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Chapter 1: Introduction

1.1 Volcanic Eruptions and the Earth’s Climate

Stratospheric aerosol forcing from volcanic eruptions provide a mechanism to test
Earth system model responses to radiative forcing (Crowley & Unterman, 2013),
particularly changes in Earth’s energy balance driven by internal feedbacks and external
forcing (Fischer et al., 2007). Strong volcanic eruptions create a testable perturbation by
altering the Earth’s albedo, cooling Earth’s temperature, and eliciting changes in
precipitation patterns (Man ef al., 2014; Joseph and Zeng, 2011; Mann et al., 2015; Winter
et al., 2015; Gao et al., 2017; lles et al., 2013; Gao et al., 2017; Gillett et al., 2004).

Eruptions inject ash, halogens, dust and aerosol particles into the atmosphere
(Robock, 2000; LeGrande et al, 2016). The sulfur dioxide (SO2) gas emitted in the
volcanic eruption is oxidized to sulfuric acid that ultimately creates a fine aerosol cloud
(Zanchettin et al., 2013; Iles et al., 2013; Man et al., 2014; Mann et al., 2015; Robock,
2014). If the ash and aerosol particles are injected into the lower stratosphere, they will
become globally distributed, reflect incoming solar radiation and perturb Earth’s radiative
balance. For example, the 1815 Mt. Tambora eruption reduced global incoming radiation
by an estimated -17.20 W/m2 (Zanchettin et al., 2013). Once in the stratosphere, the
particle size dictates the residence time of the aerosols (Lacis et al., 1992; Crowley and
Unterman, 2013). Larger particles fall out more quickly whereas smaller particles take
longer to fall.

Stratospheric injection of volcanic aerosols leads to many changes, not just

environmental but also societal and economic (Robock, 2000; Guillet et al., 2017; Gao et



al.,2017; Gillett et al., 2004). For example, the 1257 Samalas eruption has been associated
with crop failure and spatially heterogeneous cooling periods across the Northern
hemisphere (Guillet et al., 2017). Similarly, the 1815 Mt. Tambora eruption led to crop
failures across the Northern hemisphere and produced the infamous “Year Without
Summer” the following year (Gao et al., 2017).

When an eruption of sufficient magnitude occurs in the tropics, the aerosol cloud
will move poleward with time resulting in changes to the global climate system (Robock,
2000; Iles and Hegerl, 2014) (Figure 1). The aerosol cloud alters Earth’s albedo, effecting
the global radiative energy balance (Man et al., 2014; LeGrande et al., 2016) and causing
cooling periods in global temperature (Bradley, 1988; Robock, 2000; Iles and Hegerl,
2014; Sigl et al., 2015; Zanchettin et al., 2013). The cooling periods themselves vary with
the intensity of the eruptions and occur because incoming solar shortwave radiation is
reflected into space, thus cooling the planet by decreasing solar heating (Man et al., 2014;
Iles et al., 2013). The exact duration of such periods depends on the specifics of any given
eruption, but some studies have found that it could last 1-3 years (Fischer et al., 2007;
Stenchikov et al., 2009). Existing background climate conditions and the season of the
eruption could also affect the persistence of the cooling (Fischer et al., 2007).

The spatial extent and climatic impact of a volcanic aerosol cloud on the Earth’s
climate depends on many factors such as cloud movements, seasonality (Fischer et al.,
2007; Stevenson et al., 2017), particle size (Mann ef al., 2015), latitude and strength of the
eruption, and the climatic background conditions that were present when the eruption took
place (D’ Arrigo et al., 2013; Man et al., 2014; Stevenson et al., 2017). Since this research

will focus on the last 400 years, it is important to mention that some of the large volcanic



eruptions over that period have coincided with solar insolation minima (Shindell et al.,
2001; Abram et al., 2016; Wang et al., 2017) which makes it difficult to distinguish which

forcing (solar or volcanic) had a more significant impact on the climate system based on

observational data alone.

‘% lnco;ning Outgoing

Troposphere

Figure 1. Effects of a large-scale stratospheric volcanic eruption on the climate system. The
illustration was made with assets courtesy of the Integration and Application Network, University
of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

1.2 Influence of volcanic eruptions on climate patterns

Apart from altering the global temperature, volcanic eruptions have been tied to
influencing atmospheric and oceanic circulation patterns (Mignot et al., 2011), the El Nifio-
Southern Oscillation (ENSO) (Iles and Hegerl, 2014), Atlantic Multidecadal Variability
(AMV) (Wang et al., 2017), the North Atlantic Oscillation (NAO) (Fischer et al., 2007)
and the Atlantic meridional overturning circulation (AMOC) (Stenchikov et al., 2009;
Pausata et al., 2015). Volcanic forcing has also been known to affect the intensity and/or
latitude of the Intertropical Convergence Zone (ITCZ) (Blake et al., 2017; Pausata et al.,

2015; Stevenson et al., 2017; Lechleitner et al., 2017). An analysis of multiple state of the
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art climate models indicated that the cooling of a particular hemisphere by a volcanic
eruption shifts the ITCZ away from the hemisphere of eruption instead of its normal
seasonal pattern of being closer to the summer hemisphere (Iles and Hegerl, 2014).

Although volcanic eruptions have been tied to influencing these patterns of
variability, the focus of many studies has been on assessing the Earth systems’ responses
to these events by doing model-to-model and model-to-satellite data comparisons (Iles et
al., 2013; Zanchettin et al., 2013) with a particular focus on temperature changes and
potential uses for geoengineering (Paik and Min, 2018). Modern multi-model and
observational climate studies have started to focus on hydroclimate variability after an
eruption by looking at the differences in terms of spatial precipitation patterns (Iles et al.,
2013; Joseph and Zeng, 2011; Wegmann et al., 2014; Paik and Min, 2018). Chen et al.,
(2020) performed three sensitivity experiments, using the Community Earth System
Model, to test how the magnitude and timing of a volcanic eruption could lead to various
drought conditions (notably different lengths and intensity). These studies have found an
overall reduction in global mean precipitation as a result of the decrease in temperature
following strong eruptions over the last millennium (Iles ef al., 2013; Joseph and Zeng,
2011).

Open questions remain regarding the immediate effects of volcanic eruptions on the
climate system such as the impact of volcanoes on decadal-scale variability (Crowley et
al., 1997, Otto-Bliesner ef al., 2016), the role of volcanic eruptions on ocean heat content
and uptake (Mignot et al., 2011; Crowley and Unterman, 2013; Stenchikov et al., 2009)
and if strong stratospheric eruptions can trigger an ENSO event (Stenchikov et al., 2009;

Iles and Hegerl 2014). Some of the latest modeling projects are trying to gain a better



understanding of the climate’s response following an eruption (Timmreck, 2012;
Zanchettin et al., 2016; Marshall et al., 2018; DallaSanta et al., 2019). One of the ways this
is being done is by comparing output from model simulations to paleoclimate
reconstructions and observational datasets. Unfortunately, the model output does not
always match the proxy reconstructions, resulting in an over or underestimation of the
eruption’s magnitude and temperature and precipitation changes from the simulations (Iles
et al., 2013; Zanchettin et al., 2015; Paik and Min, 2018). Additional research needs to be
done to fully understand the mechanistic connection between these large-scale eruptions
and the climate system (Schmidt, 2010), as well as refining both paleoclimate
reconstructions and model simulations to narrow the discrepancies that exist between the

simulations and the reconstructions (Mann et al., 2012; Sigl et al., 2015).

1.3 Understanding the Hydrologic and Temperature Response to Eruptions

Understanding past and future climate conditions requires accurate simulations
using state-of-the-art Earth system models. However, climate models are validated against
a limited number of historic volcanic eruptions for which a large number of instrumental
observations are available for comparison. Paleoclimate proxies provide us with climate
information about eruptions before the instrumental record, permitting model validation on
a broader set of volcanic eruptions.

Working groups from the Past and Global Changes (PAGES) network, as well as
some Model Intercomparison Projects (MIP), such as the MIP on the climatic response to
volcanic forcing (VolMIP), have expressed an interest in improving the scientific
communities understanding of how volcanic eruptions influence the hydrological cycle

(PAGES Hydro2k Consortium, 2017; Zhou et al., 2016; Zanchettin et al., 2016). To do



this, a few working groups in the paleo community are creating new databases from proxy
reconstructions to facilitate the interpretations of hydroclimate signals (PAGES Hydro2k
Consortium, 2017), while some climate modeling projects are testing their response to
volcanic eruptions in an attempt to reduce model uncertainty (PAGES Hydro2k
Consortium, 2017; Zhou et al., 2016; Zanchettin et al., 2016).

Although research has been done on volcanic events using paleoclimate proxies,
most of it focuses on terrestrial temperature changes after an eruption by using
speleothems, ice cores, and tree rings (D’ Arrigo et al., 2008 D’ Arrigo et al., 2013; Man et
al., 2014). Generally, these studies find a temperature decrease after an eruption, with some
temperature and precipitation discrepancies in climate models. Models are imperfect and
it is a challenge to accurately capture the coupled ocean-atmosphere processes involved in
a robust stratospheric eruption, such as volcanic radiative forcing, subgrid-scale physics,
aerosol particle size and distribution, and the relationship between regional/local
environmental conditions and atmospheric/oceanic circulation (Timmreck, 2012; Mann et
al., 2012; Sigl et al., 2015; Zanchettin et al., 2015). This existing research gives an insight
into the immediate climate response to eruptions, especially in terrestrial environments.
However, more research is needed to understand the oceanic response to these eruptions,
as well as the volcanic eruption’s connections to natural ocean-connected phenomena such
as AMV and ENSO events.

AMV, the primary mode of multi-decadal climate variability in the Atlantic Ocean
sector, has long been an area of interest in both the paleoclimate and modeling
communities. Modeling studies focusing on the Last Millennium and the Little Ice Age

have shown periods of decadal-scale variability being tied to volcanic forcing (Otto-



Bliesner et al., 2016), while paleoclimate research carried out with terrestrial proxies over
the Northern Hemisphere have shown that strong volcanic eruptions may trigger cool
phases of AMV (Wang et al., 2017).

The climate community is also interested in exploring the potential linkage of
volcanic eruptions to ENSO, an internal mode of variability in the climate system that could
be excited by a volcanic event (Adam et al., 2003; Stenchikov et al., 2009; Otto-Bliesner
et al., 2016). ENSO is a natural phenomenon with altering cold (La Nifia) and warm (EIl
Nifio) phases (Neelin et al., 1998). It occurs every two to seven years in the tropical Pacific
Ocean and leads to global changes in SST, SSS and precipitation patterns (Robock 2000,
Gillet et al., 2004; McPhaden et al., 2006; Gu and Adler, 2010). In a model ensemble
study, Stevenson et al., (2016) showed that ENSO events respond to large stratospheric
eruptions in the tropics and extra-tropical regions. Their experiments demonstrated that the
ENSO response (warm or cold phase) depends on the hemisphere where the volcanic
eruption occurred. This type of reaction is potentially tied to the shifting of the ITCZ to the
warmest hemisphere after a strong temperature changing eruption has taken place
(Stevenson et al., 2016).

Lehner et al., (2016) showed that sampling biases within models could explain how
models tend to overestimate temperature changes after a volcanic eruption. McGraw et al.,
(2016) looked at the disagreement between observational studies and models on the sign
of the tropospheric temperature response at the time of the eruption, finding the
discrepancy to be potentially due to the internal variability of the climate system and the
state/phase of ENSO at the time of the eruption. Discrepancies between modeling and

observational studies exist in terms of temperature overestimation by models occurring in



the year of and after the eruption, as well as a tendency for models to apparently
overestimate the magnitude of temperature decrease after an eruption occurs (McGregor
and Timmerman, 2011; Stevenson et al., 2016; Lehner et al, 2016). Despite our
understanding of the basic behavior of ENSO (Zebiak and Cane, 1987), discrepancies exist
in the responses of ENSO to volcanic eruptions between different investigative approaches;
modeling, modern observations and paleoclimate observations (Stevenson et al., 2016;
Otto-Bliesner, 2016). Ultimately, more research is needed to improve our understanding of

ENSO variability and how it relates to radiative forcing from volcanic eruptions.

1.4 Brief Description of this Study

This research aims to use tropical coral geochemical records of climate from the past
400 years to improve our understanding of the hydroclimate and temperature response in
the global tropical oceans after a strong volcanic eruption occurs. I focus on the global
tropics since perturbations in the tropics often have global repercussions because excess
solar energy in the tropics fundamentally drives the global ocean and atmosphere
circulation patterns that make up our climate system (Hastenrath, 1991). The use of coral
geochemical records provides centuries-long time series with no seasonal bias, because the
species used are tropical taxa that grow year-round. Tropical corals are also fast growing,
providing monthly to annual resolution, and their aragonite skeletons have annual density
bands with the option of radiometric dating that enables exceptional age control from a

marine paleoclimate archive.



1.5 Coral records as proxies for temperature and rainfall

Corals are affected by the temperature and chemistry of the surrounding seawater
(Tierney et al., 2015). Their skeletons can record a variety of environmental variables in
their chemical make-up, including variations in ocean temperature and seawater oxygen
isotope composition, which in turn can enable inference about past hydrologic conditions
(Jones et al., 2009). Coral geochemical records of strontium to calcium ratios (Sr/Ca) are
primarily a function of temperature, while the oxygen isotopic ratios (5'%0) primarily
reflect a combined signal of temperature and the §'0 of seawater (5'®Osw). Composition
of '"*0sw depends primarily on the hydrologic cycle in the modern ocean, specifically the
regional balance of evaporation and precipitation, which is also a driver of open-ocean sea
surface salinity (SSS, Epstein et al., 1953; Fairbanks et al., 1997; Kilbourne et al., 2004;
Cahyarini et al., 2008; Bolton et al., 2014). Thus, these coral geochemical records work as
natural temperature and salinity loggers, providing indirect measurements of temperature
and precipitation in a location over the time of coral growth.

Paired Sr/Ca and 8'%0 coral records, can be used to calculate the 8'®Osw which, as
mentioned above, can be a signal of seawater salinity (Fairbanks et al., 1997). This is done
by removing the Sr/Ca temperature signal from the 8'30 to obtain a residual 8'30 signal
attributed to the '®0sw. The resulting 5'®Osw deciphered from the coral record provides

information about hydroclimate variability (Bolton et al., 2014).

Although coral records are great temperature loggers, some uncertainties
associated with them cannot be ignored. Uncertainty in coral records can come from sub-
sampling, diagenetic alteration, calibration and analytical precision, and depth and age

(Sowa et al., 2013; Comboul et al., 2014; Flannery et al., 2017; Sivaguru et al., 2019).



When extracting a core, the topmost part of the core will be the most recent year, and the
previous bands will be representative of the earlier years as one starts counting backward
till reaching the end of the core. Aligning the count across core breaks can lead to some
sampling or human errors. Diagenetic processes can influence the isotopic and elemental
content of the corals, influencing the derived temperatures and making reliable temperature
reconstructions impossible (Takada et al., 2017). Additionally, uncertainties in their layer-
counted chronologies or age models are expected coral records. One possible way to
decrease the age uncertainty associated with the records, assuming all other sources of
uncertainty have been accounted for, is to do essentially event stratigraphy and identify
specific climatic events or markers in multiple records (DeLong et al., 2013; Comboul et

al,, 2014).

1.6 Research Questions

To work towards an assessment of the tropical hydrologic and temperature response
to strong volcanic eruptions, I conducted an analysis of existing coral Sr/Ca and §'*0
records. The goal of this research was to explore whether the climate response to volcanic
events is recorded in coral Sr/Ca and §'30 above the background climate fluctuations.

To achieve the goal, I attempted to answer the following three questions:

1. How sensitive are coral geochemical records to capturing individual volcanic
event signals? Can a climate signal be detected from corals that grew during the
relatively small 1991 Mt. Pinatubo eruption?

2. Can we detect the climate impact of a much bigger eruption, with a more limited

coral network, for instance, the Mt. Tambora eruption in 18157
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3. Using all coral-based paleoclimate reconstructions available over the last 400
years, is the tropical oceanic temperature and hydroclimate response to strong

volcanic eruptions statistically resolvable from the background variability?

To assess the coral-based climate signal in response to the eruptions, I took publicly
available coral geochemical records from the Atlantic, Pacific, and Indian Oceans. I
separated the coral geochemical records by proxy (Sr/Ca and §'%0). I then performed a
superposed epoch analysis (SEA) on all of the data as well as by regional subsets, and by
proxy, centered on different eruptions in the past 400 years. In order to evaluate the
hydroclimate response to these eruptions, I repeated the same analysis but used only
records that had both Sr/Ca and §'*0. By using records with paired 8'%0 and Sr/Ca, I was
also able to calculate the 8'0sw and perform the SEA on that variable to separate the
temperature and hydrologic responses to the eruptions, as recorded in the coral
geochemical data. To address the three questions stated above, the SEAs were performed
on two individual eruptions and on nine of the strongest volcanic eruptions in the past 400
years collectively, all which had a global radiative forcing stronger than that of the 1881
Krakatoa eruption according to Sigl et al., (2015).

Paleoclimate research examining the effects of volcanic eruptions on the climate
system traditionally focuses on tree rings and ice cores, with much less work using coral
records. This research will fill that gap by testing whether coral records can successfully
capture volcanic eruption signals. Additionally, coral records are known to be good
recorders of ENSO (Alibert and McCulloch, 1997; Kilbourne et al, 2004). As such,
connections between ENSO and natural radiative forcing from volcanic eruptions could be

further addressed with validated coral data. Lastly, the research presented here could aid in
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better understanding the post-eruption marine vs. terrestrial signals and comparing that to

land-sea contrasts in climate models.
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Chapter 2: Methods

2.1 Data

Publicly available records of coral-skeletal Sr/Ca and §'%0 were compiled for the
analysis. The majority of the data came from the PAGES2k 2.0.0 database (PAGES 2k
consortium, 2017) because it provided a readily accessible, quality-controlled dataset with
extensive metadata. However, the PAGES2k 2.0.0 dataset focuses on temperature
sensitive proxies, excluding records that are primarily salinity-driven. Additional records
that were not in the PAGES2k compilation were downloaded in August of 2018 from the
NOAA/World Data Service for Paleoclimatology and the Data Publisher for Earth and
Environmental Science (PANGAEA) archives to complement the PAGES2k data.
Records were selected for inclusion if they had either a Sr/Ca or §'%0 chemical
composition, were annually resolved, and had at least ten years of data to perform robust
significance tests on decadal to multidecadal scale variability. Records with a monthly, bi-
monthly or annual resolution were selected and classified as coming from the Atlantic,
Indian, or Pacific Ocean basins. Records were excluded if the data did not overlap with
known volcanic events. A total of 45 Sr/Ca, and 67 8'%0 records were used in this study; a
full list of data that met the criteria are listed in Appendix A.

2.1 Data Processing

The raw coral geochemistry data were processed into annually resolved, detrended
anomalies before analysis for volcanic signals, illustrated conceptually in Figure 2. First, a
200-year locally weighted regression smoothing (LOESS) (Neukom et al., 2018; Berk,
2016) was performed on all records to remove the centennial-scale variability from each

of the reconstructions, as exemplified in Figure 3. A climatology was then calculated and
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removed for the sub-annually-resolved records using the recently detrended data. The data
were detrended prior to the climatology calculation to avoid a possible dampening of the
calculated annual cycle by lower frequency variability and subsequent incomplete removal
of the cycle when anomalies are calculated. After the sub-annually-resolved records were
detrended, they were annualized to climatological (April to March) years, resulting in
annual anomalies relative to the mean of each record's entire length. For each record that
was annualized, if the volcanic eruption occurred between April-Dec, it kept its original
calendar year designation. Whereas if the volcanic eruption occurred between January-

March, it would have been assigned to the previous calendar year.

Load the data: PAGES2k,
NOAA Paleo and PANGAEA.

'

Extract coral St/Caand 5120

!

Separate each proxy group by
resolution

/\

Sub-anmal Anmal

'

Detrend the data and calculate
the climatology

:

Remove the climatology

' ,

Detrend with 200-yr LOESS Detrend with 200-yr LOESS
filter filter

!

Anmualize detrended monthly
records to Tropical Years

Figure 2. Data Processing Workflow. All data were separated by basins prior to being processes
and detrended. This structure was applied to each basin, separately.
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Figure 3. An example of the detrending analysis by 200-year LOESS smoothing on two
annually resolved Sr/Ca records from the Atlantic Ocean. The left column shows both records
plotted with the LOESS trend and the right column contains the data with the trend (blue line)
removed.

2.3 Subsetting the data

Subsets of the data were created to explore how different regions and variables may
have responded to volcanic events (see Figure 4 for data groupings). First the data were
sorted based on the proxy variable available, Sr/Ca and §'*0. Additionally, records with
both Sr/Ca and §'®0 data from the same core were classified as paired records. The paired
records take advantage of the fact that Sr/Ca in corals is primarily a function of temperature
while §'%0 is primarily a function of temperature and the oxygen isotopic composition of
sea water (8'®0sw). By separating the data by proxy, I was able to isolate the sea surface
temperature (SST) signals from the mixed SST and sea surface salinity (SSS) signals and
observe how each responded the volcanic eruptions in the records. Moreover, separating
out the paired records allowed me to examine any seawater 5'%0 signal explicitly by
removing the temperature variations from the coral 3'%0. All of the data were additionally

grouped by basin. When treated together, the data represent the global tropics, enabling me
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to assess the overall response of the tropical oceans to the volcanic eruptions. Records

separated by basin allow for the resolution of regional responses to the volcanic eruption(s).

—_—

Warm Pool

Only Paired Cold Tongue

Sr/Ca and 6'%0
Global Tropics

Figure 4. Subsets of coral records analyzed in this study.

Records from the Pacific Ocean were further separated by their expected response
to ENSO as it creates SST anomalies of opposite signs in the Eastern and Western portion
of the basin. Because of this, they were separated to avoid any possible cancellation of
positive and negative ENSO signals in the regional analysis. Records were grouped based
on a covariance analysis using NASA Goddard Institute for Space Studies (GISS) surface
temperature anomaly data, GISTEMP, with a 1951-1980 base period. GISTEMP data was
provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at

https://www.esrl.noaa.gov/psd/, and the version used here uses ERSST v5 (Huang et al.,

2017) for the sea surface temperature.

The covariance matrix of the linearly detrended monthly SST anomaly field was
calculated over the latitudinal range of —45° to 45°. The first empirical orthogonal function
(EOF) of the covariance matrix was used to represent the primary ENSO mode (Figure 5).
Coordinates from the Pacific Ocean reconstructions were matched with their corresponding

grid values from the first EOF. Records with an EOF value higher than 0 were categorized
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as Cold Tongue-correlated, while records with a value lower than 0 were grouped as Warm
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Figure 5. Covariance relationship of SST. The orange and blue dots represent coral records
from regions of the ocean with opposite temperature variability on interannual timescales.

2.4 Calculating the seawater 6'°0

Various methods exist for calculating the oxygen isotopic composition of seawater
(A8'®0sw) from paired Sr/Ca and §'*0 coral geochemical records (McCullough et al., 1994,
Gagan et al., 1998, Kilbourne et al., 2004, Cahyarini ef al., 2008). All of these methods are
fundamentally dependent on the §'%0-SST and Sr/Ca-SST calibration relationships. Given
the poorly known intercepts of the '*0-SST and Sr/Ca-SST relationships (Corrége, 2006;
Ren et al., 2002), a mean centering method put forth by Cahyarini ef al. (2008), was used
to calculate the A3'®Osw for the paired records. This was done to omit the intercept in the

calculation of the A§'%0sw. The following equation was used:
— vy Sr Sr
A51805w—center = (618060rali - 518060ral) -5 <_ - _>;

Sr . T S Sr
where § 180C0mli and g, are the measured coral values while the §180,,; and (a) are
i

the calculated means of those values, respectively; f1 = -0.05 mmol/mol/°C is the slope of
the Sr/Ca -temperature relationship, A58 0, _ conter i the mean centered oxygen isotopic

composition of sea water and y1 =—0.2 per mil/ °C is the §'*0 slope against temperature,

17



chosen as the y1 due to its consistency among a wide variety of studies (Epstein ez al., 1953;
McCulloch et al., 1994; Gagan et al., 1998).

Unlike the §'80-SST relationship, the Sr/Ca-SST relationship has been characterized
with a wider range of values among the published literature, typically ranging from —0.08
to —0.04 mmol/mol/°C (McCulloch et al., 1994; Gagan et al., 1998; Correge, 2006; Inoue
et al., 2007; Nurhati et al., 2011; Kilbourne et al., 2014; Bolton et al., 2014; Xu et al.,
2015). Gagan et al., (2012) argue that different calibration scales should be used dependent
on the resolution (seasonal vs annual) of the records. Because of this uncertainty in the
Sr/Ca-SST relationship, a range of values for B1 were tested to explore the sensitivity of
the results to the uncertainty in the slope representing a low, medium and high end of the
published range, —0.04, —0.05 and —0.08, respectively.

Detrended paired annual Sr/Ca and §'0 records from the Atlantic, Indian and
Pacific Ocean were used to calculate the three A§'®Osw, one for each value of B; (an
example can be seen in Figure 6). Although the magnitude of the results varied by the value
chosen for B; (Figure 6), the overall shape of the curves remained the same. Recognizing
that the magnitude of any results is fundamentally determined by the choice of B, I chose
to simplify my analysis using a single value from the mid-range of potential values with

—0.05 mmol/mol/°C as my ;.
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Figure 6. Understanding the effects different Sr/Ca-temperature slopes on A6,
calculated from a coral record in the Atlantic Ocean. The yellow line represents the parameter
46"0s, = —0.04, while the black and blue lines are representative of the —0.05 and —0.08
respectively. Minimal change for the magnitude while the shape of the results remained the same
for all three values tested.

2.5 Statistical Analysis

The average response of the coral geochemical records to large volcanic events since
1640 CE was assessed by a non-parametric superposed epoch analysis (SEA). For each
analysis, I identified the largest, independently determined, stratospheric eruption(s) of the
past 400 years (Table 1) and determined the length of the period to observe. The length
varied by SEA and was chosen to explore a robust decadal to multidecadal response to the
eruption(s). For each record, I removed the mean of the years leading up to the eruption to
standardize the anomalies and minimize the influence of non-volcanically induced decadal
and/or multidecadal climate variability. The response to a volcanic event was obtained by
calculating a median and 95% CI from records stacked together with the volcanic event
years superimposed. The 95% CI was calculated for each year of the epochs that made up
the SEA by assuming a binomial distribution and obtaining its inverse cumulative density
function. This 95% CI was done but was not used in the overall testing of the statistical

significance of the eruptions with the SEA’s as it was not relevant to the null hypothesis
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(Ho) testing; it was done for completion purposes. The median response serves as an

estimate of the tropical oceanic temperature and hydroclimate response to the eruption(s)

as recorded in coral skeletal chemistry.

Table 1. All major eruptions that took place since 1640 CE chosen from Sigl et al., (2015). Year
chosen and GVF taken from Sigl et al. 2015*

Estimated
Year GV_IZ Time of Volcano  Location References
CE* W[mJ?]* .
Eruption
_ Mt. e McCormick and Veiga,
1991 6.49 1991 Pinatubo Philippines 1992
B ) Crowley et al., 1997;

1884 5.48 1883 Krakatoa  Indonesia Fischer ef al., 2007
Fischer et al., 2007,

1836 —6.57 1835 Cosigiilna Nicaragua Adams ef al., 2003,
Amman et al., 2003
Gao et al., 2008;

1832 —6.46 1832 Unknown Unknown Garrison ef al., 2018

Mt. . Gao et al., 2017; Fischer

1815 —-17.20 1815 Tambora Indonesia et al. 2007

1809 —12.01  1808-10 Unknown Unknown S&f}ara‘Muma etal,

1783 —15.49 1783-84 Laki Iceland Thordarson and Self, 2003

1695 -10.24 1695 UE-1695 Sigl et al., 2015

1641 —11.84 1640 Parker Tl o & Tl A0

' pp Fischer et al., 2007

Investigating the statistical importance of the signals identified in the SEA, I created

a null set of data that can be used to test the following hypothesis:

Ho: There is no association between volcanic events and climate anomalies.

Ha: Volcanic event years display climate anomalies compared to non-volcanic

years.

With this, I explored if, for any given year, do we expect an anomaly with a

magnitude (positive or negative) as great as the anomalies generated from the population
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of non-volcanic year SEAs? What was the likelihood that anomalies identified from the
volcanic event SEAs came from the underlying distribution of non-volcanic SEAs?

To create a set of data not influenced by volcanic forcing that could be used as a null
set, I removed the year of each volcanic eruption from every coral record, as well as the 2
years around the eruption, to remove the data that could potentially have the strongest
volcanic signal. Years were removed before and after the eruption year to account for the
possibility of age model errors in the coral records that could put a volcanic event at a
slightly different time in the coral data than it actually occurred.

A matrix was then created from the non-eruption data by randomly selecting (with
replacement) from the remaining years. The number of columns of the matrix depended on
the length chosen for the original SEA, while the number of rows were dependent on the
number of eruptions originally identified in each record, so that each Ho SEA had the same
number of years and records stacked as the controlled (eruption-year) SEA being
compared. All records in the matrix had their pre-eruption mean subtracted from the data,
same as was done for the eruption years, and a median SEA was calculated. This process
was repeated a total of 100 times, creating an array of 100 median SEAs. A 95% confidence
interval (CI) was calculated for each year of the epochs based on the 100 iterations of the
SEA using 97.5% and 2.5% quantiles to obtain a measure of the background signal
expected due to non-volcanically forced tropical oceanic temperature and hydroclimate
variability. This process was repeated regionally for each iteration of the analysis.

It is important to note that for these two SEA variations (with and without eruptions)
the goal was to identify substantial results/anomalies in the data. These analyses are not to

be confused with a test of their significance.
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2.6 Volcanic Events Studied

A regional SEA was performed for the 1991 Mt. Pinatubo eruption (global volcanic
forcing (GVF) of -6.49 W[m™]) (Table 1) to test the sensitivity of capturing individual
volcanic event signals in coral geochemical records. The eruption was chosen because it
was the most recent large event, so there are many available proxies and the age models
are fairly certain because the event lies in the top portion of the skeletons. Additionally,
being the most recent event, we have good instrumental data about the response of the
climate system to the event. The only drawback is that, although Mt. Pinatubo was a
climatically significant event, it did not produce an exceptionally large radiative
perturbation, and the relatively weak signal may be difficult to detect in coral skeletal
geochemistry records. The analysis followed the same methodology as stated in section
2.5. Time periods of —5: +10 years were chosen to look at the interannual-scale variability
in the data. For these periods, the year of eruption was represented by the year 0 in the
SEAs. This was done regionally, by proxy, for all and paired records. It was also done for
the global tropics to look at the pantropical response of the records to the eruption, while
testing the effect of including/excluding Pacific Cold Tongue correlated records.

To account for the possibility that the coral records could not capture a signal as
small as the 1991 Mt. Pinatubo event, the SEA was repeated on the 1815 Mt. Tambora
eruption (GVF of —17.20 W[m™], which had the largest GVF out of all the eruptions that
occurred since 1640 CE. Time periods of —5: +13 were chosen to include the 1809
“Unknown” eruption (GVF of -12.01W[m™]) and account for any influence it might have

had on the climate surrounding the 1815 event. For this reason, the SEA was centered on
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the 1809 eruption and a regional and pantropical SEA was done to observe the temperature
and hydroclimate response of all and paired records to both eruptions.

While the SEA followed the methods established in Section 2.5, the non-eruption
SEAs deviated from that methodology in that the years surrounding both the 1809 and 1815
eruptions were removed for the Ho set. This action ensured no volcanic influence was
present in the calculation of the non-eruption SEA.

Just as any one year may not perfectly represent the climatological norms, any single
eruption may have its own characteristic impacts on the climate system. To explore the
overall response of the climate system to the canonical forcing of volcanic eruptions, a
SEA was performed on all time intervals corresponding to major eruptions that took place
since 1640 CE. Merging all available data had the added benefit of maximizing the signal
to noise ratios by averaging out the noise in the records. Due to the length of the coral
records used in this study, a total of nine volcanic eruptions (Table 1), all of which had a
GVF higher than that of the 1883 Krakatoa eruption (GVF of -5.48 W[m™]), were selected
from Sigl et al., 2015. Eruption years were selected from Sigl (2015) because they used
the cosmogenic nuclides *C and !°Be in tree-ring and ice core data to improve the
estimated timing of volcanic events during the last 2,500 years. Their work addressed
earlier inconsistencies between the timing of volcanic eruptions and their effects on the
climate system.

I selected a time interval of —5: +30 years to characterize the initial climate state and
capture any effects of eruptions on multidecadal variability which has been proposed for
the Atlantic sector (Otto-Bliesner ef al, 2016). I calculated the median SEA for all

eruptions and the non-eruption SEA as described in Section 2.5. The median response of

23



coral records calculated in the SEA served as an estimate of the canonical tropical oceanic

temperature and hydroclimate response of all coral records to all nine volcanic eruptions.

2.7 Estimating Temperature Signals

The SEAs describe the magnitude of the signals in a geochemistry space; as such,
it is necessary to translate the signals to temperature to understand their potential climate
signal. To calculate the relative temperature, change from the SEA anomalies, I used the
same calibration slopes that were used to calculate the seawater §'%0 (section 2.5). As
stated in section 2.4, I used a value of —0.05 mmol/mol/°C as the slope for the Sr/Ca-
temperature relationship, whereas —0.2 per mil/ °C was used as the 3'%0 slope against
temperature. The §'30 slope value of —0.2 per mil/ °C was chosen based on its use and
consistency throughout a wide range of studies. Whereas I chose the St/Ca-SST slope from
an uncertainty analysis, I performed on a variety of values (—0.08 to —0.04) cited in the
coral paleoclimate literature. Ultimately, a value of —0.05 mmol/mol/°C was chosen from
the mid-range of potential Sr/Ca-SST relationship values because the overall

shape/behavior of the curves remained the same no matter which slope is used.
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Chapter 3: Results

3.1 Significance of the results

For each of the SEAs conducted, I considered significant only median SEA results
exceeding (above or below) the Ho envelope, illustrated in figures 7-15 as a yellow band.
For those instances, we reject the Ho with a critical p-value of 0.05. Signals that barely
surpassed the yellow band were not considered substantial unless there were similar signals
from other relevant data, since one expects the 95% confidence threshold be breached
about 5% of the time even when no true signals are present. Although the median results
were occasionally above the range expected from normal climate variability, and I chose
to interpret those signals, the 95% CI on those medians never exceeded the Ho expected

range.

3.2 SEA: 1991 Mt Pinatubo

I used a range of 40 (Sr/Ca) to 53 (5'%0) record segments to calculate pantropical
SEA's for the 1991 Mt. Pinatubo eruption from coral 8'%0, Sr/Ca, and A8'30 data (Figure
7). Twenty corals had both Sr/Ca and §'®0 data for the paired-data comparison and analysis
of A3'80 (Figure 8). The analysis period spanned 1986-2001. The magnitude of the
background variability calculated from the non-eruption years (yellow shading in the
figures) is directly related to the number of record segments in the analysis, such that a
larger (smaller) number of record segments produced a smaller (larger) magnitude of

background variance expected.
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Figure 7. The response of coral Sr/Ca and 5'°0 to the 1991 Mt. Pinatubo eruption using
all coral records available. The Warm Pool and Cold Tongue from the Pacific Ocean represent
the records as they were correlated to ENSO in the instrumental SST record, not the geographical
ranges. The black line is the median response to the volcanic eruptions and the blue shaded area
represents its 95% CI. The yellow shaded area represents the 95% CI for 100 SEA calculations
using randomly selected non-eruption years from the same records. The vertical line at year zero
represents the year of eruption, while the black triangles represent the number of coral records
available for each year (right axis). Hyis rejected at pcrit = 0.05 for year —3 for Sr/Ca and 6'°0
by excluding the Pacific Cold Tongue records. The significant signal for Sr/Ca and §°0 around
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year +7 to +9, is attributable to the strong El Nifio and La Nifia events of the late 1990s.
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Figure 8. The response of coral Sr/Ca, 6"°0 and 460 to the 1991 Mt. Pinatubo eruption
using all paired coral records available. The symbol description is the same as in Figure 7. The Warm
Pool and Cold Tongue from the Pacific Ocean represent the records as they were correlated to ENSO,
not the geographical ranges. No significant difference found by including/excluding the Pacific Cold
Tongue and Warm Pool records. Note the fewer number of records (data points) available with paired
Sr/Ca and 6"0O than for all other datasets.
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For example, the pantropical analysis with all §'O records (Figure 7) contained 53
record segments and the pantropical analysis with just the paired (Figure 8) §'30 records
contained 20 record segments. This resulted in average 95% confidence ranges of + 0.03
%0 and + 0.06 %o, respectively. As stated in the Methods section (2.5), the influence of
ENSO-sensitive Pacific records on the pantropical SEA was tested by removing sites with
positive and negative SST correlations to ENSO during the 20" century, associated with
the eastern Pacific Cold Tongue and western Pacific Warm Pool respectively. This resulted
in SEA’s covering three spatial regions for the §'®0 and Sr/Ca data available during the
Mt. Pinatubo analysis period: 1. Pantropical, 2. Warm Pool excluded and 3. Cold Tongue
excluded. The same analyses were repeated for the paired 8'%0, Sr/Ca, and A8'%0 coral

data.

In the immediate years surrounding the 1991 eruption, only the Sr/Ca data from
around the tropics showed significant anomalies as the SEA for those years exceeded the
Ho band; similar signals were not found in the 8'%0 data (Figure 7). A pantropical Sr/Ca
signal of —0.015 mmol/mol (with a 2-sigma range of —0.026 to 0.009 mmol/mol) exists in
the year of the eruption (Figure 7a). The median Sr/Ca SEA signal surpasses the null
hypothesis envelope, with a temperature increase of 0.3 °C. A similar Sr/Ca signal of
—0.018 mmol/mol (with a 2-sigma range of —0.027 to 0.001 mmol/mol) exists in the
analysis that excluded the Pacific Warm Pool (Figure 7e); this translates to a 0.36 °C
increase in temperature in the year of the eruption. The slightly stronger signal when
excluding Pacific Warm Pool data indicates that the Warm Pool region did not have a

warming signal. Similar SEA analyses of the paired Sr/Ca and 8'%0 data (Figure 8) did not
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have significant signals surrounding the Pinatubo eruption as the number of data points

available dropped substantially and the uncertainty bounds grew proportionately.

Apart from the immediate years surrounding the 1991 eruption, there were strong
coherent signals present in the data before and after the volcanic event took place. Strong
Sr/Ca and 'O negative anomalies were detected in the pantropical analysis using all
available data beginning in year +6 (1997) and extending through year +9 (2000) after the
1991 eruption took place (Figure 7, a and b). These signals remained when either the
Pacific Cold Tongue or Warm Pool records were excluded (Figure 7, c-f). All three Sr/Ca
SEA’s presented signals in comparable magnitude (Figure 7 a, ¢ and e), with a Sr/Ca
pantropical signal of —0.035 mmol/mol (95% CI of —0.057 mmol/mol to 0.015 mmol/mol)
(Figure 7 a). Whereas the 8'30 pantropical SEA produced a signal of —0.11 %o (95% CI
—0.004 %o to —0.16 %o, N=20 ) during 1999, (Figure 7b). These pantropical Sr/Ca and §'30

signals translate to a 0.7 °C and 0.55 °C increase in temperature respectively.

Comparable, though smaller increases in temperature were present in the pantropical
paired records for both Sr/Ca and §'®0. Sr/Ca had a signal of —0.025 mmol/mol (95% CI
of —0.002 mmol/mol to —0.067 mmol/mol) at year +6 (1997), representative of a 0.5 °C
increase of temperature (Figure 8 a). The strongest §'%0 signal of —0.07 %o took place
during years +7 (1998) to +8 (1999), with a two-sigma range of -0.038 %o to —0.17 %)
indicative of a 0.35 “C temperature increase, if interpreted in terms of temperature alone.
The same signals were present when excluding the Pacific Warm Pool records for both
Sr/Ca and §'%0, though not when the Cold Tongue records were excluded, indicating that

warming in Cold Tongue-associated regions may have contributed to the signal.
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Analogous warming signals were also present in 1988 for all and paired records,
three years before the 1991 eruption took place. A slightly larger warming signal is seen at
that time in the Sr/Ca and §'%0 data when the Pacific Cold Tongue records are excluded
(Figure 7, c-d), indicating that the warming signal was indeed pantropical and not just due
to warming of the eastern Pacific during ENSO. The magnitude of the 1988 signals are
—0.019 mmol/mol and —0.046 %o (VPDB), translating to 0.38°C and 0.23°C respectively,
if the entire §'*0 signal was temperature. Paired SEAs had only one significant Sr/Ca signal
that lasted from 1987-1988 (lags —3 and —4 in the x-axis), with a value of —0.022 mmol/mol

(Figure 8 d), when excluding the Pacific Cold Tongue records.

In addition to the above-described analyses, the data were broken out into ocean
basin regions for all (Appendix B. 1) and paired (Appendix B. 2) records but graphs of the
data are not included in this main thesis text. Few records satisfied our criteria for the
regional-scale analysis, leaving only 4-19 (Appendix B. 1) and 1-10 (Appendix B. 2)
records for analysis. With so few records, not enough data remained to reasonably estimate
of the background climate variability, nor to generate reasonable uncertainty bounds on the

median eruption signal.

3.3 SEA: 1809 ‘Unknown’ and 1815 Tambora Eruptions

The earlier timing of 1809 and 1815 eruptions resulted in fewer coral records
available to calculate the pantropical SEAs for all (Figure 9) and paired (Figure 10),
compared with the 1991 Mt. Pinatubo eruption. I used a range of 13 (Sr/Ca) to 23 (5'%0)
record segments for the pantropical SEAs, and only six records for the paired analyses.
This decrease in records and record segments resulted in more background variability. The

increased background variability is visible in these data by comparing the analyses using
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all records in Figure 9 versus just the paired records in Figure 10. I used the same types of
SEAs as in the Mt. Pinatubo analysis covering three spatial regions for all and paired §'%0,
Sr/Ca, and A 8'80 available coral data for the 1804 to 1822 period.

A distinct cooling signal was identified in the Sr/Ca SEA analyses one year before
the 1809 eruption (Figure 9a, c, e), despite the relatively low number of coral records
available. The result was not sensitive to the exclusion of the Warm Pool or Cold Tongue
associated records. The pantropical Sr/Ca SEA signal had a value of 0.036 mmol/mol, with
95% confidence that the true median response lies between 0.007 mmol/mol to 0.045
mmol/mol (Figure 9a). This signal translates to a —0.72 °C temperature anomaly with 95%
likelihood that the true signal lies between —0.9 °C and —0.13 °C.

The §'%0 data produced only one peak that barely exceeded the Hoenvelope, which
occurred when Cold Tongue records from the Pacific Ocean were excluded (Figure 9 d).
This response is considered as a potentially typical spurious peak as one would expect
5/100 with a 95% confidence-level uncertainty envelope, as it was not present in any other
analyses of the 5'%0 data. Thus, the results of the 3'30 SEA analyses indicate no substantial
5'80 signals were detected above the background climatic variability for the 1809 and 1815

eruptions.
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Similar to the results using all of the data, the strongest signal in the paired data
analysis was a large positive Sr/Ca anomaly in the year before the 1809 eruption and a
subsequent rapid decrease in Sr/Ca the year of the event (Figure 10). The signal is
consistent when Cold Tongue records or Warm Pool records from the Pacific Ocean were
excluded (Figure 10 d and g). A weaker drop in temperature relative to the surrounding
years occurs also the year before the Tambora eruption in 1815, but the signal is not as
strong and there are no significant geochemical anomalies. The 8'%0 decrease was weaker
and less coherent, but the A§'*O signal was more robust, due to the influence of the strong
Sr/Ca signal. The A8'30 also presented an increase in its variance after the year of the
eruption(s) (Figure 10 c, f, i). More investigation is needed to understand this increase in
variance, if it is an artifact of noisy data, or if it is a real signal and could have implications
for changes in the hydrologic cycle after an eruption.

Regional SEA's were also done for all (Appendix C. 1) and paired (Appendix C. 2)
records that included the 1809 and 1815 eruptions. Only 1-8 and 1-2 records were available
these analyses respectively. The lack of records per region prevented the calculation of the
95% CI of the median response to both volcanic eruptions for which the figures were not

included in this chapter.

3.4 SEA: All Nine Eruptions

To maximize the signal to noise ratios, I focused on the nine most energetic eruptions
since 1640 C.E. I used a range of 32 (Sr/Ca) to 59 (8'%0) records and record segments to
calculate the SEAs using all of the data, and 15 for the paired SEA(s). Similar to the
analyses of the Pinatubo event, and the early 1800’s eruptions, the uncertainty envelope on

the background variability decreased as the number of records used for these analyses
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increased. As in the prior sections, SEAs covering three spatial regions were carried out
for all and paired §'*0, Sr/Ca, and A8'®0 available coral data. Unlike the prior sections,
there were enough data for a useful analysis of the data sub-set into regions, Atlantic,

Indian, Pacific Warm Pool and Pacific Cold Tongue.

A clear signal emerged in the 'O data from the SEA using all data sets and all 9
eruptions (Figure 11 b, 9b). Figure 11 contains panels with the same size axes as in Figure
13 and 15, so that the reader can visually compare signals between the different analyses.
The axes are adjusted in Figure 12 (and Figure 14) so that the reader can better see the
described signal.

The primary signal manifests as an increase in 8'%0 (Figure 11 and 12 b, d, f) at the
time of the eruption, with a prolonged warm anomaly 10-15 years later. The signal is
similar when the Warm Pool associated records are removed and when the Cold Tongue
records are removed (Figure 11 and 12, d and f). However, the cooling and subsequent
warming signals were less defined after removing the Warm Pool records (Figure 11 and
12 f), hinting that the signal might be stronger in the Warm Pool region. Contrary to the
5'%0 SEAs, the Sr/Ca analysis contained no clear signals, no matter the subset of data used
(Figure 11 and 12 a, c, and e).

The pantropical §'®0 SEA (Figure 11 and 12 b) cooling signal in the year of the
eruption was +0.044 %o (with a 95% CI of 0.008 %o to 0.059 %o). As previously mentioned,
excluding Pacific Cold Tongue and Warm Pool records resulted in colder/dryer conditions
for §'80 data, the year of the event (Figure 11 and 12 d, f). The strongest signal identified

was 0f 0.049 %o (with a two sigma range of 0.066 %o to 0.008 %o) when excluding the Cold
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Tongue correlated records (Figure 11 and 12 d). This signal is representative of a 0.25 °C

decrease in temperature, if the entire signal is interpreted in terms of temperature.
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Figure 11. The response of coral Sr/Ca and 6'°0 to the 9 strongest eruptions since 1640
CE using all coral records available. The symbol description is the same as in Figure 7. The Warm
Pool and Cold Tongue from the Pacific Ocean represent the records as they were correlated to
ENSO, not the geographical ranges. No significant difference is seen by including or excluding the
Pacific Cold Tongue records. Slight cooling for 6'*0 is insignificant against the null hypothesis
that similar results could be obtained from non-eruptions years.
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Figure 12. All records/eruptions new limits response of coral Sr/Ca and 5"°0 to the 9

strongest eruptions since 1640 CE using all coral records available with new y-limits
representative of a 0.5 °C change in temperature. The symbol description is the same as in Figure
4. The Warm Pool and Cold Tongue from the Pacific Ocean represent the records as they were
correlated to ENSO, not the geographical ranges. Slight cooling for Sr/Ca is insignificant against
the null hypothesis that similar results could be obtained from non-eruptions years. A ~0.245 °C
decrease in temperature is identified, the year of eruption(s) for 6'°0.
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Paired SEAs showed much variability throughout the selected 36-year period
(Figure 13 - 14). A few data points peaked above the thresholds defined by the background
climate (yellow band). Still, there was nothing that seemed consistent between different
subsets of the data and no signals that rose or dipped beyond that threshold substantially
enough to seem truly significant. Additionally, regional SEAs were done for all and paired
coral records available. I found no significant signals in the regional paired records SEA
for Sr/Ca, §'%0, and A8'®0 (Appendix: Figure E). All paired results fell within the 95% CI
of the non-eruption years SEA performed from the same coral-based records.

Each ocean basin behaved slightly differently in the regional SEA analysis. The data
suggest cooling/drying in the Pacific Warm Pool in the nominal event year, evidenced by
increases in both Sr/Ca and §'®0 (Figure 15). The western Pacific §'%0 produced a signal
0f 0.074 %o (with a two-sigma confidence range of 0.030 %o to 0.093 %o, Figure 15 f) the
year of the eruption. This signal was representative of a 0.37 “C decrease in temperature,
if interpreted entirely as a temperature change. Pacific Warm Pool records for Sr/Ca
showed a weaker 0.19 °C temperature decrease the year before and after the eruption, with
a signal 0f 0.013 mmol/mol (95% CI of 0.003 mmol/mol to 0.023 mmol/mol). The positive
Sr/Ca and §'80 anomalies in the Warm Pool seemed to leak into other years, with distinctly
positive anomalies before and after. The eastern Pacific Ocean did not reflect the same
behavior as the western Pacific. The St/Ca (Figure 15 g) for this region was characteristic
of much noise in the data. In contrast, the §'%0 from the eastern Pacific follows a similar

response as in the western Pacific, although with a much weaker effect.

The regional data further showed the negative §'%0 anomaly 10-15 years after the

year of the eruption. The Pacific Warm Pool had an average signal of —0.037 (with a 95%
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CI of —0.086 to 0.01) for the years +9 to +16 after the volcanic event(s) took place. The
Cold Tongue correlated records in the Pacific Ocean contained a long-term warming, or
isotopic shift, similar in timing yet weaker than that of the Warm Pool, with an average
magnitude of —0.016 %o (with a two-sigma confidence range of —0.066 %o to 0.027 %eo,
Figure 15 h) the year of the eruption. The Indian Ocean followed in terms of strength, with
an average magnitude of —0.005 %o (95% CI of —0.041 %o to 0.032 %eo). It is important to
note that although there is a warming signal present, it does not clear the null hypothesis
testing significance level. For the years +9 to +16, these signals translate to a warming of
0.2 °C, 0.08 °C, 0.03 °C for the Warm Pool, Cold Tongue, and Indian Ocean, respectively.
Contrary to the other basins, the §'30 records from the Atlantic Ocean (Figure 15, a-b)
showed no distinct signal for the eruption year, nor for the 10-15 years after the eruption(s)
took place. Signal-to-noise ratios could cause the regional responses to all 9 of the selected

eruptions in each basin.
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Figure 13. The response of coral Sr/Ca, 6'°0 and 46'°0 to the 9 strongest eruptions since 1640

CE eruptions using paired coral records available. The symbol description is the same as in Figure 4.
The Warm Pool and Cold Tongue from the Pacific Ocean represent the records as they were correlated
to ENSO, not the geographical ranges. No significant difference is seen by including or excluding the
Pacific Cold Tongue and Warm Pool records.
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Figure 14. The response of coral Sr/Ca, 6"°0 and A45"°0 to the 9 strongest eruptions since
1640 CE eruptions using paired coral records available. The symbol description is the same as in
Figure 4. The Warm Pool and Cold Tongue from the Pacific Ocean represent the records as they
were correlated to ENSO, not the geographical ranges. A 0.068 increase in temperature is
identified for Sr/Ca when excluding records from the Pacific Cold Tongue. No significant
difference is seen by including or excluding the Pacific Cold Tongue and Warm Pool records for
6"%0 and 45"°0.
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Figure 15. The response of coral Sr/Ca and 6'°0, in each tropical ocean basin, to the 9
strongest volcanic eruptions since 1640 CE, using all coral records available. An increase in 6'°0
is seen in the years immediately surrounding the volcanic eruptions suggesting slight cooling or
drying. The strongest signal identified was seen in the Western Pacific for both proxies while it is
not present in the Atlantic region.
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Chapter 4: Discussion

4.1 1991 Mt. Pinatubo Eruption

The 1991 Mt. Pinatubo eruption had a GVF of -6.49 W[m™] (Sigl et al., 2015), with
a maximum mean global surface temperature decrease of 0.5 °C that peaked in
approximately September-December 1992, based on land station and ship-based
observations (Parker et al., 1996). The coral Sr/Ca data indicate the opposite signal in the
tropics, ~0.3 °C warming. One possible explanation as to why there was warming the year
of eruption, and why it increased when excluding the western Pacific, is because the 1991
eruption coincided with a weak El Nifio event (Kessler and McPhaden, 1995). This aligns
with the results, as the warming signal was slightly larger when excluding the western
Pacific Warm Pool-correlated records, which are cool during El Nifio events, and the
warming signal disappeared when excluding the Cold Tongue-correlated records, which
are anomalously warm during El Nifio events.

The Pinatubo SEA was designed to detect large-scale perturbations to ocean
temperature and oxygen isotopic conditions over a particular time period. Thus, in addition
to any volcanic signals, ENSO events should be detectable if they occurred during the
period chosen for the SEA. Indeed, the most significant anomalies detected in the data
occurred during known ENSO events. This is abundantly clear when an index of ENSO is
plotted with the SEA results, such as is done for the Ocean Nifio Index (ONI) and Cold
Tongue Excluded 8'%0 SEA as an example in Figure 16. The time series correlate
significantly over the 1985-2002 period (r = 0.805, non-directional p-value of 0.0002, N =

16). Strong ENSO events, particularly the 1987 (La Nifia) and 1997 (EI Nifio), coincide
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with significant anomalies in the coral data. This comparison demonstrates the strength of

influence that ENSO has on these coral records.
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Figure 16. Comparison the ONI (gold) and the 5'°0 SEA for the 1991 Mt. Pinatubo when
excluding records from the Pacific Cold Tongue (blue). ONI data are from the National Weather
Service’s Climate Prediction Center and represent the April to March annual average of a 3 month
running mean of ERSSTvS data in the El Nifio 3.4 region (Huang et al., 2017). Time series had a r
= 0.805, p-value of 0.0002 and N = 16. Two of the major ENSO events (1987 and 1997) in this
selected time period coincide with significant anomalies in the coral data.

A contributing factor to a lack of the expected cooling signal after the Pinatubo
eruption could be the small GVF of the eruption itself. Any volcanic-induced cooling
would have been offset by the ENSO-related warming, possibly explaining why there was
such a weak signal associated with the eruption. Better quantification of the instrumental
temperature signals from the available study sites would clarify the signal expected in the
coral geochemistry data. The approach should be to extract SST time series that match the
coral records based on their coordinates and treat them the same way as the coral records

were treated in this study. The single event SEA would then be repeated with the SST time

series and compared against the SEA performed on the coral records, to serve as a way of
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exploring 1) the strength of the signal itself and 2) the ability of the coral in capturing said
signal. That also leads us to question, how small is too small of a signal? The relatively
small signals obtained from Mt. Pinatubo, for the year of eruption, were not resolvable
against the background climate variations, but what about the largest eruption of the last

400 years?

4.2. 1809 “Unknown” and 1815 Mt. Tambora Eruptions

The 1809 and 1815 eruptions produced a GVF of -12.01 W[m™] and -17.20 W[m"
2], respectively (Sigl et al., 2015). In terms of estimated volcanic forcing, these were the
third (1809) and first (1815) largest events since the year 1600 C.E. (Sigl et al., 2015). This
led to an estimated tropical SST change of —0.53°C between 1809 and 1810, based on a
multi-proxy tropical surface temperature reconstruction, that included primarily tree-ring
data but also several corals in this study (D’Arrigo et al., 2009). After the 1815 Tambora
eruption, the tropics and extra-tropics experienced a similar cooling of 0.4 — 0.8 °C
(D’Arrigo et al., 2009, Raible et al., 2016). Although my analysis used a relatively small
number of available records, the results indicated an even larger temperature decrease, 0.72
°C in the year before the eruption, for the 1809 pantropical Sr/Ca SEA, exceeding the
background climate variability. Despite Mt. Tambora eruption having the largest GVF, in
comparison to that of the 1809 event, its temperature signal was weaker than expected.

A likely explanation for the timing of the strong geochemical anomalies lies in the
assignment of years to the geochemical data. As stated in the methods, monthly and
bimonthly records were annualized to tropical (April-March) years, with the beginning
year (April) chosen as the nominal year for that record. Thus 1809 represents the period of

April 1809 to March 1810; months before April 1809 were deemed as belonging to 1808.
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There has been some debate in the climate community in terms of the exact timing of this
1809 “Unknown” eruption, with some suggesting it took place in February of 1809 + 4
months (Cole-Dai et al., 2009), and a recent study of historical documents indicating it
likely occurred in late November to December of 1808 (Guevara-Murua et al., 2014). If
the eruption took place in late November or beginning of December 1808, the eruption and
4 months afterwards (December-March) would have been categorized as 1808 in this study,
potentially explaining the strong cooling present in the SEA(s) during the nominal 1808
year.

Something to consider is the possibility that interannual variability in the climate
system, such as ENSO events, may have caused perturbations that are not consistent with
the cooling expected after an eruption. Studies have shown that when a volcanic eruption
coincides with an ENSO event, one can expect a La Nifia (cooling) response the year of
the eruption, with an El Nifio (warming) response the following year (Stevenson et al.,
2017). This could explain why there is warming present the years after the 1809 eruption
took place, instead of seeing a cooling period after the eruption. This interannual variability
in the climate system could also be responsible for the weak temperature signal produced
the year of eruption for Mr. Tambora. 1815 was a known El Nifio year (D’Arrigo et al.,
2009), which means the temperature signal we are seeing is a combined ENSO + volcanic
eruption signal captured in the data, much like in 1991 for the Pinatubo Eruption.

Modeling studies have shown that whether or not an El Nifio event is excited by an
eruption may be sensitive to the region or hemisphere where an eruption took place
(Stevenson et al., 2016). The convolution of ENSO with volcanic forcing likely contributes

to discrepancies in the magnitude of the temperature response after an eruption between
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modeling and proxy reconstructions studies (McGregor & Timmerman, 2011; Stevenson
et al., 2016; Lehner et al., 2016, Dee et al. 2020). Much research is needed to understand
ENSO's general responses to volcanic events (Stevenson et al, 2016; Stevenson et

al., 2017; Otto-Bliesner, 2016).

4.3 All Eruptions

When all substantial eruptions of the last 400 years were composited, a very different
signal was detected compared with the single event analyses for the 1991 and early 1800's
volcanic events. In this analysis, the strongest signal showed up in the oxygen isotope data,
and little in the way of significant signals were detected in the Sr/Ca data. In contrast, the
strongest signals came from the Sr/Ca data in the single-event analyses. The oxygen
isotopic data showed a distinct cooling/drying response around the year of the eruption,
followed by a decadal-scale warming/freshening in the pantropical SEA, which was
insensitive to excluding either the Pacific Cold Tongue or the Warm Pool records. A critical
difference between this analysis and the single event analyses is that by averaging many
events together, the un-forced interannual variability in the record segments (i.e., ENSO)
was canceled out, leaving only the volcanic signal. The other analyses focused on particular
events, so the resulting SEAs represented the total interannual variability, forced and
unforced, over a given period.

Past modeling, instrumental and observational studies have focused on trying to
understand the regional responses to strong volcanic eruptions better and how they may
influence interannual variability in the climate system (Griesser et al., 1998; Evan et
al., 2009; Wang et al., 2017). Each of the regional SEAs done on all nine of the selected

eruptions responded differently in terms of temperature and oxygen isotopic changes. The
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Pacific Warm Pool had the most robust temperature response to the nine events, whereas
the Pacific Cold Tongue and Indian Ocean had a similar reaction but of weaker intensity.
This indicates that the Warm Pool might be the center of action of the tropical ocean
response to a volcanic event. Although this has not been directly addressed in the scientific
literature, research has focused on the effects of strong volcanic eruptions on ENSO events
(Adams et al., 2003; Stevenson et al., 2017; Pausata ef al., 2015), this finding of a decadal
scale response after the eruption(s) warrants further investigation. The Indian Ocean
analysis had a large number of records, but a smaller magnitude signal than the Warm Pool.
This could indicate a truly weaker signal, or perhaps a mixed eastern and western Indian
Ocean Dipole (IOD) signal. The IOD may be excited by volcanic eruptions, as suggested
from prior work (Izumo et al., 2018); thus, a stronger signal might be obtained by splitting
the Indian Ocean data by the spatial response IOD.

As for the Atlantic Ocean, much of the volcanic eruption research that has been
done in this region has focused on the volcanic forcing's effect on Atlantic Multidecadal
Variability, AMOC, and how the area itself might play an essential role in its response to
the eruptions. Contrary to expectation based on modeling results (Stenchikov et al., 2009,
Otto-Bliesner et al., 2016), the Atlantic Ocean's temperature response to the eruptions was
virtually non-existent, despite having a similar number of records as the Pacific Warm Pool
(~20). This indicates that any volcanic signal in this basin may be too small to be detected
relative to the rest of the climatic variability in the region, with the number of records
available. One potential source of regional variability in aerosol forcing could be from
Saharan dust storms on an interannual basis that are a significant source of temperature

variance in the tropical Atlantic (Evan ef al., 2009).
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In addition to these regional and pantropical responses to the eruptions, these
temperature and isotopic changes to the volcanic events indicate decadal-scale warming in
the data. Specifically, a decadal-scale warming/freshening was present in the pantropical
SEA, and did not change when including/excluding either the Pacific Cold Tongue or
Warm Pool records. Past studies have focused on quantifying decadal-to-multidecadal-
scale behavior in the tropical oceans in response to strong volcanic eruptions (Stenchikov et
al.,, 2009; Zanchettinet al., 2013). Additionally, research has explored how
individual/regional local environmental and background conditions before the eruption
could decrease the signal-to-noise ratio in the data for post-eruption decadal and
multidecadal-scale climate variability. The global or tropical oceanic temperature response
might be easier to interpret. It becomes complicated when looking at the
individual/regional background climate conditions that led to that general response
(Zanchettin et al., 2013).

The seawater isotopic composition of the coral records in pantropical (as well as
including/excluding the Pacific Ocean records), and the regional SEAs, are not only
indicative of decadal-scale cooling/freshening years after the eruption but could be directly
related to Pacific Decadal Oscillation (PDO; Veettil et al. 2014; Vargo, 2013; Wang et
al. 2012). This aligns with Nurhati et al.'s (2011) findings on how seawater oxygen isotopic
composition calculated from coral records is directly correlated to PDO. Additional studies
have explored how volcanic eruptions, among other types of forcing, influence and play a
crucial role in the phasing of the PDO (Wang et al., 2012; Smith et al., 2016). Studies
conducted coupled atmospheric-oceanic model analyses to better understand the behavior

of PDO after strong tropical volcanic eruptions and changes in solar variability. Their
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findings indicated that volcanic events could lead to a negative phase of PDO on the climate
system (Wang et al., 2012; Smith et al., 2016). Past modeling and instrumental studies
focused on quantifying this decadal-to-multidecadal behavior in the tropical oceans found
that natural volcanic forcing excites multidecadal variability in the Atlantic Ocean
(Stenchikov et al., 2009, Otto-Bliesner ef al., 2016). This goes against this study's findings
as the Pacific Ocean (specifically the Warm Pool) had the more distinct decadal signal, as
opposed to the Atlantic Ocean, which had little to no signal 10 to 15 years after the year of
the eruption(s). Future work should examine how volcanic eruptions can excite decadal
modes of variability in the Pacific, particularly its connections to changes in SST, ocean-

atmosphere interactions, and climate forcings (Newman et al. 2016).

4.4 Sensitivity Analysis

The data collected for this research provide the opportunity to explore the variability
inherent in coral paleoclimate data and the number of records required to obtain a signal of
a particular magnitude. Statistically, this is representative of a sensitivity analysis that can
determine how detectable effect size changes with sample size, given the variance in these
data. The number of data points available for the SEAs in this research varied significantly.
The presented analyses demonstrate that when a limited number of data points are available
(e.g., for both the 1991 and the 1815 events), a signal must be much larger to exceed the
Ho threshold. In contrast, even small signals exceed the Ho threshold with bigger sample
sizes, such as in the SEA using all available eruptions. Given the combined climate
variance and proxy error recorded in coral Sr/Ca and 8'30, how many records are needed

to identify a particular climate signal magnitude statistically?
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Figure 17. Background climate variability recorded in coral Sr/Ca as a function of the
number of records sampled to calculate the background variability. The grey dots represent the
positive and negative 95% confidence limits of SEA analyses conducted on randomly selected years
from the coral data, after potentially volcanically-influenced data were removed. The grey dots are
compiled from the null hypothesis tests described in the methods and shown as yellow bands in
each figure displaying an SEA. Data points that exceeded the 95% confidence threshold of any
particular analysis are denoted in color.
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Figure 18. Same as for Figure 14 except for 6'°0 data. There is a direct connection between the
number of records and the possibility of identifying a signal that surpasses the background
variability of the climate system. The higher the number of records the higher the chance of
identifying a signal.

To answer how many coral records are needed to resolve a particular geochemical

signal from the background variability, I made two scatterplots (Figure 17- 18), one for
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Sr/Ca and another for 830, to better examine the relationship between the number of
records and the obtained 95% CI of Ho testing. Notably, the 95% CI is a characterization
of the data's background variability, composed of the natural climate variability recorded
by the corals and any non-climatic variability in the record. By non-climatic variability, I
refer to analytical error and environmental error — the sum of different internal and external
factors that might influence the way corals record temperature and salinity, such as growth
rates and micro-environmental conditions.

For each proxy, I plotted the upper and lower 95% CI's against the number of data
points used per year for the SEA's analyzing the Pinatubo, Tambora/Unknown, and all nine
eruptions. These figures show that it is difficult to tease out a significant signal from the
background noise. The majority of the yellow dots, representing signals that exceeded the
background variability in any given analysis, although statistically significant, lie within
the cloud of grey dots, within the noise of the data (Figure 17 - 18). If one set a stringent
criterion that any detectable volcanic signal (statistical effect level) had to exceed the
background variability in any given analysis (the grey cloud), then with ten records, one
could resolve a signal of = 0.035 mmol/mol St/Ca (Figure 17) and + 0.13 %o §'*0 (Figure
18). About 40-50 records are needed to detect a smaller signal of approximately + 0.02
mmol/mol Sr/Ca and approximately £ 0.05 %o 8'%0. After 50 records, the background
variability levels out for both Sr/Ca and §'*0, which means that using more than 50 records
does not improve the signal detection from the coral data

It is clear from this work that a high number of data points (40-50 records) are
needed to resolve the small volcanic signals from the background climate variability

present in the data. ENSO's interannual variability likely contributes to the extensive
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background variability relative to volcanic signals' magnitude in these data. Future work
should develop novel statistical approaches that increase the signal-to-noise ratio or

decrease the records' background variability to better resolve volcanic signals.
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Chapter 5: Conclusion

This thesis focused on assessing the temperature and hydroclimate response in the
global tropics to the most robust volcanic eruptions of the past 400 years. I used 45 Sr/Ca,
and 67 8'%0 coral geochemical records to see if it was possible to capture the volcanic
signals and examine if they went above the background climate variability of the records.
To explore these areas, I attempted to answer the following questions: (1) How sensitive
are coral geochemical records to capturing individual volcanic event signals? Can a climate
signal be detected from corals that grew during the relatively small 1991 Mt. Pinatubo
eruption? (2) Can we detect the climate impact of a much bigger eruption, with a more
limited coral network, for instance, the Mt. Tambora eruption in 1815? (3) Using all coral-
based paleoclimate reconstructions available over the last 400 years, is the tropical oceanic
temperature and hydroclimate response to strong volcanic eruptions statistically resolvable
from the background variability?

To address the previously stated questions, I performed SEAs on two individual (1991
Mt. Pinatubo and 1815 Mt. Tambora) eruptions and nine of the most energetic volcanic
eruptions in the past 400 years collectively. SEAs were performed on all Sr/Ca and §'%0
data available that met basic usability criteria. The analyses were conducted on all of the
data to create a pantropical SEA as well as from regional subsets of the data. The influence
of the Pacific Ocean records on the pantropical SEA was explored by repeating the
pantropical analysis with either Pacific Cold Tongue- and Warm Pool-correlated Pacific
Ocean records excluded. Regional SEAs were performed for the Atlantic, Indian, Pacific

Cold Tongue-correlated and Pacific Warm Pool-correlated regions. To explore the
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hydrologic response to the eruptions, I repeated each SEA using paired Sr/Ca and §'30
records and a calculated the §'*Osw.

The 1991 and 1815 eruptions were used to determine how coral geochemical records
capture individual volcanic event signals in terms of oceanic temperature and oxygen
isotopic conditions. The 1991 eruption analysis demonstrated that for small eruptions,
ENSO variability can overwhelm any forced cooling from volcanic aerosols. This set of
SEAs showed the strength of influence that ENSO has on the coral records; some of the
most significant temperature and oxygen isotopic anomalies coincided with known ENSO
years. On the other hand, the SEAs for Mt. Tambora and the 1809 “Unknown” eruptions
demonstrated substantial cooling (high Sr/Ca) associated with the 1809 eruption and a less
strong signal associated with the stronger 1815 Tambora eruption. 1815 had a historically
documented El Nifo event, thus the weaker cooling associated with the Tambora eruption
may have been due to a combined volcanic eruption + ENSO forcing as with the 1991
event analysis. Both the 1991 and early 1800's SEAs showed that coral geochemical
records could capture volcanic eruptions. Still, the volcanic event's strength might vary due
to existing background climatic conditions and variability of the climate system. The
background variability could either strengthen or mask volcanic eruption signals in the
records, making it a bit difficult to tease out the eruption in the data accurately.

Focusing on the all eruptions SEAs, I used the nine most energetic volcanic eruptions
for the past 400 years to determine if the hydroclimate and temperature response was
resolvable from the background climate variability of the records. The coral §'30 data
showed a significant increase in the year of the eruption, indicating a decrease in

temperature or an increase in seawater oxygen 8'°0 or some combination. A similar
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magnitude coral 3'80 decrease 10-15 years after the events, indicated a decadal-scale
warming and/or seawater 8'30 decrease. Although the signal was found all over the Indo-
Pacific (not the Atlantic), the §'30 increase and decadal-scale decrease was strongest in the
Pacific Warm Pool. This signal was resolvable from the background variability only for
the §'30 data; Sr/Ca records had little to no signal detectable for the year of the eruption(s)
and for the 10-15 years of decadal variability that was present in the §'%0 coral records.
Lastly, as the number of record segments used varied by SEA, this research provided
me with the opportunity to explore the relation between the number of records and the
expected size of a geochemical signal. This work showed that 40-50 data points are needed
to resolve the small volcanic signals from the background climate variability present in the

data.

5.1 Future Directions

Further improvements in sample age assignments could reduce uncertainty in the
timing of the climatic response to volcanoes, as recorded in coral geochemistry. In this
study, both the early 1800’s eruptions, as well as the all eruptions SEAs were indicative of
potential age model errors in the data. A possible way to improve age model uncertainty is
by focusing on ensuring that the data are annualized in the same way. In this study, sub-
seasonal records were annualized by averaging into April to March years and were
analyzed along with records that began with an already annual resolution. However, not all
annually-resolved data were April-March years. Combining April-March annualized
records with yearly resolution records of unknown and potentially variable definitions of a

year could impact the signals seen in the resulting SEAs. Future work should focus on
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repeating the analyses with data that have a consistent definition of a year to see if it helps
with the age uncertainty in the SEAs.

Further, counting errors of 1-2 years per century are not uncommon in coral
geochemistry age models. Small age model errors, and their amplitude, in the original coral
records could smear or shift signals in the resultant SEA (DeLong et al., 2013; Comboul et
al., 2014). These errors are common in coral work and virtually unavoidable, so future
work should also minimize the impact of age model uncertainty and test the effects of age
model errors on the results. Comboul et al., (2014) attempted to account for age
uncertainties by establishing a probabilistic age model for layer-counted records,
quantifying their effect on spatiotemporal modes of variability, and adjusting for
discrepancies between the cores using an optimization principle based on a general
understanding of a multivariate record. Similar approaches could be explored in future
analyses.

Future work could also focus on selecting the data by the records' quality in climate
signals. Many studies regress coral data to instrumental (local or regional) climate data and
either cull by a threshold or weight the records. For example, Tierney et al., (2015)
weighted raw non-detrended coral records by their relationship to gridded SST to
determine each record's contribution to their composite plus scale (CPS) reconstruction.
Another approach that could be taken is that employed by Mann et al., (2008), where they
used a screened set of data that passed the threshold of a statistically significant relationship
to temperature during the instrumental period. These types of regression methods could be

utilized to improve the quality of the records used in the SEA analysis.
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The statistical framework of this study leaves room for improvement. Analysis of
variance and central tendency assumptions, such as normality, sample independence, and
variance equality were explored in the raw unprocessed coral geochemical records but they
must be accounted for and tested for in the SEA data instead. If the SEA data are found to
satisfy the assumptions, then instead of computing the median SEA, a mean can be used
and the standard student-t test for differences in means can be applied as a robust statistical
test.

Lastly, some of the chosen eruptions for this study coincided with known ENSO
years. One approach to remove the influence of ENSO on the results is to use the El Nifio
Southern Oscillation Index (SOI) to remove the ENSO signal from the coral records.
Robock and Mao (1995) did this in instrumental temperature data by correlating SST
anomalies to the SOI, establishing a linear regression, and subsequently removing the
ENSO signal. A similar approach could be applied to the coral records in this study.

Making these relatively small changes will greatly improve the study and the

scientific impact of future publications based on this work.
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Appendix A

Table 2. Coral geochemical records used since 1640 CE.

i Start End
Ocean Site Name Proxy Date  Date Reference
Atlantic ~ Cape Verde S%0 1928 2002 DO
i 18 Hetzinger et
Atlantic ~ Guadeloupe 8°0 1895 1999 al.. 2010
i 18 Hetzinger et
Atlantic  Los Roques, Venezuela 6°0 1917 2004 al.. 2008
Atlantic  Bermuda 5%0 1927 1983  ubmertefal,
2005
Atlantic  Biscayne Bay 3130 1751 1986 ?;V;gt etal,
Atlantic ~ Florida Bay s%0 1824 1985 Soarterah
Atlantic  Puerto Rico 31%0 1751 2004 Kilbourne et
al., 2008
Atlantic  Bermuda s%0 1781 1998 Seodianeral,
Indian  Abrolhos S0 1704 1993 omertetal,
i i Charles et al.
18 ,
Indian Bali 5°0 1782 1990 2003
Indian Ifaty Tulear 380 1660 1994 %(l)rilze et al.,

i 18 Nakamura et
Indian  Kenya 80 1886 2002 00
Indian  Mafia Island §%0 1896 1998 Damassacral,
Indian Mentawai 3130 1858 1997 Abram et al.,

2008
Indian Ningaloo 3130 1879 1995 Kuhnert et al.,
2000
Indian ~ Ras Umm Sid, Red Sea 30 1751 1995 581018 etal,
Indian La Reunion 3180 1832 1995 Pfeiffer et al.,
2004
Indian  Ras Um Sid, Red Sea 5'%0 1897 1993  Moustafa, 2000
Indian Seychelles 5180 1846 1995 (1:;1;;163 etal,
Indian Mayotte 5130 1881 1994 Zinke et al.,

[2008, 2009]
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Pacific

Pacific

Pacific

Pacific

Cocos DL
Madagascar
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Agqaba

Agaba
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Guam

Liang
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Palau Rocki Islands
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Papua New Guinea
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Espiritu Santo, Vanuatu

Misima, Papua New
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880
880
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17
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63
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1726.

78

1874.

68
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79
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17
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17
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54
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38
1928
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17
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2004
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2014
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2014

Zinke et al.,
2014

Cole et al.,
2000
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2003
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Asami et al.,
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Tudhope et al.,
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Linsley et al.,
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Linsley et al.,
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Linsley et al.,
2006
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2001

Osborne et al.,
2014
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2014

Tudhope et al.,
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Quinn et al.,
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Pacific

Pacific

Pacific

Pacific
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Kiritimati

Maiana

Nauru
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Kupang Bay, Timor,
Indonesia
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QGreat Barrier Reef
Savusavu Bay, Fiji
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Polynesia
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Hon Tre Island, Vietnam
Kiribati

Palaui Islands, Philippines
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880
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Appendix B. 1 The response of coral Sr/Ca and 5'*0, in each tropical ocean basin, to the
1991 Mt. Pinatubo volcanic eruption using all coral records available. The Warm Pool and Cold
Tongue from the Pacific Ocean represent the records as they were correlated to ENSO, not the
geographical ranges. The black line is the median response to the volcanic eruptions and the blue
shaded area represents its 95% CI. The yellow shaded area represents the 95% CI for 100 SEA
calculations using randomly selected non-eruption years from the same records. Vertical line at
year zero represents the year of eruption, while the black triangles represent the number of coral
records available for each year (right-axis). Possible warming at year zero for Sr/Ca in the Pacific

Cold Tongue.
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Appendix B. 2. The response of coral Sr/Ca, 5'°0 and A6"°0, in each tropical ocean basin,
to the 1991 Mt. Pinatubo volcanic eruption using all paired coral records available. The Warm
Pool and Cold Tongue from the Pacific Ocean represent the records as they were correlated to
ENSO, not the geographical ranges. The figure descriptions are the same as in Appendix B.1.. Lack
of data points in the years following the eruption led to an increase in the variance of the yellow
band; this does not represent the true uncertainty of the results.
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Appendix C. SEA: 1809 ‘Unknown’ and 1815 Tambora Eruptions
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Appendix C. 1 The response of coral Sr/Ca and 60 in each tropical ocean basin to the
1809 “Unknown” and 1815 Mt. Tambora eruptions using all coral records available. The Warm
Pool and Cold Tongue from the Pacific Ocean represent the records as they were correlated to
ENSO, not the geographical ranges. The figure descriptions are the same as in Appendix B.1. Lack
of individual records per region to calculate the 95% CI to the median response to both eruptions.
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Appendix C. 2 The response of coral Sr/Ca, 5'°0 and 46'°0 in each tropical ocean basin
to the 1809 “Unknown” and 1815 Mt. Tambora eruptions using all paired coral records available.
The Warm Pool and Cold Tongue from the Pacific Ocean represent the records as they were
correlated to ENSO, not the geographical ranges. Figure description is the same as in Appendix
B.1. There is lack of individual records per region to calculate the 95% CI to the median response
to both eruptions.
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Appendix D. SEA: All Eruptions
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Appendix D. 1. The response of coral Sr/Ca, 6"°0 and 460 in each tropical ocean basin
to all nine eruptions using all paired coral records available. Figure description is the same as in
Appendix B.1. No significant signal was detected that surpassed the 95% CI of null hypothesis
testing.
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