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Abstract

Paleoclimate archives place the short instrumental record of climate variability in
a longer temporal context and allow better understanding of the rate, nature and extent
by which anthropogenic warming will impact natural and human systems. The ocean is a
key component of the climate system and records of past ocean variability are thus
essential for characterizing natural variability and quantifying climate sensitivity to
radiative forcing. Coral skeletons are high-resolution archives of tropical sea surface
temperatures (SSTs), but inconsistencies call the accuracy of existing coral proxy records
into question.

In this thesis, I first quantify the errors associated with the traditional coral
thermometer, Sr/Ca, by comparing in situ logged SST with Sr/Ca-derived SST in four
corals on the same reef. I show that intercolony disparities in mean Sr/Ca, amplitude of
variability, and trend are not due to differences in water temperature, but rather to
“vital effects” that result in a + 2 C uncertainty on reconstructed SST.

I then expand, refine, and test a new paleothermometer, Sr-U, across multiple coral
species and through time. I show that Sr-U captures spatial SST wvariability with an
uncertainty of + 0.6 C. When applied to two corals outside of the calibration, Sr-U
accurately captures the mean SST and the 20" century trend in the Western Tropical
Atlantic.

Finally, I apply Sr-U to a coral from the Little Ice Age (LIA) to address uncertainties in
the magnitude of western tropical Atlantic cooling during a 95-year period spanning
1465-1560. Results suggest the region was 1.1° C£0.6°C cooler than the 1958-1988 mean,
but within error of early 20" century SST at this site. Critically, several periods of
warmth, equivalent to the 1958-1988 mean, occurred during a solar minimum that is
widely believed to have been a cool period of the LIA. My results indicate that Sr/Ca
exaggerates the actual cooling by almost 3 °C. My record demonstrates the value of Sr-U
and highlights the need for continuous accurate SST records to better constrain the
amplitude, drivers, and mechanisms of LIA tropical climate change.

Thesis Co-Supervisor: Dr. Anne L. Cohen

Title: Associate Scientist, Department of Geology and Geophysics, WHOI
Thesis Co-Supervisor: Dr. Glenn A. Gaetani

Title: Associate Scientist, Department of Geology and Geophysics, WHOI
Thesis Co-Supervisor: Dr. Delia W. Oppo

Title: Senior Scientist, Department of Geology and Geophysics, WHOI






Acknowledgements

Science is a team effort, especially when samples are collected in the field.
My PhD could not have happened without the generosity of time and expertise of
countless people and many funding sources.

First and foremost I would like to thank my thesis co-supervisors Anne
Cohen, Glenn Gaetani, and Delia Oppo. I accepted their invitation to the world
of corals, and it was a magical ride. While helping me producing excellent
science, they never missed a moment to teach me and rarely told me the answer
to anything that I could have figured out myself. Beyond the late nights of
correspondence, back and forth plots, and careful editing, I thank them for their
restraint in letting me make and learn from my own mistakes. My committee
members David McGee and Caroline Ummenhofer provided steady guidance and
feedback on my thesis as it slowly and then quickly progressed. I thank them for
thoughtful questions and suggestions.

A substantial monetary investment is required to produce a single PhD,
and I would like to acknowledge the National Science Foundation’s Graduate
Research Fellowship Program for funding three years of my education. NSF
grants OCE-0926986 to Anne Cohen and Delia Oppo, OCE-1031971to Anne
Cohen, OCE-1338320 to Glenn Gaetani and Anne Cohen supported portions of
my research, fieldwork, and stipend. WHOI’s Ocean Exploration Institute funded
the last year of my stipend. WHOI's Access to the Sea Program and the
Bermuda Biological Station for Research Fund funded fieldwork. WHOI’s Ocean
Ventures Fund provided me the experience of writing a scientific proposal and
funds for sample analysis. Presenting my research at conferences and interacting
with other scientists resulted in rapid strides in my scientific development, and I
am grateful to research grants as well as travel grants from WHOI's Academic
Programs Office and the MIT Graduate Student Council for funding my
conference travel expenses.

I am lucky to have been a member of the Cohen lab. Our science requires
teamwork in assisting with others’ fieldwork and with sharing technical
experience back in the lab. My lab mates have been a consistent source of
discussion and assistance, and always made me feel part of an intellectual
community. Thank you Hannah Barkley, Tom DeCarlo, Liz Drenkard, Pat
Lohmann, Nathan Mollica, Kathryn Pietro, and Hanny Rivera.

My coauthors and collaborators were a source of fresh ideas and crucial
data, often unavailable anywhere else. I would like to thank Rusty Brainard,
Jamie Gove, and Chip Young of NOAA’s Coral Reef Ecosystem Program, Amos
Winter and Edwin Hernandez-Delgado of the University of Puerto Rico, Meagan



Gonneea of USGS, and Mark Vermeij of CARMABI. The geochemical data
collected for this thesis owes its existence in part to spectacular technicians
including Scot Birdwhistel, Jurek Bluszstajn, Louis Kerr, and Gretchen Swarr.
Thank you for your flexibility and tireless commitment to excellence.

Many WHOI scientists and postdocs spent valuable time to teach and
guide me along the twisting PhD path. Thank you Jenny Arbuzweski, Jake
Gebbie, Karl Helfrich, Denner Huang, Kris Karnauskas, and Andy Solow, among
others. I heartily thank Ed O’Brien of the WHOI scientific diving program for
introducing me to the wonderland under the waves and ensuring my safety in the
field. Much of my fieldwork took place aboard Sea Dragon operated by Pangaea
Explorations, and I have Emily Penn and Ron Ritter, as well as Captains Dale
Selvam and Eric Loss, and many hard working crew members to thank for
providing unparalleled access to the field, all under the thrill of sail power.

WHOTI’s Academic Programs Office and the EAPS Education Office have
been incredibly supportive in every way. I must be content that I cannot know
all the hard work they do to make Joint Program students’ lives charmed. Thank
you so very much Roberta Allard, Linda Cannata, Valerie Caron, Lea Fraser,
Tricia Gebbie, Michelle McCafferty, Vicki McKenna, Libby Pike of G&G, Ronni
Schwartz, Meg Tivey, Julia Westwater, and Jim Yoder, among others.

Lastly I cannot thank my family and friends enough for their love and
acceptance of me as I did a very hard thing. Although you always provided
solace and encouragement during tough times, the laughs and adventures we’ve
had together were always the best support. My fiancé Edgar, love of my life, I
cannot wait to begin our new life together. We have been through so much and it
was all worth it, my marshmallow. My parents David and Elizabeth have
selflessly encouraged me to spread my wings and fly far away from my native
California. My sister Emily brings the sun with her and comforts me with the
knowledge that there is another person in the world who looks just like me. My
uncle Tom has been an inspiration to use technical expertise to make the world a
better place.

My friends in the Joint Program are the best I have ever made. You
helped me flourish and taught me invaluable lessons about patience, love, and
time. I found my tribe, and I can only imagine all the wonderful memories we
have yet to make together.



Contents

1 Introduction

2 Comparison of equatorial Pacific sea surface variability

and trends with Sr/Ca records from multiple corals 26

3 20" century warming of the tropical Atlantic captured

by Sr-U paleothermometry

65

4 Modest Little Ice Age cooling of the Western Tropical

Atlantic

5 Conclusions

Appendix A Data and supplementary figures for Chapter 2

Appendix B Data and supplementary figures for Chapter 3

Appendix C Data and supplementary figures for Chapter 4

Appendix D Data for Chapter 5

101

124

132

156

202

231






Chapter 1

Introduction

1.1 Climate change

Mean global temperature in 2015 was the warmest since modern instrumental
records began in 1880 [Tollefson, 2016], and the first few months of 2016 indicate
that it will be still warmer. This year follows a trend of globally averaged surface
air temperature (SAT) warming by an estimated 0.85 ° C since 1880 |Hartmann
et al., 2013] (Figure 1-1). Observations show that the global ocean has taken up
more than 90% of additional energy accumulated in the earth system between
1971 and 2010 [Rhein et al., 2013]. Warming since 1950 can only be explained by
including the effects of increased atmospheric energy flux, or radiative forcing,
due to increased atmospheric carbon dioxide (COz2) from anthropogenic fossil fuel
burning, cement production, and land use changes [Bindoff et al., 2013|.
Anthropogenic emissions continue to rise, and further warming of the
earth’s surface has the potential to change precipitation patterns and increase sea
level, affecting billions of people throughout the world. In order to accurately
estimate the amount of future warming due to human activity, we must
understand the relationship between climate forcing and the response of global
temperature, or “climate sensitivity” [Collins et al., 2013]. A climate forcing is a
process that changes Earth’s energy balance. For example the intensity of
incoming solar radiation, Total Solar Irradiance (TSI), fluctuates naturally with
higher TSI associated with more energy reaching the earth’s surface, leading to

warming |[Myhre et al., 2013]. Sulfate aerosols injected into the atmosphere by



volcanic eruptions scatter incoming radiation, generally resulting in surface
temperature cooling [Robock, 2000]. CO2 and other greenhouse gases (GHGs)
trap outgoing longwave radiation and reemit it. When GHG concentrations
change due to natural or anthropogenic causes, the earth’s surface temperature
shifts to remain in energy balance (i.e. Boltzman’s law of blackbody radiation). A
common method to estimate climate sensitivity is to run simulations using global
climate models (GCMs) over the 20" century and into the future. By these
methods estimates of the response to a doubling of atmospheric CO2, range from
1.5 to 4.5 ° C globally averaged warming |Collins et al., 2013]. The large degree
of uncertainty is due to the limitations of GCMs in capturing the dynamics of the
climate system and the short duration of reliable instrumental temperatures
[Kiehl, 2007; Deser et al., 2010a].

In addition to broad responses to external forcings, global and regional
temperature is characterized by changes on interannual to multidecadal scales.
Much of this variability can be described by climate modes or oscillations. For
example El Nino Southern Oscillation (ENSO) is an interannual oscillatory
phenomenon in the Pacific Ocean leading to a distinctive pattern of SST
anomalies |Rasmusson and Carpenter, 1982] with major impacts on global
precipitation patterns and fisheries |[Trenberth et al., 1998; McPhaden et al.,
2006]. The Atlantic Multidecadal Oscillation (AMO), a pattern of SST anomalies
in the North Atlantic varying on multidecadal timescales [Schlesinger and
Ramankutty, 1994; Enfield et al., 2001], significantly affects climate throughout
the Atlantic basin [Sutton and Hodson, 2005; Zhang and Delworth, 2006]. While
there is evidence that these climate modes arise from processes internal to the
climate system, their behavior may be influenced by external forcing as well

[ Timmermann et al., 1999; Knudsen et al., 2014; Ting et al., 2014].
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Characterizing and distinguishing the contributions of internal and external,
anthropogenic and natural forcings to interannual and multidecadal variability is
key for anticipating future climate changes. However it is challenging given the
limited length of observational datasets [Deser et al., 2010b; Johns et al., 2011;

Solomon et al., 2011].

1.2 Paleoclimatology

Paleoclimate records, natural archives of environmental conditions on timescales
longer than the instrumental record, are powerful tools to better understand
climate sensitivity and temperature variability. Air bubbles in ice cores, the
composition of cave deposits, the width of tree rings, and the chemical, physical,
and biological attributes of lake and ocean sediments all preserve information
about climate in the past [Masson-Delmotte et al., 2013]. While these quantities
are not necessarily meaningful in themselves they are indicators, or “proxies” of
past climate. With accurate age control and understanding of the relationship
between a proxy and the conditions it reflects, we can reconstruct records of
temperature, rainfall, atmospheric composition, sea level, wind speed, ocean
currents, volcanic eruptions, and ecosystem type, among others. For example,
paleoclimate archives of oxygen isotopes, temperature, and glacial extent have
evoked a narrative of great changes associated with glacial-interglacial cycles
[Imbrie et al., 1992; Jouzel et al., 2007; Clark et al., 2009]. Records of
temperature response to forcing in the past can better constrain climate
sensitivity by capturing the impact of feedbacks within the earth system that
operate on longer timescales than the instrumental record |[Hegerl et al., 2006;

Schmittner et al., 2011]. They also have the potential to characterize
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multidecadal variability and examine its response to external forcings such as
TSI and volcanism [Otterd et al., 2010; Knudsen et al., 2011].

Information about ocean temperatures is an essential piece of the
paleoclimate puzzle because the global ocean plays a large role in the climate
system both in its shaping of and response to global temperature changes. Ocean
circulation distributes heat around the globe and has a profound affect on global
and regional climate patterns [Rahmstorf, 2002]. The slow, integrated response of
the ocean to climate forcing also makes it diagnostic of global change in the past
[Rhein et al., 2013]. The high heat content, ocean-atmosphere coupling, and
potential for large variations make the tropical oceans a particularly important
part of the climate system [Gill and Rasmusson, 1983; Newman et al., 2003].
Changes in ocean temperature, salinity, and current patterns over many millions
of years have been reconstructed using the composition of ocean sediments and
the microfossils contained in them. However these techniques rarely provide the
temporal resolution needed to investigate questions relating to multidecadal or

shorter period variability.

1.3 Coral paleoceanography

The skeletons of long-lived, massive coral colonies have the potential to produce
high-resolution records of past tropical ocean temperatures [Gagan et al., 2000;
DeLong et al., 2014; Linsley et al., 2015]. The thin layer of living coral tissue
continually precipitates an aragonite (CaCO3) skeleton allowing the coral colony
to grow upward and preserve its older skeleton below [Cohen and
McConnaughey, 2003]. Large coral colonies can live for hundreds of years and

provide continuous paleoceanographic records at subannual resolution defined by
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annual density band couplets. Analyses of skeletal extension rate, minor
elements, stable isotope ratios, and radioisotopes can reveal information
regarding water temperature, salinity, terrestrial runoff, and oceanic upwelling
[Gagan et al., 2000].

Geochemical coral proxies take advantage of corals’ biologically mediated
calcification of their aragonite skeletons from seawater |Gaetani and Cohen, 2006;
Gagnon et al., 2012]. The coral polyp transports seawater into a calcifying space
through vacuoles or paracellular transport [Cohen and McConnaughey, 2003] and
precipitates aragonite from the calcifying fluid contained in the calcifying space
[Gaetani and Cohen, 2006; Sinclair et al., 2006; Gagnon et al., 2007|. While
aragonite is composed almost entirely of CaCQOj3, some minor elements (e.g., Sr,
Mg, U) are incorporated as well. The model described above identifies two major
controls on the abundance of minor elements in coral aragonite: Rayleigh
fractionation and temperature. The concentration of a given minor element in the
precipitated aragonite will differ from that in the calcifying fluid and can be
described over time by the Rayleigh distillation equation [Rayleigh, 1896].
Through the distillation process Sr/Ca has an inverse relationship with the
degree of Rayleigh fractionation. Rayleigh fractionation appears to vary among
coral colonies at a single site and in individuals on subannual scales [Gaetani et
al., 2011]. The second control on minor element abundance is the influence of
temperature on the rate of incorporation of minor elements into the coral
aragonite skeleton [Gaetani and Cohen, 2006]. This rate varies from element to
element but for Sr/Ca leads to an inverse correlation with temperature.

Temperature has been shown to account for only =~ 25% of Sr/Ca
variability measured in corals [Cohen and Thorrold, 2007|, with the remainder

likely related to “vital effects” associated with individual colony differences in the
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biological mediation of the calcification process. Nonetheless the Sr/Ca
paleothermometer has been used to investigate changes in mean SST, variability
on interannual scales such as ENSO, and changes in seasonal temperature cycles
[Hetzinger et al., 2010; Kilbourne et al., 2010; Wu et al., 2014; Tierney et al.,
2015]. However, inter-colony results can be inconsistent and questions remain
regarding “vital effects” on the abundance of minor elements in coral skeleton
[Cohen et al., 2006; Cohen and Thorrold, 2007; Cohen and Gaetani, 2010].

DeCarlo et al. [2016] proposed a new coral thermometer, Sr-U that uses
both Sr/Ca and U/Ca. Sr-U 1is conceptually based upon a forward
biomineralization model that correctly predicts the concentrations of skeleton
Sr/Ca and U/Ca [DeCarlo et al., 2015]. While coral skeleton Sr/Ca is sensitive to
both temperature and Rayleigh fractionation, coral skeleton U/Ca is sensitive
only to Rayleigh fractionation through changes in calcifying fluid carbonate ion
concentration ([0032']). Thus the observed positive correlation between coral
skeleton Sr/Ca and U/Ca at a single temperature is produced by Rayleigh
fractionation [DeCarlo et al. 2016]. Among different corals, different Sr/Ca values
corresponding to a single benchmark U/Ca ratio are expected to reflect different
temperatures. The “Sr-U” value for an individual coral is defined as the Sr/Ca at
a U/Ca benchmark value of 1.lumol/mol according to the regression of a
skeleton Sr/Ca on U/Ca for a single coral.

DeCarlo et al. [2016] showed that Sr-U values in a set of 14 modern
Porites spp. corals from the Pacific Ocean and Red Sea are highly correlated to
mean annual water temperature. They derived an expression relating Sr-U to
temperature with an uncertainty of 0.5°C. DeCarlo et al. [2016] tested the
theoretical basis of Sr-U using the boron isotope (611B) proxy for pH in the

calcifying fluid. They confirmed that 8B and U/Ca in several corals with
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differing Sr/Ca is consistent with vital effects on Sr/Ca due to calcifying fluid
[CO;;Q']. This technique appears to be applicable across coral colonies and may
potentially eliminate the mneed for a coral-specific modern calibration.
Uncertainties surrounding Sr/Ca and Sr-U-derived SSTs must be resolved before

coral-based SST reconstructions can be interpreted confidently.

1.4 Thesis objectives

In this thesis I use coral geochemical proxies to accurately reconstruct past sea
surface temperature (SST). I document trends and variability of tropical SST on
timescales ranging from interannual to centennial and evaluate the response of
SST to climate forcings. I tackle this in three steps. First, in chapter 2, I examine
the most commonly used coral paleothermometer, Sr/Ca [Smith et al., 1979; Beck
et al., 1992|. T attempt to reconstruct SST at a site in the central equatorial
Pacific, a region that plays a key role in the ENSO phenomenon and in global
carbon and heat budgets but whose response to climate change is poorly
understood in simulations and observations [Deser et al., 2010a; Nurhati et al.,
2011]. However I find inconsistencies in Sr/Ca mean, sensitivity to SST, and
trend between individual coral colonies. Using in situ temperature data I
determine that the inconsistencies cannot be explained by temperature differences
and instead attribute them to “vital effects.” I characterize the resulting
uncertainty of Sr/Ca-derived SST at this site and find that its magnitude
prohibits reconstructing ENSO events or the centennial trend of SST. This
chapter was published as “Comparison of equatorial Pacific sea surface
temperature variability and trends with Sr/Ca records from multiple corals” in

2016 in Paleoceanography.
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Next, in chapter 3, I expand, refine, and test the calibration of a new coral
thermometer, Sr-U, that combines Sr/Ca and U/Ca ratios in coral skeletal
aragonite to control for the effects of Rayleigh fractionation on Sr/Ca. I expand
an initial spatial calibration of Porites spp. corals from the Pacific Ocean
calibration [DeCarlo et al., 2016] to include four additional coral genera in the
Pacific and Atlantic Oceans and show that Sr-U accurately captures spatial SST
variability. I apply the modified SrU-SST calibration to two longer coral cores
from Puerto Rico and show that Sr-U replicates well between the two cores and
is able to capture the mean SST, trend, and multidecadal variability well over
the 20™ century. This chapter has been submitted to Paleoceanography as “o0h
century warming of the tropical Atlantic captured by Sr-U paleothermometry.”

Lastly in chapter 4, I apply the Sr-U to SST calibration from chapter 3 to
reconstruct SST at Puerto Rico during a cool period known as the Little Ice Age
(LIA, 71400-1850CE). The LIA is the most recent episode of centennial scale
climate change [Masson-Delmotte et al., 2013]. As the climate forcings volcanism
and TSI are reasonably well known, the LIA is an excellent time period to
examine the response of tropical SSTs to these known forcings [Jones and Mann,
2004; Schleussner and Feulner, 2013; McGregor et al., 2015; Tierney et al., 2015].
High latitude cooling has been constrained to 1-2 °C [Overpeck et al., 1997;
Marcott et al., 2013] but previous Sr/Ca derived estimates of LIA cooling from
this region range from 0 to 5 °C [Haase-Schramm et al., 2003; Saenger et al.,
2008; Kilbourne et al., 2010; DeLong et al., 2014]. The cold end of these estimates
implies greater climate sensitivity in the tropics than at high latitudes, conflicting
with evidence from both simulations [Holland and Bitz, 2003; Landrum et al.,

2013] and 20™ century observations [Pithan and Mauritsen, 2014].
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Using Sr-U paleothermometry I find that over the period 1465-1560 the
region was 1.1’ C£0.6°C cooler than the 1958-1988 mean, but within error of early
20™ century SST at this site. Critically, several periods of warmth, equivalent to
the 1958-1988 mean, occurred during a solar minimum that is widely believed to
have been a cool period of the LIA. My record spans only part of the LIA, the
coldest time period of which may vary spatially. For example, several high
latitude records from Northern Europe suggest that the later 8™ century may
have been a particularly cold period [Denton and Karlen, 1973|. Longer and more
continuous records are required to assess spatial heterogeneity in the timing of
LIA cooling. This chapter will be submitted shortly to Geophysical Research
Letters as “Modest Little Ice Age cooling in the Western Tropical Atlantic.”

This thesis contributes to the field of coral paleoceanography by improving
the coral paleotemperature proxy methodology and applying it to reveal

information about SST and the climate in the past.
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Figure 1-1: Observed globally averaged combined land and ocean surface
temperature anomaly 1850-2012, adapted from Stocker et al., [2013].
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