen (2003), From anchovies to
sardines and back: multidecadal change in the Pacific Ocean, science, 299 (5604),
217–221.
Chen, C., M. A. Cane, A. T. Wittenberg, and D. Chen (2016), ENSO in the CMIP5
simulations: Lifecycles, diversity, and responses to climate change, Journal of Climate, submitted.
Chen, C., M. A. Cane, A. T. Wittenberg, and D. Chen (2017a), ENSO in the CMIP5
simulations: Life cycles, diversity, and responses to climate change, Journal of
Climate, 30 (2), 775–801.

132
Chen, D., T. Lian, C. Fu, M. A. Cane, Y. Tang, R. Murtugudde, X. Song, Q. Wu,
and L. Zhou (2015), Strong influence of westerly wind bursts on El Niño diversity,
Nature Geoscience, 8 (5), 339–345.
Chen, Y., D. C. Morton, N. Andela, G. R. Van Der Werf, L. Giglio, and J. T.
Randerson (2017b), A pan-tropical cascade of fire driven by El Niño/Southern
Oscillation, Nature Climate Change, 7 (12), 906.
Choi, K.-Y., G. A. Vecchi, and A. T. Wittenberg (2013), ENSO transition, duration, and amplitude asymmetries: Role of the nonlinear wind stress coupling in a
conceptual model, Journal of Climate, 26 (23), 9462–9476.
Choi, K.-Y., G. A. Vecchi, and A. T. Wittenberg (2015), Nonlinear zonal wind response to ENSO in the CMIP5 models: Roles of the zonal and meridional shift of
the ITCZ/SPCZ and the simulated climatological precipitation, Journal of Climate,
28 (21), 8556–8573.
Chung, C. E. (2012), Aerosol direct radiative forcing: a review, in Atmospheric
Aerosols-Regional Characteristics-Chemistry and Physics, IntechOpen.
Clement, A. C., R. Seager, M. A. Cane, and S. E. Zebiak (1996), An ocean dynamical
thermostat, Journal of Climate, 9 (9), 2190–2196.
Cobb, K. M., N. Westphal, H. R. Sayani, J. T. Watson, E. Di Lorenzo, H. Cheng,
R. Edwards, and C. D. Charles (2013), Highly variable El Niño–Southern Oscillation throughout the Holocene, Science, 339 (6115), 67–70.
Collins, M., S.-I. An, W. Cai, A. Ganachaud, E. Guilyardi, F.-F. Jin, M. Jochum,
M. Lengaigne, S. Power, A. Timmermann, G. Vecchi, and A. Wittenberg (2010),
The impact of global warming on the tropical Pacific Ocean and El Niño, Nature
Geoscience, 3 (6), 391–397.
Colose, C. M., A. N. LeGrande, and M. Vuille (2016), Hemispherically asymmetric
volcanic forcing of tropical hydroclimate during the last millennium, Earth System
Dynamics, 7 (3), 681–696.
D’Arrigo, R., E. R. Cook, R. J. Wilson, R. Allan, and M. E. Mann (2005), On the
variability of ENSO over the past six centuries, Geophysical Research Letters, 32 (3),
n/a–n/a, doi:10.1029/2004GL022055.
D’Arrigo, R., R. Wilson, and A. Tudhope (2009), The impact of volcanic forcing
on tropical temperatures during the past four centuries, Nature Geoscience, 2 (1),
51–56.
Delworth, T. L., A. J. Broccoli, A. Rosati, R. J. Stouffer, V. Balaji, J. A. Beesley,
W. F. Cooke, K. W. Dixon, J. Dunne, K. Dunne, et al. (2006), GFDL’s CM2 global
coupled climate models. Part I: Formulation and simulation characteristics, Journal
of Climate, 19 (5), 643–674.

133
DiNezio, P. N., A. C. Clement, G. A. Vecchi, B. J. Soden, B. P. Kirtman, and S.-K.
Lee (2009), Climate response of the equatorial Pacific to global warming, Journal
of Climate, 22 (18), 4873–4892.
DiNezio, P. N., B. P. Kirtman, A. C. Clement, S.-K. Lee, G. A. Vecchi, and
A. Wittenberg (2012), Mean climate controls on the simulated response of ENSO
to increasing greenhouse gases, Journal of Climate, 25, 7399–7420, doi:10.1175/
JCLI-D-11-00494.1.
Dogar, M. M., G. Stenchikov, S. Osipov, B. Wyman, and M. Zhao (2017), Sensitivity of the regional climate in the Middle East and North Africa to volcanic perturbations, Journal of Geophysical Research: Atmospheres, 122 (15), 7922–7948,
doi:10.1002/2017JD026783, 2017JD026783.
Dutton, E. G., and J. R. Christy (1992), Solar radiative forcing at selected locations
and evidence for global lower tropospheric cooling following the eruptions of El
Chichón and Pinatubo, Geophysical Research Letters, 19 (23), 2313–2316.
Eddebbar, Y. A., K. B. Rodgers, M. C. Long, A. C. Subramanian, S.-P. Xie, and
R. F. Keeling (2019), El Niño–like physical and biogeochemical ocean response to
tropical eruptions, Journal of Climate, 32 (9), 2627–2649.
Emile-Geay, J., R. Seager, M. A. Cane, E. R. Cook, and G. H. Haug (2008), Volcanoes
and ENSO over the past millennium, Journal of Climate, 21 (13), 3134–3148.
Emile-Geay, J., K. Cobb, M. Mann, and A. T. Wittenberg (2013), Estimating
central equatorial Pacific SST variability over the past millennium. Part II: Reconstructions and implications, Journal of Climate, 26, 2329–2352, doi:10.1175/
JCLI-D-11-00511.1.
Eyring, V., S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J. Stouffer, and
K. E. Taylor (2016), Overview of the coupled model intercomparison project phase
6 (cmip6) experimental design and organization, Geoscientific Model Development
(Online), 9 (LLNL-JRNL-736881).
Fang, X.-H., F. Zheng, and J. Zhu (2015), The cloud radiative effect when simulating
strength asymmetry in two types of El Niño events using CMIP5 models, Journal
of Geophysical Research: Oceans.
Fedorov, A. V., and S. G. Philander (2000), Is El Niño changing?, Science, 288 (5473),
1997–2002.
Freidenreich, S., and V. Ramaswamy (1999), A new multiple-band solar radiative
parameterization for general circulation models, Journal of Geophysical Research:
Atmospheres, 104 (D24), 31,389–31,409.
Gabriel, C., and A. Robock (2015), Stratospheric geoengineering impacts on El Niño/Southern Oscillation, Atmospheric Chemistry and Physics, 15 (20), 11,949–11,966.

134
Gao, C., L. Oman, A. Robock, and G. L. Stenchikov (2007), Atmospheric volcanic
loading derived from bipolar ice cores: Accounting for the spatial distribution of
volcanic deposition, Journal of Geophysical Research: Atmospheres, 112 (D9).
Gebbie, G., I. Eisenman, A. Wittenberg, and E. Tziperman (2007), Modulation of
westerly wind bursts by sea surface temperature: A semistochastic feedback for
ENSO, Journal of Atmospheric Science, 64, 3281–3295, doi:10.1175/JAS4029.1.
Glantz, M. H. (2001), Currents of change: impacts of El Niño and La Niña on climate
and society, Cambridge University Press.
Gnanadesikan, A., K. W. Dixon, S. M. Griffies, V. Balaji, M. Barreiro, J. A. Beesley,
W. F. Cooke, T. L. Delworth, R. Gerdes, M. J. Harrison, et al. (2006), GFDL’s
CM2 global coupled climate models. Part II: the baseline ocean simulation, Journal
of Climate, 19 (5), 675–697.
Goldenberg, S. B., C. W. Landsea, A. M. Mestas-Nuñez, and W. M. Gray (2001),
The recent increase in atlantic hurricane activity: Causes and implications, Science,
293 (5529), 474–479.
Graf, H.-F., and D. Zanchettin (2012), Central Pacific El Niño, the âĂĲsubtropical
bridge,âĂİ and Eurasian climate, Journal of Geophysical Research: Atmospheres
(1984–2012), 117 (D1).
Gray, W. M. (1984), Atlantic seasonal hurricane frequency. Part I: El Niño and 30 mb
quasi-biennial oscillation influences, Monthly Weather Review, 112 (9), 1649–1668.
Griffies, S., A. Gnanadesikan, K. W. Dixon, J. Dunne, R. Gerdes, M. J. Harrison,
A. Rosati, J. Russell, B. L. Samuels, M. J. Spelman, et al. (2005), Formulation of
an ocean model for global climate simulations, Ocean Science, 1 (1), 45–79.
Grove, R. H. (1998), Global impact of the 1789-93 El Niño, Nature, 393 (6683), 318.
Grove, R. H. (2006), The great El Niño of 1789–93 and its global consequences: Reconstructing an extreme climate event in world environmental history, The Medieval
History Journal, 10 (1-2), 75–98.
Guilyardi, E., A. Wittenberg, M. Balmaseda, W. Cai, M. Collins, M. J. McPhaden,
M. Watanabe, and S.-W. Yeh (2016), Fourth CLIVAR workshop on the evaluation
of ENSO processes in climate models: ENSO in a changing climate, Bulletin of the
American Meteorological Society, 97 (5), 817–820, doi:10.1175/BAMS-D-15-00287.
1.
Ham, Y.-G., and J.-S. Kug (2012), How well do current climate models simulate two
types of El Niño?, Climate dynamics, 39 (1-2), 383–398.
Hansen, J., A. Lacis, R. Ruedy, and M. Sato (1992), Potential climate impact of
Mount Pinatubo eruption, Geophysical Research Letters, 19 (2), 215–218, doi:10.
1029/91GL02788.

135
Hansen, J., M. Sato, R. Ruedy, et al. (1997), Radiative forcing and climate response,
Journal of Geophysical Research, 102, 6831–6864.
Hildreth, W., and J. Fierstein (2012), The Novarupta-Katmai eruption of 1912:
largest eruption of the twentieth century: centennial perspectives, 1791, Geological Survey (USGS).
Hirono, M. (1988), On the trigger of El Niño / Southern Oscillation by the forcing of
early El Chichón volcanic aerosols, Journal of Geophysical Research: Atmospheres
(1984–2012), 93 (D5), 5365–5384.
Huang, B., Y. Xue, D. Zhang, A. Kumar, and M. J. McPhaden (2010), The NCEP
GODAS ocean analysis of the tropical Pacific mixed layer heat budget on seasonal
to interannual time scales, Journal of Climate, 23 (18), 4901–4925.
Huang, B., V. F. Banzon, E. Freeman, J. Lawrimore, W. Liu, T. C. Peterson, T. M.
Smith, P. W. Thorne, S. D. Woodruff, and H.-M. Zhang (2015), Extended reconstructed sea surface temperature version 4 (ERSST. v4). part I: upgrades and
intercomparisons, Journal of Climate, 28 (3), 911–930.
Ineson, S., and A. Scaife (2009), The role of the stratosphere in the European climate
response to El Niño, Nature Geoscience, 2 (1), 32–36.
Jia, L., X. Yang, G. A. Vecchi, R. G. Gudgel, T. L. Delworth, A. Rosati, W. F. Stern,
A. T. Wittenberg, L. Krishnamurthy, S. Zhang, et al. (2015), Improved seasonal
prediction of temperature and precipitation over land in a high-resolution GFDL
climate model, Journal of Climate, 28 (5), 2044–2062.
Jones, P., and P. Kelly (1996), The effect of tropical explosive volcanic eruptions on
surface air temperature, in The Mount Pinatubo Eruption, pp. 95–111, Springer.
Karamperidou, C., M. A. Cane, U. Lall, and A. T. Wittenberg (2014), Intrinsic
modulation of ENSO predictability viewed through a local Lyapunov lens, Climate
dynamics, 42 (1-2), 253–270.
Karnauskas, K. B. (2013), Can we distinguish canonical El Niño from Modoki?, Geophysical Research Letters, 40 (19), 5246–5251.
Khodri, M., T. Izumo, J. Vialard, S. Janicot, C. Cassou, M. Lengaigne, J. Mignot,
G. Gastineau, E. Guilyardi, N. Lebas, et al. (2017), Tropical explosive volcanic
eruptions can trigger El Niño by cooling tropical Africa, Nature Communications,
8 (1), 778.
Kim, S. T., and F.-F. Jin (2011), An ENSO stability analysis. Part II: results from
the twentieth and twenty-first century simulations of the CMIP3 models, Climate
Dynamics, 36 (7-8), 1609–1627.

136
Kim, S. T., W. Cai, F.-F. Jin, A. Santoso, L. Wu, E. Guilyardi, and S.-I. An (2014),
Response of El Niño sea surface temperature variability to greenhouse warming,
Nature Climate Change, 4 (9), 786–790.
Kling, H. (2017), Climate variability risks for electricity supply, Nature Energy, 2 (12),
916.
Kravitz, B., and A. Robock (2011), Climate effects of high-latitude volcanic eruptions:
Role of the time of year, Journal of Geophysical Research: Atmospheres, 116 (D1).
Kug, J.-S., J. Choi, S.-I. An, F.-F. Jin, and A. T. Wittenberg (2010), Warm pool and
cold tongue El Niño events as simulated by the GFDL 2.1 coupled GCM, Journal
of Climate, 23 (5), 1226–1239.
Labitzke, K., and M. McCormick (1992), Stratospheric temperature increases due to
Pinatubo aerosols, Geophysical Research Letters, 19 (2), 207–210.
Lacis, A., J. Hansen, and M. Sato (1992), Climate forcing by stratospheric aerosols,
Geophysical Research Letters, 19 (15), 1607–1610.
Lamb, H. H. (1970), Volcanic dust in the atmosphere; with a chronology and assessment of its meteorological significance, Philosophical Transactions of the Royal
Society of London A: Mathematical, Physical and Engineering Sciences, 266 (1178),
425–533.
Lambert, A., R. Grainger, C. Rodgers, F. Taylor, J. Mergenthaler, J. Kumer, and
S. Massie (1997), Global evolution of the mt. pinatubo volcanic aerosols observed
by the infrared limb-sounding instruments claes and isams on the upper atmosphere
research satellite, Journal of Geophysical Research: Atmospheres, 102 (D1), 1495–
1512.
Latif, M., and N. S. Keenlyside (2009), El Niño/Southern Oscillation response to
global warming, Proceedings of the National Academy of Sciences, 106 (49), 20,578–
20,583.
Lee, S.-K., P. N. DiNezio, E.-S. Chung, S.-W. Yeh, A. T. Wittenberg, and C. Wang
(2014), Spring persistence, transition, and resurgence of El Niño, Geophysical Research Letters, 41 (23), 8578–8585, doi:10.1002/2014GL062484.
Lee, S.-K., A. T. Wittenberg, D. B. Enfield, S. J. Weaver, C. Wang, and R. Atlas
(2016), US regional tornado outbreaks and their links to spring ENSO phases and
North Atlantic SST variability, Environmental Research Letters, 11 (4), 044,008.
LeGrande, A. N., K. Tsigaridis, and S. E. Bauer (2016), Role of atmospheric chemistry
in the climate impacts of stratospheric volcanic injections, Nature Geoscience.
Lengaigne, M., E. Guilyardi, J.-P. Boulanger, C. Menkes, P. Delecluse, P. Inness,
J. Cole, and J. Slingo (2004), Triggering of el niño by westerly wind events in a
coupled general circulation model, Climate Dynamics, 23 (6), 601–620.

137
Levine, A. F. Z., and M. J. McPhaden (2015), The annual cycle in ENSO growth
rate as a cause of the spring predictability barrier, Geophysical Research Letters,
42 (12), 5034–5041, doi:10.1002/2015GL064309, 2015GL064309.
Li, G., B. Ren, C. Yang, and J. Zheng (2010), Indices of El Niño and El Niño Modoki:
An improved El Niño Modoki index, Advances in Atmospheric Sciences, 27, 1210–
1220.
Li, J., S.-P. Xie, E. R. Cook, G. Huang, R. D’Arrigo, F. Liu, J. Ma, and X.-T. Zheng
(2011), Interdecadal modulation of El Niño amplitude during the past millennium,
Nature Climate Change, 1 (2), 114–118.
Li, J., S.-P. Xie, E. R. Cook, M. S. Morales, D. A. Christie, N. C. Johnson, F. Chen,
R. DâĂŹArrigo, A. M. Fowler, X. Gou, et al. (2013), El Niño modulations over the
past seven centuries, Nature Climate Change, 3 (9), 822–826.
Lim, H.-G., S.-W. Yeh, J.-S. Kug, Y.-G. Park, J.-H. Park, R. Park, and C.-K. Song
(2015), Threshold of the volcanic forcing that leads the El Niño-like warming in the
last millennium: results from the ERIK simulation, Climate Dynamics, pp. 1–12.
Lin, S.-J. (2004), A ’vertically Lagrangian’ finite-volume dynamical core for global
models, Monthly Weather Review, 132 (10), 2293–2307.
Liu, F., C. Xing, L. Sun, B. Wang, D. Chen, and J. Liu (2018a), How do tropical,
Northern hemispheric, and Southern hemispheric volcanic eruptions affect ENSO
under different initial ocean conditions?, Geophysical Research Letters, 45 (23), 13–
041.
Liu, F., J. Li, B. Wang, J. Liu, T. Li, G. Huang, and Z. Wang (2018b), Divergent El
Niño responses to volcanic eruptions at different latitudes over the past millennium,
Climate dynamics, 50 (9-10), 3799–3812.
Long, C. S., and L. L. Stowe (1994), Using the noaa/avhrr to study stratospheric
aerosol optical thicknesses following the mt. pinatubo eruption, Geophysical research letters, 21 (20), 2215–2218.
Maher, N., S. McGregor, M. H. England, and A. S. Gupta (2015), Effects of volcanism
on tropical variability, Geophysical Research Letters, 42 (14), 6024–6033.
Mann, M. E., M. A. Cane, S. E. Zebiak, and A. Clement (2005), Volcanic and solar
forcing of the tropical Pacific over the past 1000 years, Journal of Climate, 18 (3),
447–456.
Mason, B. G., D. M. Pyle, W. B. Dade, and T. Jupp (2004), Seasonality of volcanic
eruptions, Journal of Geophysical Research: Solid Earth, 109 (B4).
McCormick, M., P. Hamill, T. Pepin, W. Chu, T. Swissler, and L. McMaster (1979),
Satellite studies of the stratospheric aerosol, Bulletin of the American Meteorological Society, 60 (9), 1038–1047.

138
McCormick, M. P., L. W. Thomason, C. R. Trepte, et al. (1995), Atmospheric effects
of the Mt Pinatubo eruption, Nature, 373 (6513), 399–404.
McGregor, S., and A. Timmermann (2011), The effect of explosive tropical volcanism
on ENSO, Journal of Climate, 24 (8), 2178–2191.
McGregor, S., A. Timmermann, and O. Timm (2010), A unified proxy for ENSO and
PDO variability since 1650, Climate of the Past, 6 (1), 1–17.
McGregor, S., A. Timmermann, M. H. England, O. Elison Timm, and A. T. Wittenberg (2013), Inferred changes in El Niño-Southern Oscillation variance over the
past six centuries, Climate of the Past, 9, 2269–2284, doi:10.5194/cp-9-2269-2013.
McPhaden, M. J. (2003), Tropical Pacific Ocean heat content variations and ENSO
persistence barriers, Geophysical Research Letters, 30 (9).
Meehl, G. A., H. Teng, N. Maher, and M. H. England (2015), Effects of the Mount
Pinatubo eruption on decadal climate prediction skill of Pacific sea surface temperatures, Geophysical Research Letters, 42 (24).
Miao, J., T. Wang, H. Wang, and J. Sun (2018), Interannual weakening of the tropical Pacific Walker Circulation due to strong tropical volcanism, Advances in Atmospheric Sciences, 35 (6), 645–658.
Milly, P., and A. Shmakin (2002), Global modeling of land water and energy balances.
Part I: The land dynamics (LaD) model, Journal of Hydrometeorology, 3 (3), 283–
299.
Minnis, P., E. Harrison, L. Stowe, G. Gibson, F. Denn, D. Doelling, and W. Smith
(1993), Radiative climate forcing by the Mount Pinatubo eruption, Science,
259 (5100), 1411–1415.
Newhall, C. G., and S. Self (1982), The volcanic explosivity index (VEI) an estimate
of explosive magnitude for historical volcanism, Journal of Geophysical Research:
Oceans (1978–2012), 87 (C2), 1231–1238.
Ogata, T., S.-P. Xie, A. Wittenberg, and D.-Z. Sun (2013), Interdecadal amplitude modulation of El Niño/Southern Oscillation and its impacts on tropical Pacific decadal variability, Journal of Climate, 26, 7280–7297, doi:10.1175/
JCLI-D-12-00415.1.
Ohba, M., H. Shiogama, T. Yokohata, and M. Watanabe (2013), Impact of strong
tropical volcanic eruptions on ENSO simulated in a coupled GCM, Journal of
Climate, 26 (14), 5169–5182.
Oman, L., A. Robock, G. Stenchikov, G. A. Schmidt, and R. Ruedy (2005), Climatic
response to high-latitude volcanic eruptions, Journal of Geophysical Research: Atmospheres, 110 (D13).

139
Oman, L., A. Robock, G. L. Stenchikov, T. Thordarson, D. Koch, D. T. Shindell,
and C. Gao (2006), Modeling the distribution of the volcanic aerosol cloud from the
1783–1784 laki eruption, Journal of Geophysical Research: Atmospheres, 111 (D12).
Osipov, S., and G. Stenchikov (2017), Regional effects of the mount pinatubo eruption
on the middle east and the red sea, Journal of Geophysical Research: Oceans,
122 (11), 8894–8912, doi:10.1002/2017JC013182.
Pascolini-Campbell, M., D. Zanchettin, O. Bothe, C. Timmreck, D. Matei, J. H.
Jungclaus, and H.-F. Graf (2015), Toward a record of central pacific El Niño events
since 1880, Theoretical and Applied Climatology, 119 (1-2), 379–389.
Pausata, F. S., L. Chafik, R. Caballero, and D. S. Battisti (2015), Impacts of highlatitude volcanic eruptions on ENSO and AMOC, Proceedings of the National
Academy of Sciences, 112 (45), 13,784–13,788.
Pausata, F. S., C. Karamperidou, R. Caballero, and D. S. Battisti (2016), ENSO
response to high-latitude volcanic eruptions in the Northern Hemisphere: The role
of the initial conditions, Geophysical Research Letters, 43 (16), 8694–8702.
Pozzer, A., P. Jöckel, B. Kern, and H. Haak (2011), The atmosphere-ocean general
circulation model EMAC-MPIOM, Geoscientific Model Development, 4 (3), 771–
784.
Predybaylo, E., G. L. Stenchikov, A. T. Wittenberg, and F. Zeng (2017), Impacts
of a Pinatubo-size volcanic eruption on ENSO, Journal of Geophysical Research:
Atmospheres, 122 (2), 925–947, doi:10.1002/2016JD025796, 2016JD025796.
Predybaylo, E., G. L. Stenchikov, A. T. Wittenberg, and S. Osipov (2019 [under
review]), Grand-ensemble test of ENSO response to explosive equatorial volcanic
eruptions, Science Advances.
Raible, C. C., S. Brönnimann, R. Auchmann, P. Brohan, T. L. Frölicher, H.-F. Graf,
P. Jones, J. Luterbacher, S. Muthers, R. Neukom, et al. (2016), Tambora 1815
as a test case for high impact volcanic eruptions: Earth system effects, Wiley
Interdisciplinary Reviews: Climate Change.
Rasmusson, E. M., and T. H. Carpenter (1982), Variations in tropical sea surface
temperature and surface wind fields associated with the Southern Oscillation/El
Niño, Monthly Weather Review, 110 (5), 354–384.
Ratnam, J., S. Behera, Y. Masumoto, and T. Yamagata (2014), Remote effects of El
Niño and Modoki events on the austral summer precipitation of southern Africa,
Journal of Climate, 27 (10), 3802–3815.
Revell, L. E., A. Stenke, B. Luo, S. Kremser, E. Rozanov, T. Sukhodolov, and T. Peter
(2017), Impacts of mt pinatubo volcanic aerosol on the tropical stratosphere in
chemistry–climate model simulations using ccmi and cmip6 stratospheric aerosol
data, Atmospheric Chemistry and Physics, 17 (21), 13,139–13,150.

140
Robock, A. (1981), The mount st. helens volcanic eruption of 18 may 1980: minimal
climatic effect, Science, 212 (4501), 1383–1384.
Robock, A. (2000), Volcanic eruptions and climate, Reviews of Geophysics, 38 (2),
191–219.
Robock, A., and J. Mao (1992), Winter warming from large volcanic eruptions, Geophysical Research Letters, 19 (24), 2405–2408.
Robock, A., K. E. Taylor, G. L. Stenchikov, and Y. Liu (1995), GCM evaluation
of a mechanism for El Niño triggering by the El Chichón ash cloud, Geophysical
Research Letters, 22 (17), 2369–2372.
Ropelewski, C. F., and M. S. Halpert (1987), Global and regional scale precipitation patterns associated with the El Niño/Southern Oscillation, Monthly Weather
Weview, 115 (8), 1606–1626.
Ropelewski, C. F., and M. S. Halpert (1996), Quantifying Southern Oscillationprecipitation relationships, Journal of Climate, 9 (5), 1043–1059.
Samelson, R. M., and E. Tziperman (2001), Instability of the chaotic ENSO: The
growth-phase predictability barrier, Journal of the atmospheric sciences, 58 (23),
3613–3625.
Santer, B. D., T. Wigley, C. Doutriaux, J. Boyle, J. Hansen, P. Jones, G. Meehl,
E. Roeckner, S. Sengupta, and K. Taylor (2001), Accounting for the effects of
volcanoes and enso in comparisons of modeled and observed temperature trends,
Journal of Geophysical Research: Atmospheres, 106 (D22), 28,033–28,059.
Sato, M., J. E. Hansen, M. P. McCormick, and J. B. Pollack (1993), Stratospheric
aerosol optical depths, 1850–1990, Journal of Geophysical Research: Atmospheres,
98 (D12), 22,987–22,994.
Schneider, D. P., C. M. Ammann, B. L. Otto-Bliesner, and D. S. Kaufman (2009),
Climate response to large, high-latitude and low-latitude volcanic eruptions in the
community climate system model, Journal of Geophysical Research: Atmospheres,
114 (D15).
Schneider, T., T. Bischoff, and G. H. Haug (2014), Migrations and dynamics of the
intertropical convergence zone, Nature, 513 (7516), 45.
Schnetzler, C., G. Bluth, A. Krueger, and L. Walter (1997), A proposed volcanic
sulfur dioxide index (VSI), Journal of Geophysical Research: Solid Earth (1978–
2012), 102 (B9), 20,087–20,091.
Seager, R., S. E. Zebiak, and M. A. Cane (1988), A model of the tropical Pacific sea
surface temperature climatology, Journal of Geophysical Research: Oceans, 93 (C2),
1265–1280.

141
Smith, T. M., R. W. Reynolds, T. C. Peterson, and J. Lawrimore (2008), Improvements to NOAAâĂŹs historical merged land–ocean surface temperature analysis
(1880–2006), Journal of Climate, 21 (10), 2283–2296.
Soden, B. J. (2000), The sensitivity of the tropical hydrological cycle to ENSO, Journal of Climate, 13 (3), 538–549.
Soden, B. J., R. T. Wetherald, G. L. Stenchikov, and A. Robock (2002), Global
cooling after the eruption of Mount Pinatubo: A test of climate feedback by water
vapor, Science, 296 (5568), 727–730.
Stenchikov, G. (2009), Chapter 4 - The role of volcanic activity in climate and global
change, in Climate Change: observed impacts on planet Earth, edited by T. M.
Letcher, 1st ed., pp. 77 – 102, Elsevier.
Stenchikov, G., K. Hamilton, R. J. Stouffer, A. Robock, V. Ramaswamy, B. Santer,
and H.-F. Graf (2006), Arctic Oscillation response to volcanic eruptions in the IPCC
AR4 climate models, Journal of Geophysical Research: Atmospheres (1984–2012),
111 (D7).
Stenchikov, G., T. L. Delworth, V. Ramaswamy, R. J. Stouffer, A. Wittenberg, and
F. Zeng (2009), Volcanic signals in oceans, Journal of Geophysical Research: Atmospheres (1984–2012), 114 (D16).
Stenchikov, G. L., I. Kirchner, A. Robock, H.-F. Graf, J. C. Antuna, R. Grainger,
A. Lambert, and L. Thomason (1998), Radiative forcing from the 1991 Mount
Pinatubo volcanic eruption, Journal of Geophysical Research: Atmospheres (1984–
2012), 103 (D12), 13,837–13,857.
Stevenson, J. W., and P. P. Niiler (1983), Upper ocean heat budget during the Hawaiito-Tahiti shuttle experiment, Journal of physical oceanography, 13 (10), 1894–1907.
Stevenson, S., B. Otto-Bliesner, J. Fasullo, and E. Brady (2016), “El Niño-like" hydroclimate responses to last millennium volcanic eruptions, Journal of Climate,
29 (8), 2907–2921.
Stevenson, S., J. T. Fasullo, B. L. Otto-Bliesner, R. A. Tomas, and C. Gao (2017),
Role of eruption season in reconciling model and proxy responses to tropical volcanism, Proceedings of the National Academy of Sciences, 114 (8), 1822–1826.
Stevenson, S., B. L. Otto-Bliesner, E. C. Brady, J. Nusbaumer, C. Tabor, R. Tomas,
D. C. Noone, and Z. Liu (2019), Volcanic eruption signatures in the isotope-enabled
last millennium ensemble, Paleoceanography and Paleoclimatology, 34 (8), 1534–
1552, doi:10.1029/2019PA003625.
Stothers, R. B. (1996), Major optical depth perturbations to the stratosphere from
volcanic eruptions: Pyrheliometric period, 1881–1960, Journal of Geophysical Research: Atmospheres, 101 (D2), 3901–3920.

142
Sun, W., J. Liu, B. Wang, D. Chen, F. Liu, Z. Wang, L. Ning, and M. Chen
(2018), A “la niña-like” state occurring in the second year after large tropical
volcanic eruptions during the past 1500 years, Climate Dynamics, doi:10.1007/
s00382-018-4163-x.
Sun, W., B. Wang, J. Liu, D. Chen, C. Gao, L. Ning, and L. Chen (2019), How
Northern high-latitude volcanic eruptions in different seasons affect ENSO, Journal
of Climate, 32 (11), 3245–3262.
Timmreck, C. (2012), Modeling the climatic effects of large explosive volcanic eruptions, Wiley Interdisciplinary Reviews: Climate Change, 3 (6), 545–564.
Timmreck, C., H.-F. Graf, and I. Kirchner (1999a), A one and half year interactive MA/ECHAM4 simulation of Mount Pinatubo Aerosol, Journal of Geophysical
Research: Atmospheres, 104 (D8), 9337–9359.
Timmreck, C., H.-F. Graf, and J. Feichter (1999b), Simulation of mt. pinatubo volcanic aerosol with the hamburg climate model echam4, Theoretical and Applied
Climatology, 62 (3), 85–108, doi:10.1007/s007040050076.
Timmreck, C., H. Pohlmann, S. Illing, and C. Kadow (2016), The impact of stratospheric volcanic aerosol on decadal-scale climate predictions, Geophysical Research
Letters.
Trenberth, K. E. (1997), The definition of El Niño, Bulletin of the American Meteorological Society, 78 (12), 2771–2777.
Turco, R., O. Toon, R. Whitten, P. Hamill, and R. Keesee (1983), The 1980 eruptions
of Mount St. Helens: Physical and chemical processes in the stratospheric clouds,
Journal of Geophysical Research: Oceans (1978–2012), 88 (C9), 5299–5319.
Tziperman, E., and L. Yu (2007), Quantifying the dependence of westerly wind bursts
on the large-scale tropical Pacific SST, Journal of climate, 20 (12), 2760–2768.
Van Oldenborgh, G. J., S. Philip, and M. Collins (2005), El Niño in a changing
climate: a multi-model study, Ocean Science, 1 (2), 81–95.
Vecchi, G., A. Wittenberg, and A. Rosati (2006), Reassessing the role of stochastic
forcing in the 1997–1998 El Niño, Geophysical Research Letters, 33 (1).
Vecchi, G. A., and A. T. Wittenberg (2010), El Niño and our future climate: where
do we stand?, Wiley Interdisciplinary Reviews: Climate Change, 1 (2), 260–270.
Vecchi, G. A., T. Delworth, R. Gudgel, S. Kapnick, A. Rosati, A. T. Wittenberg,
F. Zeng, W. Anderson, V. Balaji, K. Dixon, et al. (2014), On the seasonal forecasting of regional tropical cyclone activity, Journal of Climate, 27 (21), 7994–8016.
Volz, F. (1975), Burden of volcanic dust and nuclear debris after injection into the
stratosphere at 40Âř–58Âř n, Journal of Geophysical Research, 80 (18), 2649–2652.

143
Wahl, E. R., H. F. Diaz, J. E. Smerdon, and C. M. Ammann (2014), Late winter
temperature response to large tropical volcanic eruptions in temperate western
North America: Relationship to ENSO phases, Global and Planetary Change, 122,
238–250.
Wang, T., D. Guo, Y. Gao, H. Wang, F. Zheng, Y. Zhu, J. Miao, and Y. Hu (2018),
Modulation of ENSO evolution by strong tropical volcanic eruptions, Climate dynamics, 51 (7-8), 2433–2453.
Watanabe, M., T. Suzuki, R. O’ishi, Y. Komuro, S. Watanabe, S. Emori, T. Takemura, M. Chikira, T. Ogura, M. Sekiguchi, et al. (2010), Improved climate simulation by MIROC5: mean states, variability, and climate sensitivity, Journal of
Climate, 23 (23), 6312–6335.
Watanabe, M., J.-S. Kug, F.-F. Jin, M. Collins, M. Ohba, and A. T. Wittenberg
(2012), Uncertainty in the ENSO amplitude change from the past to the future,
Geophysical Research Letters, 39 (20).
Wittenberg, A. T. (2002), ENSO response to altered climates, Ph.D. thesis, Princeton
University, 475pp. Available at http://www.gfdl.noaa.gov/∼atw/research/thesis.
Wittenberg, A. T. (2009), Are historical records sufficient to constrain ENSO simulations?, Geophysical Research Letters, 36, L12,702, doi:10.1029/2009GL038710.
Wittenberg, A. T. (2015), Low-frequency variations of ENSO, US CLIVAR Variations, 13 (1), 26–31.
Wittenberg, A. T., A. Rosati, N.-C. Lau, and J. J. Ploshay (2006), GFDL’s CM2
global coupled climate models. Part III: Tropical Pacific climate and ENSO, Journal
of Climate, 19 (5), 698–722, doi:10.1175/JCLI3631.1.
Wittenberg, A. T., A. Rosati, T. L. Delworth, G. A. Vecchi, and F. Zeng (2014),
ENSO modulation: Is it decadally predictable?, Journal of Climate, 27 (7), 2667–
2681, doi:10.1175/JCLI-D-13-00577.1.
Yeh, S.-W., J.-S. Kug, B. Dewitte, M.-H. Kwon, B. P. Kirtman, and F.-F. Jin (2009),
El Niño in a changing climate, Nature, 461 (7263), 511–514.
Yoder, J. A., and M. A. Kennelly (2003), Seasonal and ENSO variability in global
ocean phytoplankton chlorophyll derived from 4 years of seawifs measurements,
Global Biogeochemical Cycles, 17 (4).
Yu, J.-Y., and S. T. Kim (2010), Identification of central-Pacific and eastern-Pacific
types of ENSO in CMIP3 models, Geophysical Research Letters, 37 (15).
Zambri, B., A. N. LeGrande, A. Robock, and J. Slawinska (2017), Northern hemisphere winter warming and summer monsoon reduction after volcanic eruptions
over the last millennium, Journal of Geophysical Research: Atmospheres, 122 (15),
7971–7989.

144
Zambri, B., A. Robock, M. J. Mills, and A. Schmidt (2019), Modeling the 1783–
1784 laki eruption in iceland: 2. climate impacts, Journal of Geophysical Research:
Atmospheres, 124 (13), 6770–6790.
Zanchettin, D., M. Khodri, C. Timmreck, M. Toohey, A. Schmidt, E. P. Gerber,
G. Hegerl, A. Robock, F. S. R. Pausata, W. T. Ball, S. E. Bauer, S. Bekki, S. S.
Dhomse, A. N. LeGrande, G. W. Mann, L. Marshall, M. Mills, M. Marchand,
U. Niemeier, V. Poulain, E. Rozanov, A. Rubino, A. Stenke, K. Tsigaridis, and
F. Tummon (2016), The model intercomparison project on the climatic response to
volcanic forcing (VolMIP): experimental design and forcing input data for CMIP6,
Geoscientific Model Development, 9 (8), 2701–2719, doi:10.5194/gmd-9-2701-2016.
Zavala-Garay, J., C. Zhang, A. M. Moore, A. T. Wittenberg, M. J. Harrison,
A. Rosati, J. Vialard, and R. Kleeman (2008), Sensitivity of hybrid ENSO
models to unresolved atmospheric variability, J. Climate, 21, 3704–3721, doi:
10.1175/2007JCLI1188.1.
Zebiak, S. E., and M. A. Cane (1987), A model El Niño-Southern Oscillation, Monthly
Weather Review, 115 (10), 2262–2278.
Zheng, F., X.-H. Fang, J.-Y. Yu, and J. Zhu (2014), Asymmetry of the Bjerknes
positive feedback between the two types of El Niño, Geophysical Research Letters,
41 (21), 7651–7657.
Zuo, M., W. Man, T. Zhou, and Z. Guo (2018), Different impacts of Northern, tropical, and Southern volcanic eruptions on the tropical Pacific SST in the last millennium, Journal of Climate, 31 (17), 6729–6744, doi:10.1175/JCLI-D-17-0571.1.

145

APPENDICES

A

Papers Published, Submitted and Under Preparation

1. Predybaylo, E., G. L. Stenchikov, A. T. Wittenberg, and F. Zeng (2017), “Impacts of a Pinatubo–Size Volcanic Eruption on ENSO", J. Geophys. Res. Atmos., 122, 925-947, doi:10.1002/2016JD025796.
2. Predybaylo, E., G. L. Stenchikov, A. T. Wittenberg, S. Osipov “Grand Ensemble
Test of ENSO response to explosive equatorial volcanic eruptions", Submitted
to Science Advances.
3. Predybaylo, E., G. L. Stenchikov “ENSO response to high-latitude eruptions",
In preparation.

