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Tropical Pacific sea-surface temperature fluctuations associated with the El 

Niño-Southern Oscillation (ENSO) are known to drive climate patterns around the 

globe on interannual timescales. However, our understanding of the low-frequency 

variability exhibited by the tropical Pacific climate system is severely limited by the 

lack of long, high-resolution records of tropical Pacific climate. In this dissertation, I use 

modern and fossil corals to generate century-long, monthly-resolved records of tropical 

Pacific climate during five intervals of the last millennium. 

Chapter 2 characterizes the signature of 20th century interannual, decadal, and 

secular tropical Pacific climate variability as recorded in a 112-yr modern coral oxygen 

isotopic (δ18O) record from Palmyra Island (6°N, 162°W). The calibration exercise 



 

xx 

demonstrates that the Palmyra modern coral δ18O is an accurate proxy for regional-scale 

interannual and decadal-scale tropical Pacific climate variability. Chapter 3 investigates 

the global footprint and frequency characteristics of a decadal climate cycle that is 

captured by the modern coral. The ~12-13yr signal is associated with an SST pattern 

that strongly resembles that of ENSO. 

I use fossil corals from Palmyra to reconstruct tropical Pacific climate from the 

10th, 12th, 14-15th, and 17th centuries. Chapter 4 presents several techniques that improve 

the accuracy of the fossil coral U/Th dates such that overlapping coral sequences can be 

spliced together. Chapter 5 addresses the reproducibility of overlapping fossil coral δ18O 

records, and presents 30- to 150yr-long, monthly-resolved, fossil coral-based 

reconstructions of tropical Pacific climate from the 10th, 12th, 14th-15th, and 17th 

centuries.  

The coral δ18O records document interannual and decadal variability with 

amplitude and frequency characteristics that are much more variable than those 

observed during the 20th century. The results suggest that El Niño events of the mid-17th 

century were more frequent and more severe than those of the late 20th century. There is 

no evidence of cooling in the central tropical Pacific during the “Little Ice Age”, 

whereas relatively cool conditions are indicated for the “Medieval Warm Period”. The 

Palmyra reconstruction suggests that the late 20th century trend towards warmer, wetter 

conditions in the tropical Pacific is likely without precedent in the last millennium. 
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As international policy-makers continue to rely on decades-long climate 

forecasts to shape global environmental policy, climate proxy records that are capable of 

resolving low-frequency climate variability have become increasingly important pieces 

of the global climate puzzle. In the last decades, the geochemical variations in massive 

coral skeletons have been used to extend the relatively short instrumental record of 

tropical climate back several centuries at monthly resolution. Coral proxy records from 

the tropical Pacific have yielded valuable insights into the recent history of the El Niño-

Southern Oscillation (ENSO) phenomenon, and have been instrumental in the 

characterization of low-frequency tropical Pacific climate variability. However, a 

complete understanding of the tropical Pacific climate system and the role that it plays 

in global climate change requires determining the full range of ENSO, decadal, and 

centennial tropical Pacific climate variability, ideally across a variety of background 

climate states. Such records would provide important benchmarks for numerical climate 

models and direct tests of various theories proposed to explain tropical Pacific climate 

variability.  

To date, information about the long-term variability of the tropical Pacific 

climate system comes from either centuries-long terrestrial proxy records or decades-

long fossil coral records. Examples of the former include multi-proxy reconstructions of 

ENSO [Stahle et al., 1998; Mann et al., 2000] and tropical ice core records [Thompson 

et al., 1984], while the latter originate from uplifted reef terraces on islands in the West 

Pacific (see Gagan et al. [2000] and references therein). The terrestrial records are 

adequately long to address the time scales of interest, but they provide only indirect 

evidence of tropical Pacific climate variability. On the other hand, fossil corals are more 
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direct indicators of tropical Pacific climate variability, but they are too short to resolve 

low-frequency climate variability. Furthermore, their rarity means that no fossil coral-

based climate proxy record has ever been reproduced.  

This doctoral dissertation relies on living and fossil coral records from the 

central tropical Pacific to generate multi-century, monthly-resolved, and high-fidelity 

proxy records of tropical Pacific climate variability. All of the corals used in this study 

were collected from Palmyra Island (6ºN, 162°W) and span time intervals from 930A.D. 

(in the case of the oldest fossil coral) to 1998A.D. (in the case of the living, or “modern” 

coral). The modern coral core was drilled from a submerged coral head growing on the 

reef at Palmyra, while the fossil coral cores were drilled from dozens of exposed fossil 

coral heads that lie scattered on Palmyra’s beaches. The Palmyra coral collection is 

unique in that many overlapping sequences allow for rigorous assessments of both the 

accuracy of U/Th dates for young fossil corals and the reproducibility of the fossil 

corals’ climate proxy signals, represented by skeletal oxygen isotopic (δ18O) variability. 

By splicing overlapping coral δ18O sequences together, we are ultimately able to address 

a variety of relevant climatic questions with continuous, monthly-resolved tropical 

climate proxy records that are up to 150-years long. 

Chapter 2 investigates the oceanographic setting of the research site, Palmyra 

Island, and presents the results of calibrating the modern coral’s 112-yr-long δ18O 

record with the instrumental record of climate on seasonal to interdecadal timescales. 

The Palmyra modern coral δ18O signal primarily reflects sea surface temperature (SST) 

variability, with a lesser contribution from seawater δ18O variability. In situ 

measurements and analysis of the instrumental record suggest that positive SST 
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anomalies are correlated to positive precipitation anomalies in the central tropical 

Pacific. This finding makes Palmyra an ideal location to pursue coral δ18O-based 

climate reconstructions because it is not necessary to separate the effects of temperature 

and salinity variability on Palmyra coral δ18O in order to reconstruct the regional-scale 

climate signals of interest. In fact, the dual influence of temperature and salinity on coral 

δ18O only serves to increase the signal to noise ratio in the Palmyra corals. Indeed, the 

results of the calibration exercise show that the Palmyra modern coral δ18O record 

reflects regional-scale ENSO variability during the 20th century with an accuracy of 

±0.3°C. The Palmyra modern coral δ18O record also contains substantial decadal-scale 

variability, most notably on ~12-13yr and ~30yr timescales, that is highly coherent with 

several key indices of Pacific basin climate variability. This latter result, when coupled 

with the results of the interannual calibration, establishes Palmyra coral δ18O as a 

powerful tool with which to study interannual to interdecadal tropical climate 

variability. The Palmyra modern coral δ18O record combines the high temporal 

resolution, continuity, length, and fidelity required to pursue subtle aspects of tropical 

Pacific climate variability that cannot easily be pursued with instrumental climate 

records. 

Towards that end, Chapter 3 explores the temporal and spatial characteristics of 

a ~12-13yr decadal climate signal captured by the Palmyra modern coral δ18O record. 

Nearly identical signals are found in proxy climate records from the tropical Indian and 

Atlantic oceans, confirming the pan-tropical reach of the decadal climate signal in 

question. The coral’s decadal signal is associated with an ENSO-like spatial pattern of 



  

 

5

SST anomalies that changes sign every 12-13 years, echoing the results of previous 

studies that suggest that similar dynamics and teleconnections may govern both ENSO 

and tropical Pacific decadal variability [Mantua et al., 1997; Zhang et al., 1997; 

Garreaud and Battisti, 1999; Evans et al., 2001].  

Given that the Palmyra modern coral δ18O record represents an accurate 

reconstruction of both interannual and decadal-scale tropical Pacific climate variability 

during the 20th century, it is appropriate to pursue similarly long, high-resolution climate 

proxy records for the most distant past using the extensive Palmyra fossil coral 

collection. In order to generate multi-century records from decades-long fossil corals, 

the shorter sequences must be overlapped and then spliced together. Splicing fossil 

corals requires that two conditions be met:  first, the fossil corals must be dated well 

enough to match the patterns of δ18O variability in overlapping coral sequences, and 

second, that the δ18O variability in overlapping coral sequences must be sufficiently 

similar to justify a definitive match. While in theory a straightforward approach, 

previous studies that find poor U/Th-dating accuracy for young corals [Zachariasen, 

1998] and variable reproducibility for coral δ18O variability [Linsley et al., 1999] make 

such an undertaking practically challenging. 

Chapter 4 evaluates the accuracy of U/Th dates for the modern and fossil corals 

from Palmyra, and proposes several methods for improving the accuracy of such dates. 

Recent developments in mass spectrometric techniques make it possible to U/Th date 

most corals to a precision of 1%, provided the corals have remained closed systems with 

respect to U and Th [Edwards et al., 1987]. However, significant amounts of non-

radiogenic thorium present in the Palmyra coral skeletons translate to U/Th dating errors 
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of up to thirty years (or 30% in the case of the youngest samples). By dating samples of 

known age and by taking advantage of firm relative dating constraints provided by the 

coral δ18O records, we reduce the age error for the floating Palmyra fossil coral 

sequences to ±5yrs, or 1-2%. This improvement in U/Th dating accuracy makes it 

possible to overlap, and subsequently splice together, the Palmyra fossil coral δ18O 

sequences to generate multi-century records of tropical Pacific climate variability. 

The first half of Chapter 5 presents the Palmyra fossil coral δ18O records and 

assesses the reproducibility between overlapping segments of the modern and fossil 

coral δ18O records. A well-dated 20th century fossil coral δ18O record is highly 

correlated to the corresponding interval of the modern coral δ18O record, which itself is 

highly correlated to regional-scale climate variability. This result supports the claim that 

the δ18O signals in young fossil coral records from Palmyra can be used to reconstruct 

regional-scale tropical Pacific climate variability. Further support comes from 

overlapping sections of much older fossil corals, whose patterns of δ18O variability 

match exceptionally well for interannual and decadal-scale anomalies of moderate 

(>0.1‰, or >0.5°C) amplitude. The high coral-to-coral reproducibility not only bolsters 

confidence in the Palmyra fossil coral δ18O records as climate proxy records, but it 

justifies splicing overlapping coral δ18O records together to produce continuous, multi-

century records of central tropical Pacific climate variability. 

 The second half of Chapter 5 details the range of interannual to centennial 

tropical Pacific climate variability, as reconstructed by the Palmyra coral δ18O records, 

during five different intervals of the last millennium. Several findings challenge our 
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understanding of the tropical Pacific climate system, including highly variable ENSO 

characteristics that appear to be unrelated to mean climate conditions, high-amplitude 

decadal-scale climate anomalies, and ENSO regime shifts that occur over the course of 

five years. Comparisons of the Palmyra coral δ18O records with several terrestrial 

climate proxy records reveal little coherence on interannual, decadal, or centennial 

timescales, thus illustrating the complexity of regional climate responses over the last 

millennium. In fact, the only feature that is shared by the tropical and extratropical 

records is the steep, unprecedented trend towards warmer temperatures in the late 20th 

century. The chapter concludes with a discussion of the implications of the Palmyra 

coral reconstruction for climate change research, specifically fossil coral and terrestrial 

paleoceanographic research, as well as anthropogenic climate change research.  

In summary, this dissertation provides high-fidelity, multi-century, monthly-

resolved climate proxy records from the tropical Pacific, long recognized as a key player 

in global climate change. In the process of constructing such records, this work also 

establishes guidelines for assessing the accuracy of U/Th dates and climate proxy 

signals in young fossil corals – guidelines that may aid in reconstructing tropical climate 

from other fossil corals. Finally, the dissertation outlines several specific areas where 

theoretical development and numerical modeling efforts are required to advance our 

understanding of the global climate system. Perhaps most importantly, this work, 

together with its future applications, demonstrates the immense value of fostering strong 

ties between the numerical modeling, observational, theoretical, and paleoclimatic 

branches of the climate change community.
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A coral oxygen isotopic record of
20th century central tropical Pacific
climate variability
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Abstract

The oxygen isotopic composition of a coral’s aragonitic skeleton has been used

to reconstruct tropical climate of the last several centuries. Because many parameters,

both environmental and physiological, affect the oxygen isotopic content of a coral’s

skeleton, accurate interpretations of coral-based climate proxy records are contingent

upon rigorous comparisons of the corals’ geochemical records to the instrumental

record of climate. Here I compare a 112-yr oxygen isotopic (δ18O) record generated

from a living coral collected at Palmyra Island, located in the central tropical Pacific

(CTP), to the instrumental record of climate for that region. The results of this

calibration exercise demonstrate that on seasonal, interannual, and decadal time scales,

region-scale temperature variability exerts the dominant influence on Palmyra coral

δ18O, with a relatively small contribution from seawater δ18O variability. I show that the

Palmyra coral δ18O record can be used to reconstruct the NIÑO3.4 SST index to an

accuracy of ± 0.3°C. Considerable uncertainty remains regarding the magnitude of

warming implied by the rapid trend towards lighter δ18O values in the coral record that

began in 1976. It seems likely that only 0.18‰ (or 50%) of the δ18O trend is attributable

to region-scale warming, and that the remainder (0.18‰) reflects regional-scale

freshening. Taken at face value, this partitioning of the coral δ18O trend implies that

SST’s in the CTP have warmed by ~ 0.8°C and that salinity has decreased by ~ 0.6psu

over the last three decades. Such freshening may be the result of increased precipitation,

which would be dynamically consistent with warming in the CTP.
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2.1. Introduction

Many of the most pressing questions concerning the future of anthropogenic

climate change can only be addressed with long climate proxy records from the

geological archive. Given the tropical Pacific’s inherent instability and its capacity to

affect global climate patterns, it likely plays a key role in low frequency climate

variability, yet instrumental climate data from this region are sparse and discontinuous.

In this sense, monthly-resolved, century-long coral-based climate reconstructions from

the Pacific Ocean represent important extensions of the instrumental record. For the

more distant past, fossil coral records have been used to investigate century to

millennium-scale climate variability and to reconstruct the expression of the El Niño-

Southern Oscillation (ENSO) across different climate states.

However, the quality of the climate information derived from any given coral

proxy record depends on the extent to which the following conditions are met: first, that

environmental fluctuations at the site in question primarily reflect large-scale climate

variability, and second, that the living (or modern) corals’ geochemistry consistently

and accurately reflects regional climate variability. The Galapagos Islands, for example,

clearly satisfy the first condition, as they are situated in the heart of the East Pacific cold

tongue and experience 6-8°C sea surface temperature (SST) anomalies during large El

Niño events. However, most of the Galapagos corals stop accreting their skeletons

under such severe thermal stress [Dunbar et al., 1994], such that this site does not

satisfy the second condition. On the other hand, healthy, abundant coral reefs in the

West Pacific Warm Pool typically provide continuous, centuries-long records, yet the

complex hydrography in this area combined with the dual influence of the Asian
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monsoon and ENSO can make climatic interpretations of these corals’ geochemistries

challenging [Charles et al., in press]. In order to avoid these pitfalls, it is important to

choose a research site where environmental variability is driven by large-scale climate

patterns, and then undertake rigorous calibrations of the modern coral record using the

instrumental record of climate. If no clear climatic interpretation of the modern coral’s

geochemical record emerges from such an analysis, then any fossil corals originating

from the same site cannot be trusted to provide useful climatic information.

The goal of my dissertation research is to reconstruct tropical Pacific climate

using a collection of modern and fossil corals from Palmyra Island (6°N, 162°W),

located in the central tropical Pacific. Given that Palmyra Island represents a new site

with respect to coral paleoclimatic reconstruction, I attempt to construct a solid

interpretive framework for the oxygen isotopic composition (δ18O) of coral skeletons at

this site – one that is supported by quantitative analysis of instrumental climate data. I

first investigate the expression of climate variability at Palmyra Island on seasonal to

centennial timescales, relying solely on the historical record of climate. Next, I present a

new 112-yr-long modern coral δ18O record from Palmyra and compare it to

instrumental climate records on seasonal to centennial timescales.

2.2. Oceanographic Setting

2.2.1. Mean State

Climate variability at Palmyra is best described in the context of long-term SST,

sea surface salinity (SSS), and precipitation patterns in the tropical Pacific region
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(Figures 2.1a, b, and c respectively).     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Mean (a) sea-surface temperature, (b) sea-surface salinity, and (c) 
precipitation for the tropical Pacific, averaged over 1979-1992. Contour intervals are 
1°C for SST, 0.2 psu for salinity, and 0.5 m/yr for precipitation (modified after Figures 
2 and 3 of Delcroix [1998]). The major surface currents of the tropical Pacific, the 
North Equatorial Countercurrent (NECC), the South Equatorial Current (SEC), and the 
North Equatorial Current (NEC), are shown in panel (a). The red circle marks the 
location of Palmyra Island. 
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Palmyra sits in the strong SST gradient between the West Pacific Warm Pool, at

close to 30°C, and the East Pacific cold tongue, where deeper waters with temperatures

below 25°C are brought to the surface. The finer features of the SST map reveal the

presence of the westward-flowing South Equatorial Current (SEC) (15°S to 3°N) and

the eastward-flowing North Equatorial Countercurrent (NECC) (3°N to 10° N). In terms

of precipitation, Palmyra sits at the southern edge of the Intertropical Convergence

Zone (ITCZ), receiving close to 300 cm of rainfall per year. This precipitation, when

combined with the influence of freshwaters advected from the West Pacific Warm Pool

by the NECC, maintains a relatively low salinity of 34.7 psu at Palmyra.

2.2.2. Seasonal Variability

Palmyra lies sandwiched between the warm, fresh NECC and the cool, salty

SEC [Wyrtki and Kilonsky, 1984], and therefore seasonal shifts in trade wind direction,

which blow northeasterly during boreal winter and southeasterly during boreal summer,

impact surface water properties at Palmyra. As surface flow at the equator is dominated

by Ekman transport, the strong northeasterly trade winds drive northward Ekman

transport during boreal winter, bathing Palmyra in cool, salty water of equatorial origin.

Conversely, in the summer months, the northeasterly trades slacken, such that Palmyra

comes under the influence of relatively warm, fresh NECC waters [Wyrtki and

Kilonsky, 1984]. The seasonal variability at Palmyra amounts to 1.2°C in SST and 0.3

psu in SSS (Figure 2.2) [Levitus et al., 1994b; Levitus and Boyer, 1994c]. The shift in

trade winds also drives the seasonal migration of the ITCZ, which resides near 10°N in
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boreal summer and 5°N during boreal winter, passing Palmyra twice over the course of

one year.
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Figure 2.2. Comparison of seasonal cycles in (a) sea surface temperature [Levitus et al,
1994b; Levitus and Boyer, 1994c], (b) sea surface salinity (inverted) [Levitus et al,
1994b; Levitus and Boyer, 1994c], and (c) precipitation [Xie and Arkin, 1997] at
Palmyra. Temperature and salinity cycles represent the average of data from 1981 to
1998, while the precipitation cycle represents an average of data from 1979 to 1997.

2.2.3. Interannual Variability

Surface water properties at Palmyra are heavily influenced by the coupled

atmosphere-ocean dynamics that occur over the course of an ENSO cycle. During El

Niño years, the wind-driven upwelling of cooler, deeper waters at the equator virtually

ceases, giving rise to positive SST anomalies throughout the eastern and central

equatorial Pacific (Figure 2.3). Interannual SST anomalies at Palmyra are on the order
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of 1°C during strong El Niño events, such as the 1997-1998 event. The elevated

temperatures drive enhanced convection over most of the CTP, leading to precipitation

anomalies on the order of 300 cm/year in this region [Ropelewski and Halpert, 1987;

Delcroix, 1998; Dai and Wigley, 2000] (Figure 2.3).

Figure 2.3. SST and precipitation anomalies in the central tropical Pacific Ocean during
strong El Niño events. SST anomolies are formed from the Kaplan et al. [1998] dataset
and correspond to December 1997; rainfall anomalies (in mm/day) are formed from the
Xie and Arkin [1997] precipitation dataset for December 1982.

Conversely, a La Niña event is characterized by enhanced equatorial upwelling which

maintains cooler and drier conditions in the CTP.

Salinity data are far too sparse to accurately quantify the interannual salinity

signal that results from the ocean-atmosphere reorganizations described in the previous

paragraph. Analysis of the available salinity data suggests that interannual salinity

anomalies at Palmyra are roughly 0.25psu [Delcroix, 1998], but in-situ samples

collected at Palmyra in November 1997 (strong El Niño), May 1998 (transition), and

August 2000 (weak La Niña) hint that interannual salinity anomalies over the last large

ENSO cycle may have been as large as ±0.50psu (Table 2.1).
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Table 2.1. Results from in-situ salinity samples collected at Palmyra over the course of
the last ENSO cycle. Error is quoted as 2σ, and the number of samples that were used to
compute the average salinity is given in parentheses. Salinity anomalies are computed
with respect to the Levitus [1994] salinity climatology. Temperature anomalies are
derived from Reynolds and Smith [1994], using the Levitus [1994] temperature
climatology.

Sampling Period SST anomaly (°C) SSS anomaly (psu)
Nov 1997 +1.03 -0.64 ± 0.11 (24)
May 1998 +0.04 -0.17 ± 0.001 (2)

May-Nov 2000 -0.44 +0.27 ± 0.17 (20)

2.2.4. Decadal-scale Variability

Many researchers find evidence, both in instrumental and paleoclimatic records,

that the tropical Pacific may behave in an "ENSO-like" fashion on decadal to

interdecadal time scales, but the spatial and temporal characteristics of this low-

frequency variability are the subjects of ongoing debate [Mantua et al., 1997; Garreaud

and Battisti, 1999; Linsley et al., 2000; Cobb et al., 2001]. Most studies agree that the

low frequency climate anomalies in the tropical Pacific have a broader latitudinal

signature and are roughly an order of magnitude smaller than those associated with the

ENSO phenomenon.

Perhaps the most controversial aspect of Pacific decadal climate variability is

the idea that the Pacific Ocean underwent an abrupt shift towards an El Niño-like

configuration in 1976, a transition dubbed the 1976 “regime shift” [Graham, 1994;

Miller et al., 1994; Stephens et al., 2001]. Indeed, Latif et al [1997] found that SST

warming trends for the Pacific Basin over the last decades are largest in the eastern and

central tropical Pacific, placing the tropical Pacific at the center of the debate

concerning the detection of 20th century anthropogenic climate change.
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2.3. Materials and Methods

As part of an oceanographic cruise in May, 1998, our field team drilled a 3m-

long core from a living coral on a 10m-deep reef flat that extends off the western side of

Palmyra Island (6°N, 162°W). In the lab, I cross-sectioned the core into 1cm-wide slabs

with a diamond-tooth bandsaw. X-radiograph images guided the placement of sampling

transects parallel to the direction of growth. I collected 200-400 µg of powder at 1mm

increments in preparation for isotopic analysis, which was performed on a Finnigan

MAT 252 stable isotopic mass spectrometer equipped with a Fairbanks carbonate

preparation device. A standard run was comprised of 40 samples and 7 standards which

were reacted for 11 minutes in a common phosphoric acid bath held at 90°C. The

sample oxygen and carbon isotopic ratios are reported as per mil deviations from the

PDB standard according to the convention:
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An internal laboratory standard made of ground Porites coral was used to monitor the

long-term accuracy and precision of the isotopic measurements, which is reported as

0.05‰ in δ18O and 0.03‰ in δ13C (N=550).

In the last foot of the core, I observed visible millimeter-scale alteration that

appeared as high density features on the X-radiograph. Thin sections revealed that these

features corresponded to isolated zones where the skeleton’s pore spaces had been 50-

100% infilled by aragonitic-like needles. X-ray diffraction confirmed that the infilling
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was >99% aragonitic. Similar features have been observed at the base of modern coral

cores from a variety of oceanographic settings (Chris Charles, personal communication;

[Lazar et al., 2002]), yet their origin remains unclear. The δ18O and δ13C isotopic

compositions of this material were substantially heavier (0.2‰-0.3‰) than the primary

coralline aragonite, so I terminated the δ18O climate proxy record well up-core of these

irregularities.

The coral oxygen isotopic depth series revealed the presence of a 0.2-0.3‰

annual cycle, making the identification of individual years straightforward. I confirmed

the preliminary age assignments by comparing the oxygen isotopic depth series to the

SST time-series corresponding to Palmyra – indeed, the two series are highly correlated

(R = -0.79, as coral δ18O is inversely proportional to SST) (Figure 2.4).
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Figure 2.4. The sub-monthly Palmyra coral oxygen isotopes plotted with weekly SST
from the grid-box containing Palmyra, 1981 to 1998 [Reynolds and Smith, 1994]. Both
time series have been linearly detrended.
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By matching the sub-annual features in the δ18O record to their counterparts in the SST

record, I determined that the heaviest (least negative) δ18O value of each year

corresponded to January 15th ±43 days, while the lightest (most negative) δ18O value

corresponded to August 26th ±57 days. I used these two tie-points to construct a

chronology for the entire coral δ18O record prior to 1981. I kept the SST-matched δ18O

chronology for the interval 1981 to 1998. I imposed the δ18O chronology on the δ13C

data, as the latter did not provide any consistent chronological constraints.

A comparison of the SST-matched δ18O chronology to a δ18O chronology

constructed for the 1981-1998 period using the tie-point method reveals that the average

mismatch in age at any given point is 33 days ± 24 days. On this basis I estimate that

the chronological error for the entire Palmyra coral δ18O record is less than 2 months.

2.4. The Palmyra Coral Extension Rate Record

The Palmyra annual average extension rate time series is plotted with annually-

averaged δ18O and δ13C in Figure 2.5. The maximum extension rate is 27 mm/yr, the

minimum extension rate is 8 mm/yr, and the mean extension rate is 17.8 mm/yr. Despite

many previous studies that find strong correlations between annual extension rate, δ18O,

and δ13C [McConnaughey, 1989a, 1989b; de Villiers et al., 1995], Figure 2.5 reveals

that when the δ18O and δ13C records trend towards light values after 1950, the extension

rate remains steady. Therefore, I conclude that extension rate is not a robust indicator of

environmental change in the Palmyra corals, and furthermore, that extension rate
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variability does not significantly contribute to the observed variability in the isotopic

records.
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Figure 2.5. Plot of extension rate, δ18O, and δ13C all averaged from July to June of the
following year. This averaging interval was chosen to enhance any effects from the
ENSO cycle, whose anomalies reach a maximum during boreal winter. [R(δ18O,
extension rate)=0.10; R(δ13C, extension rate)=0.32; R(δ18O, δ13C)=0.56]

2.5. The Palmyra Coral Carbon Isotopic Record

The Palmyra δ13C time-series is shown in Figure 2.6. The lightest value (-

3.43‰) occurs during January 1917, the heaviest value (-0.66‰) during June 1891, and

the mean δ13C for the entire record is –1.97‰. A seasonal cycle that is visually apparent

in the early portion of the record disappears after 1920, a shift that may be related to a
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prominent +1‰ excursion that begins in 1915, peaks in 1918, and disappears by 1940.

A trend towards lighter δ13C values is apparent after 1950.

Interpretations of coral δ13C records usually invoke a combination of

environmental parameters such as photosynthetic activity [Weber and Woodhead, 1970;

Fairbanks and Dodge, 1979; McConnaughey, 1989a; Heikoop et al., 2000], growth

rate-related kinetic effects [McConnaughey, 1989a, 1989b; Guzman and Tudhope,

1998], and the δ13C of seawater dissolved inorganic carbon [Swart et al., 1996], among

others. In the case of the Palmyra coral δ13C, the absence of a clear seasonal cycle

makes any interpretations based on environmental conditions somewhat problematic, as

Palmyra is characterized by strong seasonality in SST, SSS, and precipitation.

Secondly, the Palmyra coral δ13C exhibits only a weak correlation with extension rate

(Figure 2.5), all but eliminating kinetic explanations of the observed δ13C variability.

The δ13C record shows some correspondence with the δ18O record from 1950 to 1998,

when both records exhibit trends to lighter values. This observation could be used as

evidence of a kinetic isotope effect, were it not for the fact that both δ13C and δ18O are

predicted to exhibit trends to more negative values over the last decades as a result of

environmental change. With respect to the δ13C, the input of isotopically light carbon

from the combustion of fossil fuels has altered the δ13C of the surface ocean over the

last decades [Gruber et al., 1999; Sonnerup et al., 1999]. Similarly, the coral δ18O likely

reflects the trend towards warmer, wetter conditions in the CTP that emerges from

analyses of the instrumental record of climate [Morrissey and Graham, 1996; Latif et

al., 1997; McPhaden and Zhang, 2002]. The evidence suggests that the Palmyra coral
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δ13C must be a complex combination of physical, biological, and chemical factors and

that its interpretation would require further study.

2.6. The Palmyra Coral Oxygen Isotopic Record

The raw monthly δ18O record spans from February 1886 to May 1998 (Figure

2.6). The lightest value (-5.75‰) occurs during October 1997, the heaviest value (-

4.26‰) during January 1887, and the mean δ18O of the entire record is -4.92‰. Aside

from the annual cycle, the most prominent feature of the record is a trend towards

lighter δ18O values beginning in ∼1975. Strong interannual and decadal scale variability

is superimposed on the annual cycle and the trend throughout the length of the record.

2.6.1. Seasonal δ18O Cycle

Given the empirical relationship between SST and δ18O anomalies derived for

Porites corals (δ18O = -0.22*SST) [Weber and Woodhead, 1972], the 1.2°C annual

cycle [Levitus et al., 1994b; Levitus and Boyer, 1994c] accounts for 0.26‰ (or 87%) of

the observed 0.30‰ δ18O annual cycle (Figure 2.7). If I convert the 0.25psu SSS

seasonal amplitude from Levitus et al [1994] to δ18O using the empirical relationship

governing δ18O and SSS anomalies in the tropical Pacific (δ18O = 0.27*SSS)

[Fairbanks et al., 1997], I find that the seasonal salinity cycle would correspond to a

∼0.07‰ cycle in the coral δ18O. From this analysis I conclude that, at least on seasonal

time scales, temperature exerts the dominant control on coral δ18O at Palmyra, with a

small (<25%) contribution from salinity. It is important to note that seasonal SST and



25

SSS excursions at Palmyra reinforce each other in terms of the resulting coral δ18O

signal – during boreal summer, relatively warm and fresh conditions at Palmyra both

translate into lighter coral δ18O.
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Figure 2.7. Comparison of seasonal cycles in (a) the Palmyra coral oxygen isotopic
record, (b) sea surface temperature [Levitus et al., 1994b; Levitus and Boyer, 1994c] at
Palmyra, and (c) sea surface salinity [Levitus et al., 1994b; Levitus and Boyer, 1994c] at
Palmyra. The δ18O cycle represents the average over the entire record (1886-1998),
while the SST and SSS cycles represent the average of data from 1950 to 1990.

2.6.2. Interannual δ18O Variability

An accurate calibration of the interannual δ18O signal in the Palmyra coral

requires longer, more continuous records of SST and SSS at Palmyra than are currently
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available. That said, I will employ SST [Smith et al., 1994] and SSS [Delcroix, 1998]

datasets that have been interpolated over space and time to perform a first-order

calibration of the interannual δ18O signal. The results of an empirical orthogonal

function (EOF) analysis performed on these SST and SSS datasets for the period 1979-

1992 by Delcroix [1998] suggest that Palmyra experiences ∼+0.75°C and ∼-0.25psu

anomalies in SST and SSS, respectively, during strong El Niño events. These anomalies

convert to a predicted interannual δ18O anomaly of -0.23‰ (-0.165‰ for SST and -

0.068‰ for SSS) using the -0.22‰/°C and +0.27‰/psu conversions introduced in the

previous section. The average δ18O anomaly for strong El Niño events in the 1979-1992

period of the Palmyra coral δ18O record is -0.20‰. This coral δ18O anomaly agrees with

the calculated δ18O anomaly to within the combined error of the instrumental SST and

SSS datasets. This analysis confirms that on interannual timescales, as on seasonal

timescales, SST exerts the dominant influence (~ 75%) on coral δ18O at Palmyra, with a

secondary contribution from salinity variability. However, as SST and SSS variability

are tightly correlated on interannual timescales in directions that compound eachother in

the coral δ18O record, it is not necessary to separate the effects of SST vs. SSS

variability in the coral δ18O record in order to accurately reconstruct ENSO variability.

As one goal of the calibration exercise is to evaluate how well the coral captures

regional-scale, rather than local, SST variability in the tropical Pacific climate system, I

compare the coral δ18O to SST in a broad region of the tropical Pacific. First, I compare

SST from the Palmyra grid box to SST’s across the tropical Pacific for the period 1981-

1998 (Figure 2.8a) in order to establish a benchmark for the coral δ18O-SST



Figure 2.8. (a) Map of correlation coefficients for regressions of the SST time-series corresponding 
to the Palmyra grid-box with SST for the rest of the equatorial Pacific, performed over the time 
interval 1981 to 1998 [Reynolds and Smith, 1994]. All time series have been linearly detrended. 
(b) same as (a) but for regression of the Palmyra coral oxygen isotopic record (inverted to obtain 
positive correlations) with the equatorial Pacific SST. The maximum correlation coefficient is 0.79 
and occurs in the Palmyra grid box. The white circle marks the location of Palmyra Island.
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comparison. Not surprisingly, the SST-SST regression map yields a pattern of

correlations that echoes the spatial footprint of ENSO, indicating that ENSO is

responsible for the broad regional correlations observed in Figure 2.8a. When I replace

the Palmyra SST with the Palmyra coral δ18O, the spatial pattern of correlations does

not change, but the overall magnitude of the correlations decreases, especially in the

region closest to Palmyra (Figure 2.8b). Indeed, the highest correlation, corresponding

to the Palmyra grid-box, drops from 1.0 to 0.79. However, the offsets between the SST-

SST and the coral-SST correlations are much less everywhere else. For example, the

coral-SST R values are actually higher than the SST-SST R values at 0°, 95°W. From

the SST-coral correlation maps we conclude that a large portion of the variance of the

coral δ18O record is directly linked to regional-scale temperature change.

In another test of the coral’s ability to record regional-scale climate variability, I

compare the coral δ18O record to the longest, most relevant time-series of climate

variability in the CTP – the NIÑO3.4 SST index (Figure 2.9a). The NIÑO3.4 index

represents an average of SST’s from 5°N to 5°S, and from 120°W to 170°W, and its

variability explains a large fraction of global interannual variability [Trenberth and

Hoar, 1996]. The two series are highly correlated (R= -0.66), even without matching

the subannual features of the δ18O and NIÑO3.4 records to within the 2-month error

associated with the coral chronology. As interannual SST anomalies are larger at the

equator than at 5°N, the SST anomalies of the NIÑO3.4 index are larger than those

implied by the Palmyra coral. Consequently the δ18O/SST slope for the Palmyra coral-

NIÑO3.4 index is -0.13‰/°C as opposed to the -0.22 ‰/°C empirical slope.



Figure 2.9. (top) Monthly Palmyra coral δ18O anomalies (50-year highpass filtered), plotted with NIÑO3.4 SST 
from Kaplan et al [1998] (R = -0.66). (bottom) Same as a) but filtered with a 2-7yr bandpass filter (R = -0.84). 29
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The coral-NIÑO3.4 relationship remains relatively stationary over the course of

the 20th century – correlation coefficients and δ18O /SST slopes are -0.66 and -0.13,

respectively, for the period 1886-1923, -0.61 and -0.12 for the period 1924-1961, and -

0.72 and -0.15 for the period 1952-1998. The correlation coefficient for the coral δ18O-

NIÑO3.4 comparison increases to -0.84 when the 2-7 year ENSO signals in both

records are isolated with a bandpass filter (Figure 2.9b), while the δ18O/SST slope

remains relatively steady at -0.14‰.

One means of assessing the error in the coral’s representation of the NIÑO3.4

index is to compare the real NIÑO3.4 SST index with a coral-based reconstruction of

the NIÑO3.4 SST index. I transform the coral δ18O index into an SST index using the

best fit slope of -0.13 ‰/°C. The average difference between the coral-based SST

reconstruction and the NIÑO3.4 SST is less than 0.5°C (the standard deviation of the

difference is 0.59°C). For the 2-7yr band-passed case, the average difference between

the coral-based SST reconstruction and the NIÑO3.4 SST time-series is 0.27°C (the

standard deviation of the difference is 0.34 °C). Some of this error is associated with

limits on the coral’s ability to capture regional-scale SST variability, but the NIÑO3.4

index also contains errors, especially before 1950. In fact, the largest discrepancies

between the two time-series occur between 1944 and 1947, during World War II, when

the number of merchant ships crossing the Pacific fell dramatically. Indeed, the fact that

the coral δ18O and the NIÑO3.4 indices are most highly correlated after 1950 (R= -

0.72), when instrumental data are plentiful, bolsters confidence in the coral-based
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reconstruction before 1950. In summary, the interannual coral δ18O signal at Palmyra is

representative of climate conditions in a broad area of the central tropical Pacific.

2.6.3. Decadal-Scale δ18O Variability

The Palmyra coral δ18O record contains two distinct time scales of decadal-scale

variability: a ∼12-13yr cycle that emerges from spectral analysis, and a ∼30yr timescale

that is visually apparent in a smoothed version of the δ18O record (Figure 2.10). I defer

a discussion of the former aspect of decadal-scale variability to the next chapter, and

will focus instead on the lower frequency variability in this chapter.

The lack of reliable instrumental climate data from the CTP makes it difficult to

undertake a rigorous calibration of the coral’s low-frequency variability with respect to

SST and SSS. In lieu of firm estimates of the SST and SSS anomalies associated with

the low-frequency coral δ18O anomalies, I construct a basin-scale context in which to

interpret the coral δ18O variability using well-established proxy and instrumental

climate records.

The ∼30yr variability in the Palmyra coral δ18O record is captured in several

other region-scale indices of Pacific climate (Figure 2.10). These records represent a

large portion of the Pacific Basin, and include North Pacific SST, equatorial Pacific

SST, and rainfall in the South Pacific Convergence Zone. Together these records reveal

a ∼30yr “ENSO-like” mode of climate variability that operates throughout the Pacific

Basin. Similar conclusions have been drawn from recent proxy-based [Linsley et al.,
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2000; Evans et al., 2001] and instrumental-based [Zhang et al., 1997; Garreaud and

Battisti, 1999] analyses.
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Figure 2.10. Several Pacific basin climate indices smoothed with multiple applications
of a 3-point binomial filter to highlight their low frequency variability. They are, from
top, the Christmas Island coral δ18O [Evans et al., 1999]; Palmyra Island coral δ18O
[Cobb et al., 2001]; tropical Pacific SST as averaged over 100°W to 170°W, 9°N to 9°S
[Smith et al., 1994] (after McPhaden and Zhang [2002]); South Pacific Convergence
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Decadal Oscillation (50-year lowpassed and detrended) [Mantua et al., 1997].
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Figure 2.10 demonstrates that from 1930-1945 the Pacific remained in an El Niño-like

configuration, with a warm and wet CTP, an anomalously dry South Pacific

Convergence Zone, and a relatively cool North Pacific. The mechanisms that underlie

this phenomenon are hotly debated – some favor an origin in the North Pacific [Latif

and Barnett, 1994] while others propose that it is merely a manifestation of red noise in

the tropical climate system [Cane et al., 1995].

Either way, the fact that the tropical Pacific exhibits such low-frequency climate

variability complicates the detection and attribution of anthropogenic climate change.

Nonetheless, the possibility that the Pacific climate system underwent an abrupt, drastic

shift in 1976, perhaps in response to greenhouse forcing, has gained momentum on the

basis of studies that use both instrumental and proxy data from the period 1950-1990

[Graham, 1994; Miller et al., 1994; Guilderson and Schrag, 1998; Guilderson et al.,

1998; Stephens et al., 2001]. In the context of Figure 2.10, it is clear that long Pacific

climate indices document times of rapid and sustained change prior to 1950, specifically

in ∼1945, when the Pacific transitioned from an El Niño-like to a La Niña-like mean

state in less than a decade. However, the Palmyra coral record suggests that while 1976

marked an inflection point for the ∼30yr variability, 1976 also marked the beginning of

an accelerated warming trend that, twenty years later, shows no sign of slowing down.

This observation is corroborated in the two other indices of central equatorial Pacific

climate shown in Figure 2.10 – the Christmas Island coral and the Equatorial Pacific

SST index. The Palmyra coral suggests that the current state of the Pacific is

unprecedented with respect to the last century. In this context, it is reasonable to suggest

that the shift towards an El Niño-like mean state observed in detailed studies of shorter
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instrumental climate datasets [McPhaden and Zhang, 2002] is related to anthropogenic

climate change.

The qualitative results outlined in the previous paragraph can be used to arrive at

a quantitative estimate of climate change in the CTP as inferred by the Palmyra coral

δ18O record. McPhaden and Zhang [2002] conclude that the CTP has warmed by 0.8°C

over the interval 1976 to 1998. This warming would explain ~ 50% of the 1976-1998

trend in coral δ18O, which amounts to -0.35‰. If the residual δ18O trend is the result of

CTP freshening, then this would imply a 0.66psu reduction in salinity. Indeed, the idea

that the CTP may have freshened since 1976 is supported at least qualitatively by

Morrissey and Graham [1996], who uncover a positive trend in rain gauge data from

this region. Of course, this preliminary analysis of the coral δ18O trend is associated

with substantial error. Reasonable alternatives breakdowns of the coral δ18O trend likely

lie between the following extremes: a 0.5°C warming and a 0.91psu freshening, or a

1°C warming and a 0.48psu freshening.

2.7. Conclusions

In this chapter, I have shown that Palmyra coral δ18O reflects region-scale

climate change from the central tropical Pacific, an area known to drive global climate

patterns. Calibrations of the coral δ18O on seasonal and interannual time-scales reveal

that SST variability accounts for 75% of the coral δ18O anomalies, while SSS

fluctuations that are correlated to SST variability contribute ∼25%. The Palmyra coral

δ18O can be used to reconstruct the interannual variability in the NIÑO3.4 SST index to
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within an error of ∼0.3°C – this error includes the ±2 month error in the coral’s δ18O

chronology, error in the coral’s ability to capture SST variability thousands of

kilometers away, and error in the NIÑO3.4 index itself. On decadal to century time

scales, I uncover striking coherence between the Palmyra coral δ18O record and several

key indices of Pacific climate variability. Together these records document the presence

of a ∼30yr climate cycle whose regional impacts mirror those of the ENSO

phenomenon.
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Abstract 

While instrumental and proxy-based climate records describe significant 

decadal-scale climate variability throughout the tropical Pacific, Indian, and Atlantic 

Oceans, the processes responsible for these variations and their interactions are not 

readily apparent from the observations. A new 112-yr coral-based sea surface 

temperature (SST) reconstruction from Palmyra Island in the central tropical Pacific 

(CTP) exhibits strong decadal variability with an amplitude of roughly 0.3°C. A 12-

13yr-period signal in this coral record is highly coherent with long equatorial Atlantic 

and Indian Ocean climate records, implying a unified phenomenon. The Atlantic pattern 

suggests that it may fall under direct influence of anomalous SST in the CTP, as it does 

over interannual timescales, while the Indian Ocean pattern exhibits maximum response 

during the switch between warm/cold states in the tropical Pacific. The results 

demonstrate that the CTP has played a significant role in determining the expression of 

global decadal climate variability over the twentieth century. 
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3.1. Introduction 

 Climate model experiments outline several different mechanisms of regional 

decadal-scale variability [Latif and Barnett, 1994; Chang et al., 1997; Gu and 

Philander, 1997; Grotzner et al., 1998; Xie and Tanimoto, 1998], each with their own 

important consequences for long-range forecasting. Generally, in these models, air-sea 

interaction in either the high latitude or tropical ocean produces anomalies that then 

propagate by either ocean or atmospheric processes. Yet the actual instrumental record 

of such mechanisms is much less clear, because significant gaps in the record occur 

prior to 1950 for critical regions of the ocean, particularly in the tropics. However, 

recent analyses of the available instrumental data suggest that the expression of global 

decadal variability loosely resembles that of ENSO [Zhang et al., 1997; White and 

Cayan, 1998; Garreaud and Battisti, 1999; White and Cayan, 2000]. 

 Several important implications arise from such analyses, including the 

possibility that interannual and decadal variability share a common set of processes, and 

that much of the observed global climate variability on decadal time scales simply 

reflects a response to changing conditions in the central tropical Pacific Ocean.  

 Defining the frequency characteristics of the decadal variability and the sequence 

of events in the different ocean basins – especially with respect to the central tropical 

Pacific – represents a critical component of pursuing the implications of an “ENSO-

like” decadal variability. For this purpose, it is essential to have sufficient realizations of 

decadal oscillations from those regions of the tropical Pacific experiencing the strongest 

decadal climate variability. As instrumental results suggest that decadal variability is 
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maximized in a region stretching from ~100°W to the international dateline, and from 

10°N to 10°S [Mantua et al., 1997; Garreaud and Battisti, 1999], a long proxy record 

from this region would fill a critical data gap.  

 Here we present a new 112-yr coral-based SST reconstruction from Palmyra 

Island (6°N, 162°W), in the heart of the CTP. We compare a strong decadal signal 

found in the Palmyra coral with long, high-resolution climate records from Indian and 

Atlantic locations. Analyses of the three independent records define a fairly specific 

mode of climate variability with a characteristic time scale and evolution throughout the 

20th century. Projecting this well-defined mode onto the instrumental record in turn 

allows a description of the spatial pattern of global SST that occurs over the course of 

an average decadal oscillation. 

  

3.2. Results 

 The coral used for the CTP climate reconstruction was drilled from a 3m tall 

Porites lutea colony growing in 10m of water near the middle of a 1km2 submerged reef 

flat lying off the western side of Palmyra Island. A relatively high growth rate of 

20mm/yr afforded sub-monthly resolution for the oxygen isotopic measurements (δ18O) 

that constitute the climate proxy record. Although the annual growth bands in the coral 

are sometimes ill-defined in the core, a strong annual cycle in δ18O made the 

construction of a chronology straightforward. As a result, we estimate that the time scale 

has a maximum error of ~4 months at any given point in the record. 

 The Palmyra monthly oxygen isotopic anomalies (after trend removal) and the 
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NIÑO3.4 SST index [Kaplan et al., 1998] are highly correlated (R=0.62), demonstrating 

that the coral-based reconstruction accurately reflects regional temperature variability 

(Figure 3.1b). The oxygen isotopic record is dominated by ENSO and decadal-scale 

variability, superimposed on a prominent warming trend beginning in the mid-1970’s 

(Figure 3.1).  
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Figure 3.1. (a). Palmyra coral oxygen isotopic record (grey line) shown with 10-yr 
running mean (black line). (b). Comparison of ENSO variability at Palmyra (black line) 
with ENSO variability in the NIÑO3.4 SST index, the average of available SSTs from 
the region 120-170°W and 5°N-5°S, (grey line), isolated by applying 2-7y band-pass 
filters. c) Decadal variability at Palmyra from a 9-16y band-pass filter.  

 

Because the oxygen isotopic signal records both SST and the isotopic composition of 

the seawater (linearly related to salinity), it is likely that precipitation anomalies from 
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increased convection associated with warming contribute to the observed variability in 

the coral geochemical record [Urban et al., 2000].  

Using a conversion factor of -0.23 per mil (‰) per 1°C obtained from a 

regression performed on raw oxygen isotopic and satellite-based SST data [Reynolds 

and Smith, 1994] for the period 1981-1998 (R=0.83), the 112-yr warming trend is 

~1.5°C. Comparisons with the instrumental SST record from the Palmyra region suggest 

that approximately half of this coral-based may be attributed to/the result of increased 

precipitation over the last century. On interannual time scales, however, the -0.23 ‰/°C 

calibration implies 0.5-1°C SST anomalies at Palmyra during El Niño events, 

indistinguishable from ENSO amplitudes in the instrumental record of SST at Palmyra.  

If this same calibration is applied to the coral’s decadal signal, the isotopic anomalies 

convert to ~0.3°C, comparable to a weak El Niño event.  

 Comparison of the decadal signal at Palmyra with those found in other 

analogous climate records from the Atlantic and Indian Oceans yields significantly high 

coherence among all regions. For the purposes of illustration, we include two 

continuous archives of climate over the last 120 years: the record of oxygen isotopes in 

a Seychelles coral which represents monsoonal variability in the tropical Indian Ocean 

[Charles et al., 1997], and the record of Nordeste rainfall (data available at 

http://tao.atmos.washington.edu/data_sets/brazil) – taken as an index of tropical Atlantic 

Ocean Inter-tropical Convergent Zone (ITCZ) [Moura and Shukla, 1981] . Both of these 

records carry a strong ENSO signature:  anomalous warming associated with a 

weakened Indian monsoon in the tropical West Indian and drought conditions in Brazil 
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typically occur 2-6 months after peak El Niño conditions in the Pacific [Enfield, 1990; 

Webster et al., 1998]. However, spectral analyses of the Palmyra coral with the 

Seychelles coral and Nordeste rainfall (Figure 3.2) reveal significant variance not only 

at ENSO periods, ranging from 2-7 years, but also at decadal periods centered at 12-13 

years [Mann and Park, 1993; Mann and Lees, 1996].  

 

Figure 3.2. (a). Multi-taper cross-spectral analysis of the Palmyra (blue) and Seychelles 
(red) coral-based deseasoned proxy records for the period 1886-1995 [Mann and Lees, 
1996], plotted with red-noise 95% significance levels. Coherence and phase (lavender 
and yellow lines respectively) are plotted in the lower portion of the figure with a 95% 
significance level for coherence (thick lavender line) [Mann and Park, 1993]. (b). Same 
as in a) but computed for the Palmyra coral and Nordeste rainfall index. 
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More importantly, the decadal variability in all three records is highly coherent, 

suggesting that an interrelated set of processes and conditions contributes to substantial 

climate variability in all three ocean basins. In this respect, decadal shifts in Pacific 

tropical SST, Indian monsoon strength, and the ITCZ migration over the Atlantic Ocean 

are likely acting in concert. 

 The high coherence among the three basins’ decadal signals allows for a 

meaningful analysis of the Pacific-Indian-Atlantic phase relationships of the decadal 

cycle. Contrary to the sequence of events observed over the ENSO band, CTP warming 

occurs 2-3yrs after (or 9-10yrs prior to) warming in the tropical Western Indian Ocean. 

The Pacific-Atlantic decadal phase relationship is such that Nordeste drought lags peak 

CTP warming by ~1 year, a sequence that also occurs on interannual time scales. 

Filtered versions of these records (Figure 3.3) illustrate the temporal consistency of the 

frequency and phase of the decadal variability across the tropics. 

Building on the statistical confidence obtained from the correlation between 

three long proxy records, we apply the proxy-based time scale to the instrumental record 

to resolve the global SST pattern associated with the decadal signal. To do this, we 

construct global SST composites using the 9-16yr filtered Palmyra record as an index of 

the decadal variability (Figure 3.4). The pattern that emerges demonstrates that a broad 

region of the central Pacific fluctuates with at least ±0.2°C anomalies on the imposed 

time scale. The Indian Ocean SST anomalies are considerably lower than those of the 

Pacific, but, in this ocean basin characterized by high absolute surface temperatures, 
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Figure 3.3. 9-16yr band-passed Gaussian filter products. The Palmyra coral (black), 
Seychelles coral (blue), and Nordeste rainfall index (red) are closely linked on decadal 
time scales such that when Palmyra is warm, Seychelles is warm and the Nordeste 
region experiences drought.  
 

small SST anomalies can generate substantial shifts in convective patterns associated 

with the Asian monsoon system. A strong Atlantic SST response stretches across the 

entire basin, where five regions of alternating SST’s exhibit consistently reversed signs 

during opposite extremes of the decadal oscillation, reminiscent of the Pan-Atlantic 

Decadal Oscillation observed in previous instrumental and modeling analyses[Xie and 

Tanimoto, 1998]. North Pacific SST anomalies are inversely related to tropical Pacific 

SST as observed with the ENSO and the Pacific Decadal Oscillation [Halpert and 

Ropelewski, 1992; Mantua et al., 1997].  
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Figure 3.4. Map of SST anomalies corresponding to the 12-13yr decadal variability. (a). 
6yr averages of global SST anomalies (GISST2.2 data) were computed centered on the 
following 7 realizations of the decadal warming:  1905, 1916, 1929, 1941, 1956, 1968, 
and 1980, and these were in turn averaged together to reflect the composite SST 
response. The locations of Palmyra (star), Seychelles (circle), and Nordeste (asterisk) 
are also shown. b) Same as top panel but the averaging periods were shifted by 6.5 years 
to reflect the opposite phase of the proposed 12-13yr oscillation. 
 

 
3.3. Discussion 

 The SST composite analysis indicates that the Palmyra coral lies near the center 

of a decadal climate oscillation with a near-global footprint, and confirms the sense of 

inter-basin relationships uncovered in the Pacific-Indian-Atlantic proxy comparisons. 

*
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The spatial pattern of global decadal variability resolved by multi-proxy analysis bears 

strong resemblance to that arising from independent analyses of the instrumental record 

[Zhang et al., 1997; Garreaud and Battisti, 1999]. Both analyses conclude that a large 

region of the CTP fluctuates with ~0.3°C anomalies on decadal time scales, but the 

relationships among adjoining tropical oceans is resolved only through the analysis of 

the longer proxy records. For instance, using the proxy-based time-scale, a strong link 

between the tropical Pacific and pan-Atlantic decadal signals emerges, implying that the 

Atlantic decadal variability may be forced from the tropical Pacific, probably through 

teleconnections similar to those operating on interannual time scales [Saravanan and 

Chang, 2000]. Modeling efforts explain the well-documented Atlantic decadal signal as 

being the result of ocean-atmosphere feedbacks internal to the Atlantic basin [Chang et 

al., 1997; Grotzner et al., 1998; Xie and Tanimoto, 1998]. However, our results clearly 

demand consideration of the external influence of tropical Pacific variability.  

 The dynamical connection between the three proxy records must involve the 

large-scale Walker circulation, because CTP warming destabilizes the both the 

descending and ascending branches of the cell which influences the tropical Atlantic and 

Indian basins, respectively. Observations and climate models show that enhanced 

convection in the Eastern Pacific affects trade winds in the tropical Atlantic, serving to 

warm the north tropical Atlantic and shift the Atlantic ITCZ northward, causing 

Nordeste drought [Chiang et al., 2000; Saravanan and Chang, 2000]. Indian anomalies 

that consistently peak 2-3yrs prior to those in the CTP point to a Pacific-Indian decadal 

relationship that involves more than a passive response to CTP warming. The fact that 
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maximum Indian Ocean anomalies occur at a time when the external "forcing" from 

tropical Pacific SST is minimal may provide a clue. One might expect that, under these 

conditions, monsoonal processes should exert considerable influence over the climate 

variability of both the tropics and mid-latitudes, imposing their characteristic time scales 

and spatial structure.  

 To be plausible, any mechanistic model for the origins of global decadal-scale 

variability must operate within the relatively strict frequency constraints outlined by the 

proxy records. The regularity of the decadal oscillations in these records implies a 

frequency distribution distinct from the broad-band signature expected from both 

“ENSO-like” [Zhang et al., 1997; Garreaud and Battisti, 1999] and extratropically-

forced models [Latif and Barnett, 1994; Gu and Philander, 1997] of decadal variability 

that incorporate stochastic forcing. A recent 800yr sedimentary record of tropical 

Atlantic climate variability, when combined with the Palmyra, Seychelles, and Nordeste 

spectral analyses presented here, provides compelling evidence that tropical decadal 

variability occurs with a narrowly defined period of 12-13yrs [Black et al., 1999]. Thus, 

while the decadal variability expressed in these proxy records shares some similarities 

with ENSO – for example, geographic pattern and, most likely, certain teleconnections 

– it can be described as a separate mode as opposed to an extension or modulation of 

ENSO. 

 

 

 



 

 

52

 

This chapter appeared in full as: 

Cobb, K.M., D.E. Hunter, and C.D. Charles, A central tropical Pacific coral 
demonstrates Pacific, Indian, and Atlantic decadal climate connections, Geophys. Res. 
Lett. 28(11): 2209-2212, 2001.  
 
I was the primary investigator and lead author of this paper and conducted all analysis 
presented therein.
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Abstract 
 

This study evaluates the accuracy of U/Th dates for young (< a few thousand 

years) reef corals, both living and fossil, and explores strategies for refining those dates. 

The high precision of the U/Th method (±1-2%) for dating young corals is well-

established. Earlier studies have demonstrated the method’s accuracy for select samples 

of known age. However, these studies have focused on typical samples that have 

extremely low 232Th concentrations (tens of pg/g). Here we study the dating systematics 

of young corals that have low but significant amounts of 232Th (up to 1000pg/g), 

indicating the presence of small fractions of non-radiogenic 230Th (i.e. 230Th not 

generated by in situ U decay). We report U/Th ages for living and subaerially-exposed 

fossil corals from Palmyra Island, located in the central tropical Pacific, that range from 

50 to 700 years old. The Palmyra corals contain varying amounts of 232Th and small 

fractions of associated non-radiogenic 230Th. Uncertainty associated with the correction 

for non-radiogenic 230Th can lead to significant errors in U/Th dates. We have 

characterized non-radiogenic 230Th/232Th values, (230Th/232Th)nr, as a means of 

minimizing this source of error.  

We calculate (230Th/232Th)nr values ranging from 0 to 2x10-5 for the Palmyra 

living corals by comparing measured U/Th dates to absolute dates for the living coral, 

whose chronology is well-established. For the fossil corals, we employ three different 

approaches to arrive at (230Th/232Th)nr estimates. First, we compare measured U/Th 

dates to absolute dates in samples from a young fossil coral that overlaps the living 

coral. Next, we use the firm relative dating constraints imposed by three overlapping 

fossil corals from the 17th century and five overlapping corals from the 14th-15th 
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centuries to calculate (230Th/232Th)nr values. Finally, we attempt to convert the floating 

fossil coral chronologies to absolute dates by correlating the climate signals in the coral 

records to those in absolutely-dated climate proxy records. All lines of evidence point to 

a range of (230Th/232Th)nr for fossil corals that overlaps the range determined for the 

living coral, suggesting that most of the thorium is primary or is added while the coral is 

still alive. Our work also demonstrates the utility of multiple (230Th/232Th)nr estimates. 

Most importantly, we demonstrate a method by which accurate (±5yrs) U/Th-based 

chronologies can be obtained for young fossil corals with significant 232Th 

concentrations. 
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4.1. Introduction 

Accurate U/Th dating requires distinguishing between a sample’s radiogenic 

230Th (that produced by in situ 238U decay) and its non-radiogenic 230Th (that derived 

from the surrounding environment). The power of U/Th dating stems from the fact that 

levels of non-radiogenic 230Th, (230Th)nr, are small or negligible in most uranium-rich 

precipitates, such as carbonates, owing to the difference in solubility between uranium 

and thorium in the natural environment (a difference of five orders of magnitude). As a 

result, most precipitates from surface waters have low thorium/uranium ratios, and 

therefore low to negligible levels of non-radiogenic 230Th and 232Th.  In fact, thorium 

concentrations in coralline aragonite are so low that coral 232Th levels were not known 

prior to the advent of high-precision mass spectrometry techniques [Edwards et al., 

1987].  Because of these low thorium levels, corrections for non-radiogenic 230Th are 

generally negligible for corals that are older than a few thousand years or that contain 

less than ~100pg/g 232Th [Edwards et al., 1987; Edwards et al., 1988; Edwards et al., 

1997]. However, recent work has shown that some young corals can have 232Th 

concentrations significantly higher than tens of pg/g [Zachariasen et al., 1999], 

requiring corrections for the contribution of non-radiogenic 230Th to the U/Th age. For 

the purposes of dating, corals with negligible 230Thnr and low 232Th are clearly 

preferable. Yet these characteristics are not always available in any set of samples, 

making the dating of high-232Th corals necessary.   

The 230Thnr correction involves combining sample 232Th concentrations with 

estimates of the 230Th/232Th ratio of the non-radiogenic thorium, (230Th/232Th)nr. When 

combined with the wide range of 230Th/232Th values observed in the natural 
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environment [Moore, 1981; Ivanovich and Alexander, 1987; Andersson et al., 1995; Lin 

et al., 1996; Roy-Barman et al., 1996; Whitehead et al., 1999], the 230Thnr correction can 

introduce substantial uncertainty to U/Th ages if 232Th is high and knowledge of 

230Th/232Th in the environment of interest is poorly known. Here we investigate the 

U/Th isotope systematics of a collection of young corals with high 232Th concentrations 

as a test of the accuracy of U/Th dates under some of the most demanding of 

circumstances for the method. 

Independent time constraints are needed for accurate determination of 

(230Th/232Th)nr values. Massive corals are well-suited for characterizing the isotopic 

composition of non-radiogenic thorium, because their climate proxy records and annual 

banding provide independent, firm dating constraints. In principle, (230Th/232Th)nr can 

be calculated from the U/Th age equation, given a sample of known age, thorium and 

uranium isotopic analyses. In practice, we obtain the best constraints on 230Th/232Thnr 

from those samples with high 232Th. Previous studies on low 232Th corals [Edwards et 

al., 1987; Edwards et al., 1988] have found insignificant levels of 230Thnr.  On the other 

hand, a  recent study of modern and young fossil corals from Sumatra documents cases 

where very young corals contain relatively high 232Th and significant non-radiogenic 

230Th [Zachariasen, 1998]. The latter result may be related to Sumatra’s proximity to 

continent-derived sources of thorium. Therefore, it is important to assess the role of 

230Thnr corrections in coral U/Th dates at a site far removed from continental influences.  

In this study we draw from a large collection of young modern and fossil coral 

sequences from Palmyra Island, located in the central tropical Pacific Ocean. In general, 

our strategy is to match the climate signals from contemporaneous corals, comparing 



 60

the corals’ U/Th dates with independent chronological constraints. These comparisons 

include both living and subaerially-exposed fossil corals characterized by different 

diagenetic histories. Multiple U/Th dates from the same coral head (for which we can 

count annual growth bands) provide another test of the range of both (230Th/232Th)nr 

ratios and 232Th concentrations. We constrain the mechanisms and rates of possible 

early coral diagenesis by comparing the isotopic characteristics of a living coral to those 

of a contemporaneous fossil coral. Therefore, our results outline an approach by which 

accurate U/Th dates can be obtained for very young, high-[232Th] corals. Our principal 

motivation in pursuing this work is to generate accurate U/Th-based chronologies for 

young fossil corals that could be used to reconstruct tropical climate for the last 

millennium [Cobb et al., in prep]. 

 

4.2. U/Th Systematics 

 The U/Th-dating method in corals relies on the fact that coral skeletons form 

with very low Th/U ratios (232Th/238U values of ~ 10-5), which they inherit from 

seawater without a large degree of fractionation. The ensuing 238U-decay chain includes 

230Th, whose activity generally increases with the age of the coral. If the coral remains a 

closed system with respect to U and Th and 230Thnr is negligible, the following 

equations can be used to calculate ages from 230Thrad, 234U, and 238U activities: 
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(after Edwards et al. [1987]; modified from Bateman [1910] and Broecker [1963]) 

where λ‘s are decay constants as reported in Cheng et al. [2000b] and T is the age. 

 The fact that young corals contain both 232Th and 230Th means that the measured 

230Th abundance includes a radiogenic 230Th as well as a non-radiogenic 230Th 

component. If the non-radiogenic 230Th component is small and the coral has remained 

a closed system, Equations 1 and 2 suffice for calculating accurate U/Th ages. However, 

if 230Thnr is significant, a correction for 230Thnr must be made. Using 232Th 

concentrations as a proxy for the amount of 230Thnr, the correction is applied to the 

measured (230Thmeas/238U)act ratio to obtain the (230Thrad/238U)act term in Equation 1: 
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For samples that are younger than ~1000 years, such as the Palmyra corals, e-λ230T is 

very close to 1, and can be ignored. Taken together, Equations 1-3 illustrate that 

accurate, precise U/Th dates require precise measurements of 230Th, 232Th, 234U, and 

238U abundances. If the 232Th/238U value is low, as is the case for virtually all U/Th age 

determinations in surface corals, the second term on the right side of Equation 3 

becomes negligible. However, if the 232Th/238U value is high, then knowledge of the 

(230Th/232Th)nr becomes important; it is this latter case that we address in the present 

study. 

 

4.3. Sources of Th in the Central Tropical Pacific 

 In those cases where 232Th/238U is high, the isotopic characterization of the non-

radiogenic Th may not be a simple problem, as a sample’s (230Th/232Th)nr value likely 
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reflects a combination of multiple Th sources. For example, we identify several 

potential sources of non-radiogenic Th at Palmyra that may affect the Palmyra corals’ 

(230Th/232Th)nr values (Table 4.1).  

 

Table 4.1. Sources of Th to the Palmyra corals. 
Source 230Th/232Th a Living Fossil 

Dust      4x10-6 X X 
Surface seawater 5-10x10-6 X    
Deep seawater      2x10-4 X  
Carbonate sands      1x10-2 X    

a See text for list of references. 
 

First, wind-blown dust likely reaches Palmyra, although in small quantities, given its 

distance from the continents [Huh et al., 1989]. Dust likely contains a 230Th/232Th ratio 

close to 4 x 10-6, assuming that it reflects the average chemical composition of bulk 

Earth at secular equilibrium [Taylor and McLennan, 1985; Kaufman, 1993]. Another 

source of non-radiogenic Th to the corals is the seawater, in the form of dissolved and 

particulate Th. The only available seawater Th data was collected nearly 1000km from 

Palmyra [Roy-Barman et al., 1996], with surface 230Th/232Th values of 5-10 x 10-6 and 

deep water values of up to 2 x 10-4. As Palmyra lies in a region that is affected by 

upwelling variability associated with the El Niño-Southern Oscillation, deeper waters 

with elevated 230Th/232Th ratios could affect Palmyra’s seawater Th chemistry. Lastly, 

carbonate sands that are produced by ongoing erosion of the coral reef may contribute 

Th with 230Th/232Th ratios as high as 1 x 10-2, in the case of 5,000yr-old carbonates that 

lie exposed on some areas of the reef (Richard Fairbanks, unpublished data).  
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4.4. Sampling and Analytical Methods 
 
 The modern and fossil corals analyzed here were collected on Palmyra Island 

during field expeditions in June, 1998 and May, 2000. During the first trip, we 

recovered a 3m-long core from a living coral with conventional underwater hydraulic 

drilling equipment in approximately 10m of water on a reef extending to the west of the 

island. During the first and second trips we drilled over 100 1 to 2m-long fossil coral 

cores from beaches on the north, west, and east sides of the island (Figure 4.1). The 

fossil coral heads are piled in what appear to be storm deposits, inferred from the 

presence of large tree trunks and other debris found scattered in and among the coral 

heads. Further evidence for the storm-derived nature of these deposits comes from the 

corals themselves: they lack the heavy bioerosion that typically occurs in colonies that 

remain in seawater for extended periods after death. 

 The U/Th dating was performed at the Minnesota Isotope Lab (MIL) at the 

University of Minnesota, following procedures outlined in Edwards et al. [1987] and 

subsequently updated in Cheng et al., [2000b] (TIMS analyses) and Shen et al. 

[2002](ICP-MS analyses). Generally, we U/Th-dated 2-5 samples of different ages from 

each of the coral heads presented here, and performed replicate analyses wherever 

practical. In the case of the fossil corals, we sub-sampled for U/Th chemistry at least 

5cm away from any clear irregularities such as burrows and weathering rinds, which are 

visibly distinct from the original coral skeleton. We prepared the samples by breaking 

several grams of coral (representing ~ 1yr of coral growth) into small pieces for visual 

inspection, removing any discoloration with an exacto knife. The samples were 

ultrasonicated and rinsed three times, and placed in a drying oven overnight at 30°C.  



Figure 4.1. Map of Palmyra Island, showing the site were we collected the modern coral 
along with the locations of fossil coral deposits. Sample names correspond to the sites 
shown here:  NB=North Beach, SB=South Beach, and CH=Channel Site.
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We then dissolved 0.5-1g of coral in concentrated HNO3 acid and added an MIL mixed 

spike containing 229Th, 233U, and 236U. The purified U and Th fractions were either 

loaded onto zone-refined rhenium filaments, in the case of analysis by thermal 

ionization mass spectrometry, or dissolved in 1% HNO3 for analysis by ICP-MS. While 

the majority of the samples were analyzed by TIMS using two Finnigan MAT 262 RPQ 

mass spectrometers, several samples were analyzed by high-resolution ICP-MS using a 

technique developed at MIL with a Finnigan MAT Element I [Shen et al., 2002]. The 

TIMS and ICP-MS results for splits of the same sample are identical within error, so we 

conclude that the different measurement techniques do not bias the results presented 

here (Table 4.2). 

 

Table 4.2. Comparison of ICP-MS- and TIMS-based Th measurements made on splits 
from the same Th sample solutions (the U data for all samples were collected by ICP-
MS only). 

Date A.D. [232Th] (pg/g) Sample name 
TIMS ICP-MS TIMS ICP-MS 

W23 1269 ± 8 1262 ± 8 210 ± 7 217 ± 7 
L11 1203 ± 8   1199 ± 10   30 ± 8  19 ± 8 

NB12     977 ± 10     960 ± 10   81 ± 8  78 ± 8 
 

 The coral cores were cross-sectioned into 1cm-wide slabs and x-rayed in 

preparation for the oxygen isotopic analyses, performed with a Finnigan MAT 252 

stable isotope mass spectrometer at the Scripps Institution of Oceanography. We milled 

coral powder for the oxygen isotopic samples at 1mm increments using a low-speed 

micro-drill. Given growth rates that average 15mm/yr, this depth resolution translated to 

sub-monthly temporal resolution for the coral-based climate reconstruction. We used a 

well-characterized internal coral standard to check accuracy and precision, which we 
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report as ±0.05‰ based on more than 500 standards run along with the samples. We 

constructed a chronology for the modern coral by matching the most recent portion of 

the oxygen isotopic record to sea-surface temperature records from the grid-box 

containing Palmyra for the period 1981-1998 (R=-0.79) [Reynolds and Smith, 1994],. In 

that analysis, we found that the heaviest isotopic value corresponded to January 30th ± 

43 days for a given isotopic year, while the lightest isotopic value corresponded to 

August 26th ± 53 days. We used these two tie-points to construct a chronology for the 

entire 112-yr-long modern coral record, whose main features are reported in Cobb et al. 

[2001]. We used these tow tie-points to build the fossil coral chronologies.  

 Additionally, we investigated some basic lithologic properties with XRD and 

thin sections on both modern and fossil corals, in order to constrain the role of 

diagenesis in shaping the observed U/Th chemistries. 

 

4.5. Results 

4.5.1. 20th Century Corals 

 The results of the U/Th dating are shown in Table 4.3. The 232Th concentrations 

for the modern coral and NB9 are about an order of magnitude higher than 232Th 

concentrations reported for many reef-building corals (e.g. [Edwards et al., 1988]).  We 

show below that this 232Th is associated with significant 230Thnr. To determine accurate  

ages, we must correct for this 230Thnr (using Equation 3). To make this correction 

without introducing large errors, we need some knowledge of 230Th/232Thnr. 
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Table 4.3. U/Th results for modern and fossil corals. 
Sample a [238U] δ234U (i) Assigned Uncorrected Date Min. Date Max. [232Th] Method 

  (ppm) b (‰) c Date d Date e Correction f Correction g (pg/g) h   

Modern-1A 2.481 ± 5 143.0 ± 1.9 1888 1880 ± 2 1889 1922 910 ± 9 TIMS 

Modern-1B 2.487 ± 3 146.0 ± 1.3 1888 1887 ± 3 1892 1911 534 ± 15 TIMS 

Modern-2 2.506 ± 4 145.1 ± 1.8 1944 1935 ± 2 1937 1942 148 ± 13 TIMS 

NB9-1A 2.534 ± 3 146.1 ± 1.1 1936 1917 ± 2 1924 1952 767 ± 8 TIMS 

NB9-1B 2.583 ± 3 145.4 ± 1.2 1936 1920 ± 2 1926 1948 628 ± 6 TIMS 

NB9-1C 2.447 ± 4 144.1 ± 1.8 1936 1925 ± 2 1929 1943 385 ± 12 TIMS 

NB9-2A 2.385 ± 7 148.3 ± 3.0 1910 1890 ± 2 1894 1908 354 ± 10 TIMS 

NB9-2B 2.567 ± 22 144.2 ± 9.0 1910 1898 ± 3 1901 1910 278 ± 12 TIMS 

SB3-1 2.775 ± 4 146.9 ± 1.2 1636 1635 ± 5 1635 1637 55 ± 5 TIMS 

SB3-2 2.739 ± 5 144.7 ± 2.0 1658 1652 ± 4 1653 1655 59 ± 7 ICP-MS 

SB8-1 2.804 ± 6 144.9 ± 2.0 1673 1659 ± 5 1659 1664 156 ± 8 ICP-MS 

SB8-2 2.929 ± 8 147.4 ± 2.9 1698 1685 ± 3 1689 1704 473 ± 8 TIMS 

SB13-1A 2.595 ± 4 145.8 ± 1.3 1684 1672 ± 5 1673 1678 141 ± 6 TIMS 

SB13-1B 2.502 ± 4 146.4 ± 1.6 1684 1669 ± 6 1674 1694 557 ± 9 TIMS 

SB13-2 2.631 ± 12 146.4 ± 5.5 1650 1658 ± 6 1658 1659 30 ± 8 ICP-MS 

CH5-1A 2.697 ± 4 146.3 ± 1.3 1405 1386 ± 5 1396 1433 1115 ± 9 TIMS 

CH5-1B 2.653 ± 4 145.8 ± 1.3 1405 1390 ± 4 1399 1430 925 ± 5 TIMS 

CH5-2 2.587 ± 2 146.4 ± 1.6 1433 1428 ± 8 1432 1438 209 ± 8 ICP-MS 

CH5-3A 2.745 ± 4 148.2 ± 1.5 1461 1471 ± 7 1472 1478 166 ± 8 ICP-MS 

CH5-3B 2.460 ± 3 145.2 ± 2.1 1461 1463 ± 8 1473 1509 997 ± 21 ICP-MS 

SB6-1 2.611 ± 3 145.6 ± 1.4 1442 1431 ± 5 1435 1451 461 ± 4 TIMS 

SB6-2A 2.509 ± 3 143.8 ± 2.7 1412 1418 ± 12 1418 1420 45 ± 9 ICP-MS 

SB6-2B 2.224 ± 5 145.5 ± 2.4 1412 1420 ± 10 1420 1420 0 ± 28 ICP-MS 

SB5-1A 2.849 ± 4 146.7 ± 1.1 1447 1424 ± 5 1426 1433 228 ± 5 TIMS 

SB5-1B 2.698 ± 9 145.0 ± 3.0 1447 1420 ± 5 1421 1424 96 ± 9 TIMS 

SB5-2A 2.500 ± 1 148.5 ± 1.2 1427 1422 ± 7 1423 1427 97 ± 12 TIMS 

SB5-2B 2.629 ± 6 143.5 ± 2.3 1427 1420 ± 5 1421 1426 123 ± 15 TIMS 

SB5-3A 2.537 ± 3 146.1 ± 1.1 1407 1391 ± 5 1392 1398 172 ± 11 TIMS 

SB5-3B 2.657 ± 5 145.9 ± 1.7 1407 1399 ± 5 1399 1402 89 ± 11 TIMS 

SB5-4 2.754 ± 4 143.4 ± 2.7 1440 1432 ± 7 1433 1437 109 ± 9 ICP-MS 

SB7-1 2.698 ± 4 146.7 ± 1.3 1352 1375 ± 5 1378 1388 298 ± 8 TIMS 

SB7-2A 2.726 ± 5 142.5 ± 2.2 1327 1344 ± 9 1344 1346 36 ± 11 ICP-MS 

SB7-2B 2.726 ± 5 142.5 ± 2.2 1327 1334 ± 11 1334 1335 37 ± 13 ICP-MS 

CH9-1 2.451 ± 1 145.2 ± 1.2 1324 1311 ± 5 1316 1332 442 ± 8 TIMS 

CH9-2 2.319 ± 3 148.0 ± 1.0 1365 1360 ± 6 1361 1369 148 ± 10 TIMS 

CH9-3 2.167 ± 3 146.1 ± 1.0 1403 1403 ± 4 1403 1405 42 ± 8 TIMS 

L17-1A 2.725 ± 4 147.5 ± 1.3 1145 1149 ± 6 1150 1153 94 ± 6 TIMS 

L17-1B 2.758 ± 4 146.3 ± 1.5 1145 1148 ± 5 1153 1170 523 ± 7 TIMS 

L17-2 2.725 ± 4 145.9 ± 1.4 1179 1186 ± 7 1187 1189 68 ± 8 ICP-MS 

L17-3 2.608 ± 3 145.0 ± 1.2 1209 1200 ± 6 1201 1203 63 ± 7 ICP-MS 

NB12-1A 2.927 ± 4 146.1± 1.2 928 914 ± 6 920 940 652 ± 9 TIMS 

NB12-1B 2.950 ± 4 145.3 ± 1.2 928 924 ± 6 930 950 667 ± 8 TIMS 

NB12-2 2.612 ± 3 145.7 ± 1.6 960 960 ± 10 961 964 78 ± 8 ICP-MS 
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Table 4.3. Cont. 
a A, B, and C are replicate samples that we obtained by splitting a 2g coral sample into 
multiple pieces. 
b Errors are quoted as 2σ; for [238U], error is for last significant figure. 
c δ234U = {[(234U/238U)/( 234U/238) eq]-1}x103 where (234U/238U)eq represents the atomic 
ratio at secular equilibrium; δ 234U(i) represents the initial value, calculated using 
equations (1) and (2). Decay constants from Cheng et al [2000]. 
d All dates are reported as year A.D. Assigned dates for Modern and NB9 samples are 
absolute ages derived from the modern coral’s oxygen isotopic chronology, error is 
estimated at ± 0.5 years; assigned dates for the rest of the samples are derived from the 
dating constraints posed by Figures 6 and 8, absolute and relative errors estimated at ± 5 
years and ± 0.5 years, respectively. 
e Error represents analytical error only. 
f Date corrected with a (230Th/232Th)atomic of 4.4 x 10-6, which is the value for materials 
at secular equilibrium, assuming a bulk Earth crustal 232Th/238U ratio of 3.8. 
g Date corrected with a (230Th/232Th) atomic of 2.0 x 10-5, which is the highest value 
required to correct samples in the present study. 
h Corrected for a 232Th total procedural blank of 7 ± 5pg/g. 
 
 

The uncorrected U/Th dates (Table 4.3) reveal that fossil coral NB9 grew during 

the early 20th century, thereby overlapping with the modern coral which is absolutely 

dated back to 1886A.D. By matching the unique patterns of seasonal, interannual, and 

decadal climate patterns captured in both the modern coral and NB9 (Figure 4.2), we 

obtain absolute dates for the fossil NB9. The highest correlation between the δ18O 

records of the modern and fossil coral (R = 0.81) occurs when the NB9 δ18O record 

spans from to 1915 to 1937A.D. – sliding the fossil sequence younger and older by 1-20 

years yields lower correlations. It is important to note that while the NB9 δ18O sequence 

ends at 1915, the calendar date for samples NB9-2A and B were obtained by counting 

annual density bands back 5 years to the location where these samples were taken.  
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Figure 4.2. The overlap of the fossil NB9’s δ18O record with that of the modern coral 
(R=0.81). The triangles designate the locations that were sampled for U/Th dating in 
NB9. 

 

Comparing the uncorrected U/Th dates with the calendar dates for the modern 

and fossil corals reveals that the uncorrecteded ages are generally older than the “true”  

ages (Figure 4.3). In principle, this difference can be explained either by the presence of 

230Thnr and/or the loss of parent 238U and 234U. In the case of modern corals, some 

evidence exists that the precipitation of petrologically visible secondary aragonite might 

actually add uranium to the system, not remove it [Lazar et al., 2002]. We therefore 

proceed on the assumption that non-radiogenic 230Th is responsible for the observed 

differences, and use the absolute ages and the uranium and thorium isotopic analyses to 

calculate (230Th/232Th)nr using Equations 1-3. For the modern coral, this calculation 

yields a range of (230Th/232Th)nr ratios with a minimum of 0 (in the case of Modern-1A, 

where the uncorrected U/Th and absolute ages agree to within analytical error), and a 

maximum of 2x10-5 (in the case of Modern-2). In Figure 4.3, the lower error bar reflects  
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Figure 4.3. A comparison of U/Th and absolute dates for the modern and NB9 corals. 
Lower error bars represent analytical error only (usually 2-3yrs), while upper error bars 
represent analytical error plus a maximum 230Thnr correction using a (230Th/232Th)nr ratio 
of 2 x 10-5.  
 

analytical uncertainty, while the size of the upper error bar is proportional to the amount 

of 232Th for that sample. The upper limits of the error bars were calculated by applying 

a (230Th/232Th)nr value of 2x10-5 to each sample, and adding the analytical error for each 

sample. 

 The 230Thnr corrections for the fossil coral NB9 yield (230Th/232Th)nr values that 

lie within the range defined by the modern coral results. The fact that the (230Th/232Th)nr 

values overlap for the modern and fossil corals suggests that the fossil coral did not 

undergo significant uranium loss, despite being exposed to ~400cm/yr of rainfall for 60 

years, as uranium loss would result in higher calculated (230Th/232Th)nr values. 

Preferential uranium loss has been inferred for coral skeletons submerged in freshwater 
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for an extended period of time [Shen and Dunbar, 1995], but our results suggest that if 

NB9 experienced such uranium loss, it has a negligible impact on NB9’s U/Th dating. 

Furthermore, the 232Th concentrations in coral NB9 do not exceed the highest 232Th 

concentration measured in the modern coral (997pg/g). These two lines of evidence 

suggest that young fossil corals generally remain closed with respect to U/Th chemistry 

during subaerial exposure for at least 50 years, and that non-radiogenic thorium is either 

primary or is incorporated after precipitation of the skeletons while the corals are living 

under-water.  

[232Th] (pg/g)

0 200 400 600 800 1000

(23
0 Th

/23
2 Th

) nr

0

5x10-6

10x10-6

15x10-6

20x10-6

25x10-6

Modern coral
Fossil coral

R= -0.71

 

Figure 4.4. Plot of 232Th concentration vs. (230Th/232Th)nr for the eight 20th century 
U/Th samples. The (230Th/232Th)nr plotted here is the minimum value required to match 
each sample’s calendar age within analytical error. 

 

It is interesting to note that we find that in both corals high 232Th concentrations 

typically correspond to lower (230Th/232Th)nr values (Figure 4.4). The associated 

correlation coefficient (R= -0.71) is significant at the 95% confidence level. Such a 

relationship indicates that, at least in open-ocean environments, the addition of non-
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radiogenic Th may occur along a mixing line between high-[232Th], low-(230Th/232Th)nr 

and low-[232Th], high-(230Th/232Th)nr end-members. Empirically-derived mixing lines 

between terrestrial sources of 230Thnr with low (230Th/232Th)nr values and “hydrogenous” 

sources of 230Thnr with high (230Th/232Th)nr have previously been invoked to explain 

variability in (230Th/232Th)nr ratios in speleothems and deep-sea sediments [Lin et al., 

1996; Slowey et al., 1996; Asmerom et al., 1997; Whitehead et al., 1999]. Taken 

together, these studies hint that making a first-order approximation of sample 

(230Th/232Th)nr values with sample 232Th concentrations may be warranted in certain 

environments. 

 

4.5.2. 14th-15th Century Corals 

Five overlapping fossil coral sequences spanning the 14th and 15th centuries 

provide an opportunity to test whether slightly older fossil corals exhibit U/Th 

chemistries similar to those observed for 20th century corals. In this case, we replace 

absolute dates with firm relative dates, referred to as “splice dates” in the tables and 

figures, that are generated by matching the patterns of δ18O variability in five separate 

coral sequences.  

For this study, we measured 21 U/Th samples on the five coral heads in 

question. The samples with the lowest 232Th concentrations provide the best dating 

constraints for each of the coral heads, whose δ18O patterns are matched to within the 

age error of these “clean” samples. The resulting 5-coral composite δ18O record is 

shown in Figure 4.5. Small coral-to-coral offsets in mean δ18O are smaller than those  
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Figure 4.5. The proposed overlap of five individual coral δ18O records from the 14th-15th centuries. Correlation 
coefficients are shown on top for overlapping δ18O sequences. The legend contains the shifts in δ18O that were 
applied to each coral δ18O record to match the sequences as shown here. 73
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observed in modern Porites corals from Clipperton Atoll [Linsley et al., 1999] and in no 

way affect the dating results. The splice yields relative dates for the 21 U/Th samples 

that are precise to ±1yrs. We convert these relative dates to calendar year by a least-

squares fit to the U/Th ages (Figure 4.6), allowing the (230Th/232Th)nr ratio to vary across 

the range calculated for the 20th century corals (0 to 2x10-5). The large majority of U/Th 

dates (15 out of 21) are consistent with the relative age constraints given by the splice 

dates – in other words, most of the (230Th/232Th)nr values for the 14th-15th century 

samples fall within the 0 to 2x10-5 range defined by the 20th century corals. However, 

leaving aside the two samples whose U/Th dates match the splice dates within four 

years, four samples with dating differences of 8 to 23 years remain (Figure 4.6).  
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Figure 4.6. A comparison of U/Th and “splice” dates for samples representing the five 
coral sequences shown in Figure 4.5. This figure illustrates the best fit approach that we 
use to arrive at “splice” dates for the composite δ18O record shown in Figure 4.5. One 
can evaluate the fit for alternative “splice” dates by sliding the data points in this figure 
en masse horizontally along the splice date axis. We estimate the error of our best fit 
splice dates at ±5yrs. Error bars follow the conventions used in Figure 4.3.  
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There are several possible explanations for these differences:  1) the individual 

coral sequence in question could be shifted younger or older with respect to the rest of 

the splice, 2) for those that appear older than the splice date, the use of a higher 

(230Th/232Th)nr could be warranted, and 3) for those that appear younger than the splice 

date, uranium addition may have occurred. With respect to the first possibility, the 

composite δ18O record seems robust. The success of the splice fit is visually apparent 

(we cannot shift any one coral record by 1-20 years to improve the match), and it is 

further supported by the fact that in the cases where U/Th and splice dates do not agree, 

other U/Th measurements from the same coral head do agree with the splice dates. For 

the three samples whose U/Th dates are too old, invoking a slightly higher 

(230Th/232Th)nr value seems justified, given that the spread of (230Th/232Th)nr values for 

the eight 20th century samples may not capture the full range of (230Th/232Th)nr values in 

Palmyra corals. Lastly, although we cannot rule out U addition in the case of the two 

samples whose U/Th dates are significantly too young, there is no obvious petrographic 

evidence for secondary aragonite precipitation in this fossil coral. 

Unlike the 20th century corals, the 14th-15th century fossil corals suggest that 

sample 232Th concentrations and (230Th/232Th)nr values are uncorrelated. The fact that an 

8-sample subset of the 21 14th-15th century samples can be constructed for which [232Th] 

and (230Th/232Th)nr are highly correlated (R = -0.77) implies that the results from the 

eight 20th century samples under represent the true variability in the 230Th/232Th system 

at our site. Indeed, it is difficult to explain the 14th-15th century 230Thnr correction results 

with simple mixing between wind-blown dust and ambient seawater thorium. Evidently, 
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230Thnr must be introduced into the coral skeleton through more complicated pathways 

and/or 230Th/232Th of the dust and seawater end-members must vary through space and 

time. 

 

4.5.3. 17th Century Corals 

We apply the same strategy to three overlapping fossil coral sequences for the 

17th century to arrive at a precise, accurate chronology for the spliced sequence. Guided 

by U/Th dates from relatively clean samples (four of seven samples contain less than 

200 pg/g 232Th), we construct the spliced coral sequence shown in Figure 4.7. In this 

case, the best fit to the 7 U/Th dates satisfies the relative dating constraints, such that 

U/Th dates and splice dates match to within 3 years (Figure 4.8). Unlike the 14th –15th 

century splice, however, Figure 8 reveals that if we exclude sample SB13-2 from the 

regression analysis, then the splice dates become 5 years older, and match the U/Th 

dates to within analytical error. As there are no objective criteria to justify excluding 

SB13-2 from the regression, we choose to keep to the original chronology and attach an 

error of ±5 years. With respect to (230Th/232Th)nr, the 17th century dating results yield 

values that range from 0 to 2e-5, in agreement with the 20th century and the 14th –15th 

centuries studies. The (230Th/232Th)nr values are not significantly correlated with 232Th 

concentrations. 
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Figure 4.7. The proposed overlap of three individual coral δ18O records from the 17th century. Correlation 
coefficients are shown on top for overlapping δ18O sequences. The legend contains the shifts in δ18O that were 
applied to each coral δ18O record to match the sequences as shown here.
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Figure 4.8. A comparison of U/Th and “splice” dates for samples representing the three 
coral sequences shown in Figure 4.7. This figure illustrates the best fit approach that we 
use to arrive at “splice” dates for the composite δ18O record shown in Figure 4.7. One 
can evaluate the fit for alternative “splice” dates by sliding the data points in this figure 
en masse horizontally along the splice date axis. We estimate the error of our best fit 
splice dates at ±5yrs. Error bars follow the conventions used in Figure 4.3.  
 

4.5.4. Absolute Dating Via Proxy-Proxy Correlations 

 An alternative method for assigning calendar years to the spliced sequence is to 

correlate climate patterns in absolutely-dated paleoclimate records (tree rings and ice 

cores) to the climate patterns in the fossil coral records. For this purpose we employ 

annually-resolved, terrestrial proxy records from areas that exhibit teleconnections to 

the central tropical Pacific. These records include the Quelccaya ice core from Peru 

[Thompson et al., 1985], assorted tree ring records from the southwestern United States 

[Graybill, 1987], and a multi-proxy reconstruction of eastern equatorial Pacific SST 

(NIÑO3) [Mann et al., 2000]. Such records typically reflect climate variability with 
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respect to a single season, so we computed seasonal averages of the Palmyra corals for 

use in the proxy-proxy comparisons. To be of any use in dating the fossil corals, the 

terrestrial proxy records must exhibit high correlations with the Palmyra modern coral 

during the 20th century, when dating errors are negligible. This test yields promising 

results: for example, R-values of –0.49,  –0.53, and –0.58 for regressions of the Palmyra 

modern coral’s “spring” δ18O index with the Quelccaya Summit ice core δ18O, the 

Flower Lake tree ring width record, and the NIÑO3 reconstruction respectively. Such 

correlations are significant above the 99.99% confidence level, as determined by 

bootstrap correlation analysis [Efron, 1982]. 

 The best fit to the U/Th data for the 17th century corals suggests that the spliced 

δ18O sequence spans from 1635-1703 A.D. Therefore, we compute correlation 

coefficients between the 68-yr floating “spring” coral δ18O record and 68-yr segments 

of the proxy records from the time period 1580-1760 A.D. In choosing such a wide 

interval over which to perform the regression analysis, our goal is to gauge the 

statistical significance of any given R value—we do not mean to suggest that the coral’s 

chronology is off by more than ±20 years. The Quelccaya-coral sliding correlation 

analysis yields a maximum R value of –0.31 when the coral δ18O spans from 1639 to 

1707 A.D., 4 yours younger than the U/Th chronology. For the Flower Lake-coral 

analysis, the maximum R is –0.37 for the time interval 1602-1670 A.D. The 

reconstructed NIÑO3-coral analysis yields results that are nearly identical to the 

Quelccaya-coral case, (Rmax = -0.33, time = 1639-1707), this is expected, given that the 

NIÑO3 reconstruction is mainly comprised of the Quelccaya δ18O throughout the 17th 

century. For the 14th –15th century coral splice, we search for high correlations between 
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the coral δ18O and 147-yr sections from the 1250-1500A.D. interval of the Quelccaya 

and Flower Lake proxy records (the NIÑO3 reconstruction does not cover this interval). 

For the Quelccaya case, a maximum R-value of –0.34 is obtained when the coral’s 

winter index is correlated to the ice core δ18O from 1307-1454A.D. The Flower Lake 

analysis yields a maximum correlation coefficient of –0.27 for the coral’s winter index 

and the 1302-1449A.D. interval of the tree ring record. The correlation coefficients in 

all cases are far lower than those observed for the 20th century comparison and do not 

exceed the 95% confidence level – correlation coefficients of ∼ –0.30 can be found that 

suggest alternative start dates for the splices. Consequently, we conclude that we cannot 

use these particular paleoclimate records in a proxy-proxy cross-correlation approach to 

improve upon the ±5yr dating error associated with our best fit method. 

 An alternate strategy for proxy-proxy cross-dating is to match exceptionally 

large climate anomalies in the terrestrial records to large anomalies in the coral records. 

For this purpose we employ a 600-yr record of Northern Hemisphere (N.H.) summer 

temperature compiled from a N.H. tree ring network by Briffa et al. [1998]. The largest 

anomalies in these record roughly correspond to large volcanic eruptions that alter 

ahead the planet’s radiative balance, causing global-scale cooling hat persisted 1-2 

years. Unfortunately, one of the ten most severe cooling episodes in the 600-yr record, 

that of 1912, which occurred in conjunction with the 1912 eruption of Katmai in 

Alaska, leaves no trace in the modern coral’s δ18O record. Likewise, other inferred top-

ten N.H. cooling events, most notably those of 1453, 1641, and 1675, do not match any 

extreme anomalies in the fossil coral δ18O records, even allowing for the ±5 year dating 

error. In fact, the only match between the two series occurs during 1695, which is the 
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coldest year of the 17th century coral δ18O and the 6th coldest year of the N.H. 

temperature reconstruction. In general, however, the lack of correspondence between 

the coral δ18O and N.H. summer temperature reconstructions suggests that while tree 

ring width may be very sensitive to transient perturbations in the atmosphere, the coral 

δ18O is not. 

 

4.5.5. U Concentrations and Isotope Ratios 

 Gain or loss of uranium through diagenetic processes (either U leaching in the 

presence of freshwater or U addition via secondary aragonite formation) could, in 

principle, explain the few small (< 20 year) dating discrepancies noted above. 

Unfortunately, it is impossible to detect such small-scale differences in uranium 

concentrations for the Palmyra corals with the sampling strategy employed herein, as 

U/Ca ratios could vary by 10-20% in response to the 1-2°C temperature changes that 

occur on interannual time scales at this site [Min et al., 1995; Shen and Dunbar, 1995]. 

Even so, there is no visible evidence for wholesale leaching or precipitation of 

secondary aragonite in the Palmyra modern or fossil corals, as determined by analysis 

of thin sections. Therefore, significant uranium addition by continuous precipitation of 

secondary aragonite in submerged corals may only be favored in regions where 

carbonate-saturated groundwaters play an important role in coral pore fluid chemistry 

(as documented in the Gulf of Eilat [Lazar et al., 2002], for example).  

 High δ234U(i) values are often used as an indicator of diagenetic alteration for 

fossil corals that are significantly older than those studied here [Hamelin et al., 1991; 
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Henderson et al., 1993; Gallup et al., 1994]. However, every δ234U(i) value presented 

here lies within error of 145.8 ± 1.7‰ (2σ), which represents the best estimate for the 

uranium isotopic composition of modern seawater [Cheng et al., 2000b]. Indeed, we 

calculate a mean of 145.7 ± 1.6‰ (2σ) for all of our δ234U(i) measurements, in striking 

agreement with previous results [Cheng et al., 2000b]. Thus, there is no evidence from 

either uranium concentrations or uranium isotopic compositions for diagenetic changes 

to the coral skeletons’ uranium chemistries subsequent to skeleton formation. 

 

4.6. Discussion 

4.6.1. 232Th Concentrations in Palmyra Corals 

 Our results suggest that open ocean surface corals, both living and fossil, may 

contain 232Th concentrations up to 1000pg/g, although many of the samples measured 

here fall within the few tens of pg/g range established by previous workers [Edwards et 

al., 1987; Edwards et al., 1988; Taylor et al., 1990]. Even so, the 232Th concentrations 

measured in the Palmyra corals tend to be smaller than those observed for the Sumatra 

modern and fossil corals studied in Zachariasen et al. [1999], which generally contain 

hundreds of pg/g 232Th (although in several cases thousands of pg/g). Given Palmyra’s 

geographic location, these results suggest that open ocean corals may be relatively 

protected from, but not immune from, continent-derived sources of 232Th. That the 232Th 

is introduced into the coral skeleton in discrete particles with high 232Th concentrations 

(such as wind-blown dust) seems supported by the difference in 232Th concentrations 

between sub-samples from the same 2g piece of coral. Indeed, dust particles, with 



 83

average 232Th concentrations in the 10ppm range [Taylor et al., 1983], represent a 

plausible source for the 232Th  found here.  

 

4.6.2. (230Th/232Th)nr Values for the Palmyra Corals 

 The (230Th/232Th)nr ratios calculated for the Palmyra corals range from 0 (< 

4x10-6) to 2x10-5, exhibiting a range similar to that of the corals’ 232Th concentrations. 

Our results are in rough agreement with the results from the only other study of 

(230Th/232Th)nr ratios in surface corals, which documented a range of 0-1.3x10-5 

[Zachariasen et al., 1999]. If the (230Th/232Th)nr values of these two studies can be 

generalized, then corrections for 230Thnr are insignificant for corals with <100 pg/g 

232Th. For corals with elevated 232Th concentrations of hundreds of pg/g, 230Thnr may be 

significant and careful work of the sort undertaken here may be necessary to achieve 

dating errors of about ±5 years. Diagonal lines in Figure 4.9 illustrate the magnitude of 

the correction for 230Thnr (in years) for a ~100yr-old coral as a function of [232Th] and 

(230Th/232Th)nr ratio (using Equations 1-3 and assuming a 238U concentration of 2500 

µg/g). We plot our 20th century results within this framework for reference. In the case 

of coral samples with less than 100pg/g 232Th (characteristic of many previously 

published analyses) corrections range from a few years to less than a year and are 

negligible. On the other hand, for a coral sample with a 1000pg/g 232Th concentration, 

the corrections range from 40 years on down, introducing a significant error for a 100-

yr old coral but a <1% error for a 5,000-yr old coral. 
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Figure 4.9. Difference between uncorrected U/Th age and true age (y-axis) as a 
function of 232Th concentration (x-axis). The diagonal lines indicate the magnitude of 
the correction for 230Thnr in years as a function of (230Th/232Th)nr ratio and 232Th 
concentration, calculated assuming a 238U concentration of 2500 µg/g. Our 20th century 
data (modern = blue circles, fossil = red circles) is plotted to illustrate the range of 
(230Th/232Th)nr ratios uncovered in this study. The typical range of young coral 232Th 
concentrations is indicated by the vertical shaded bar against the y-axis  Note that even 
for our highest documented (230Th/232Th)nr

 (2 x 10-5), the correction for 230Thnr for such 
low 232Th samples is no greater than 4 years. Even for the somewhat elevated 232Th 
concentrations documented above, the correction for 230Thnr can be made without 
introducing large errors, given knowledge of (230Th/232Thnr).  
 

 The range in (230Th/232Th)nr ratios observed at Palmyra is not surprising, given 

the variability in 230Th/232Th values for materials that potentially become integrated into 

the coral skeletons at Palmyra (see Table 4.1). In this context, any changes in wave 

activity, dust loading, and upwelling strength could affect the average (230Th/232Th)nr 

ratio in the coral. A better understanding of the mechanisms responsible for introducing 
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230Thnr into the Palmyra coral skeletons would require placing constraints on the 

temporal and spatial variability of Th sources to the corals, and the Th isotopic 

composition of those sources. 
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Figure 4.10. Age biases of U/Th dates (y-axis) as a function of 232Th concentration (x-
axis) and (230Th/232Th)nr ratios (diagonal lines). The ranges of 232Th concentrations for 
several paleoceanographic archives are plotted along the top.  
 

4.6.3. Implications for U/Th-Dating High-[232Th] Materials 

 Variable (230Th/232Th)nr values can introduce significant error to U/Th dates for a 

variety of geological samples with high 232Th concentrations, as we demonstrate 

schematically in Figure 4.10. The handful of studies that have addressed the variability 

of (230Th/232Th)nr values in geological samples find that (230Th/232Th)nr values can span 
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an order of magnitude in surface corals [Zachariasen 1998; this study] and in 

speleothems [Asmerom et al., 1997], and two orders of magnitude in deep-sea corals 

[Lomitschka and Mangini, 1999; Cheng et al., 2000a; Goldstein et al., 2001]. One 

means of circumventing the errors associated with the 230Thnr correction in samples with 

very high 232Th concentrations, such as deep-sea corals, sclerosponges, and some 

surface corals, is to remove as much 230Thnr as possible with chemical cleaning methods 

[Lomitschka and Mangini, 1999; Zachariasen et al., 1999; Cheng et al., 2000a; 

Goldstein et al., 2001]. While chemical cleaning represents an important step towards 

accurate ages for high-232Th samples, firm estimates of the samples’ (230Th/232Th)nr 

values are still necessary to obtain highly accurate U/Th ages such samples. Therefore, 

site-specific characterizations of (230Th/232Th)nr values can  significantly improve the 

accuracy of U/Th dates for samples which require a significant 230Thnr correction. While 

the approach outlined in this study is clearly well-suited to surface corals that are 

characterized by relatively unlimited sample material and firm relative dating, it may 

also be applied to other materials. 

 

4.7. Conclusions 

 We have shown that some young reef-building corals in open-ocean 

environments can have relatively high concentrations of 232Th, up to about 1000 pg/g. 

Even for corals with these unusually high 232Th concentrations and very young ages of 

hundreds of years or less, it is possible to make accurate corrections for the presence of 

230Thnr. We have done so by employing a strategy that utilizes a) multiple U/Th dates 
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from individual corals and b) firm relative dating constraints derived from overlapping 

the corals’ δ18O records to reduce the error on floating fossil coral chronologies from 

±20 years to ±5 years. We also find that the fossil corals appear to have remained closed 

systems with respect to their U/Th chemistry for at least 500yrs of sub-aerial exposure. 

Our results show that highly precise, accurate U/Th dates can be obtained for young 

fossil corals – dates that could potentially provide the basis for an extended, absolutely-

dated record of tropical climate change prior to the 20th century. 
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Abstract  
 

The tropical Pacific’s El Niño-Southern Oscillation (ENSO) is the largest source 

of global climate variability on interannual timescales, yet the long-term variability of 

the tropical Pacific climate system is poorly resolved by both instrumental and proxy 

climate records. We present new fossil coral-based reconstructions of tropical Pacific 

climate over the last millennium from Palmyra Island (6°N, 162°W), a site whose 

modern-day climate is dominated by ENSO. Coral-to-coral reproducibility is high for 

overlapping segments of the Palmyra modern and fossil coral oxygen isotopic (δ18O) 

records, especially on interannual timescales. Similarly high interannual reproducibility 

between overlapping fossil coral δ18O records from the 14th-15th and 17th centuries 

confirms that the fossil coral δ18O records are reliable indicators of past ENSO activity.  

In all, the Palmyra fossil coral reconstruction consists of 30- to 150yr-long, 

monthly-resolved records of tropical Pacific climate change from the 10th, 12th, 14th-

15th, and 17th centuries. The fossil coral δ18O records document ENSO variability with 

frequencies that range from zero to seven El Niño events per thirty years and amplitudes 

that sometimes exceed those of the 1982 and 1997 El Niño events. Strong decadal 

variability dominates some sequences, but its amplitude and periodicity generally vary 

from century to century. The rate and magnitude of the late-20th trend towards warmer 

and wetter conditions, as resolved by the Palmyra modern coral δ18O record, is 

unprecedented with respect to the Palmyra fossil coral δ18O sequences. Relatively warm 

conditions in the tropical Pacific during the Northern Hemisphere’s Little Ice Age, and 
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cool conditions during the Medieval Warm Period underscore the complexity of the 

relationship between tropical, oceanic climate and extratropical, terrestrial climate.
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5.1. Introduction 
 

Long-range forecasts of tropical Pacific sea surface temperatures (SST) are 

critical to the effective management of resources worldwide because their year-to-year 

variability, referred to as the El Niño-Southern Oscillation (ENSO), shapes climate 

patterns around the globe. Ultimately, the accuracy of long-range predictions depends 

on distinguishing natural variability from the potential effects of 20th century warming 

in the record of tropical Pacific climate. This task is complicated by the presence of 

low-frequency tropical climate variability whose patterns, mechanisms, and relationship 

to the ENSO phenomenon are not yet well understood. For instance, some argue that the 

exceptional duration and magnitude of El Niño events during the 1990’s are evidence 

that rising global temperatures are pushing the ENSO system towards the El Niño phase 

[Trenberth and Hoar, 1996], while others stress the difficulty of distinguishing recent 

ENSO statistics from natural low-frequency climate variability [Wunsch, 1999; Fedorov 

and Philander, 2000]. In this sense, the fifty years of continuous instrumental climate 

records that are available from the tropical Pacific are too short to definitively 

characterize the present-day tropical Pacific climate system, let alone that of the pre-

anthropogenic era. 

Long, high-resolution tropical climate proxy records that resolve seasonal to 

centennial variability during a variety of pre-anthropogenic climate states are needed 

not only to bracket the range of natural tropical climate variability, but to provide a 

means of testing competing theories for tropical climate variability. Long-lived corals 

from the central tropical Pacific have been used to generate high-fidelity, monthly-

resolved records of tropical Pacific SST over the last 150 years [Cole et al., 1993a; 
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Evans et al., 1999; Urban et al., 2000; Cobb et al., 2001]. Unfortunately, most of these 

reconstructions are not long enough to fully characterize the pre-anthropogenic tropical 

climate state. Fossil coral records comment on tropical Pacific climate of the more 

distant past [Hughen et al., 1999; Gagan et al., 2000; Tudhope et al., 2001], but these 

sequences are at best a few decades long and nearly impossible to reproduce, thus 

yielding tantalizing, if somewhat ambiguous, results. Consequently, our knowledge of 

the long-term natural variability in tropical Pacific SST is limited to the last several 

centuries. 

Researchers have attempted to fill this critical gap with terrestrial proxy records 

that exhibit some sensitivity to tropical Pacific temperatures [Stahle et al., 1998; Mann 

et al., 2000; Evans et al., 2001]. The principle behind using tree rings and ice cores to 

reconstruct tropical Pacific SST is that atmospheric teleconnections transform tropical 

Pacific SST anomalies into temperature and/or precipitation anomalies in select regions 

of the globe. The main drawback of this approach is that subtle shifts in atmospheric 

circulation that may occur over decades to centuries likely alter the tropical Pacific 

SST-proxy relationship, casting doubt on the ability of terrestrial proxy records to 

accurately resolve long-term ENSO variability. Furthermore, such records typically lack 

both the resolution and length required to resolve seasonal and century-scale variability, 

respectively. Therefore, the interactions between ENSO, the seasonal cycle, and the 

background tropical climate state, considered critical players in current theories 

proposed to explain ENSO variability [Jin et al., 1994; Neelin et al., 1998; Clement et 

al., 1999; Fedorov and Philander, 2001], have not been fully addressed. 
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In this chapter I present several long, high-resolution fossil coral-based 

reconstructions of tropical Pacific SST during the last millennium. The fact that most 

terrestrial proxy records that span the last millennium document substantial decadal- 

and century-scale variability [Briffa et al., 1998; Jones et al., 1998; Mann et al., 1999; 

Crowley, 2000; Esper et al., 2002] makes it an interesting interval to target for tropical 

climate reconstructions. In particular, reconstructing interannual to centennial tropical 

climate variability through intervals referred to as the “Medieval Warm Period” (~900-

1200 A.D.) and the “Little Ice Age” (~1400 A.D.-1800 A.D.) would help to define the 

role of tropical Pacific variability in shaping low-frequency global climate change.  

In the first half of this chapter I present several long, high-resolution fossil coral-

based reconstructions of tropical Pacific climate during the last millennium. The fossil 

corals come from Palmyra Island (6°N, 162°W), a small island in the central tropical 

Pacific Ocean whose climate is dominated by ENSO variability. A modern coral 

oxygen isotopic (δ18O) record from Palmyra Island accurately reflects 20th century 

ENSO variability and contains decadal-scale variability that is coherent throughout the 

tropics (Cobb et al., 2001; Chapters 2 and 3). Here I investigate the patterns of tropical 

climate variability in the more distant past through fossil coral δ18O records that range 

from 50 to 1000 years old. In general, the fossil coral results are presented from 

youngest to oldest beginning with a 20th century fossil coral that overlaps the modern 

coral and concluding with a 10th century fossil coral. In an approach similar to that 

employed in tree ring research, I construct overlapping sequences of coral oxygen 

isotopic records based on high-precision U/Th dates. This approach has two very 

important benefits:  first, it is possible to assess coral-to-coral δ18O reproducibility with 
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overlapping fossil corals, and second, overlapping coral δ18O sequences can be spliced 

together to generate multi-century records of tropical Pacific climate. The end results 

are high-fidelity records from five different centuries of the last millennium that resolve 

seasonal to centennial-scale climate variability from the central tropical Pacific. 

In the second half of this chapter, I analyze and interpret the variability 

contained in the fossil coral δ18O records. The analyses are designed to quantify the 

natural range of interannual, decadal, and centennial tropical climate variability during 

the last millennium in terms of amplitude and, for interannual and decadal variability, 

frequency. Next, I compare the Palmyra coral δ18O records to select proxy records from 

around the globe in an attempt to resolve coherent patterns of interannual to century-

scale climate change over the last millennium. I end the chapter with a discussion 

concerning the implications of the Palmyra coral reconstruction for tropical climate 

research and for anthropogenic climate change. 

 

5.2. Samples and Methods 

 The samples that are used in this study were collected from living (underwater) 

and fossil (subaerially exposed) coral heads on Palmyra Island (6°N, 162°W). I drilled 

approximately 150 cores (3 from living or “modern” corals, and the rest from fossil 

coral heads) during two field expeditions to Palmyra in June, 1998 and May, 2000. I 

present an abbreviated methodology in this chapter, and refer the reader to Chapter 2 

(modern coral) and Chapter 4 (fossil corals) for thorough discussions of the samples and 

methodologies. In general, the research involves applying conventional techniques  



Figure 5.1. The dating distribution of the Palmyra coral collection, as determined by high-precision U/Th dating. This chapter 
presents high-resolution oxygen-isotopic climate proxy records for the segments shown in blue, many of which overlap in time.
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(high-precision U/Th-dating and stable isotope mass spectrometry) to eleven fossil coral 

cores from the Palmyra collection. I target the longest cores (~1m) for U/Th dating, and 

from these I select cores for high-resolution oxygen isotopic analysis based on their 

potential to provide long overlapping sequences and/or comment on a climatically 

interesting interval (i.e. the “Medieval Warm Period” or the “Little Ice Age”). The age 

distribution of the Palmyra corals that I have U/Th-dated is shown in Figure 5.1, and 

presents many opportunities to pursue multi-century overlapping sequences. The corals 

for which I have 2-5 U/Th-dates and sub-monthly oxygen isotopic time-series are 

shown in blue (including the modern coral), and provide the basis for all of the results 

presented in this chapter. 

 

5.3. Overlapping Fossil Coral δδδδ18O Records of the Last Millennium 

Coral-to-coral δ18O reproducibility varies markedly from site to site, as 

uncovered by comparisons between modern coral δ18O records from the same site [Cole 

and Fairbanks, 1990; Tudhope et al., 1995; Linsley et al., 1999]. In these studies, coral 

δ18O reproducibility problems are manifest as fairly large coral-to-coral offsets (up to 

0.40‰ or ~1.5°C) and poorly correlated interannual to decadal-scale δ18O variability. 

Factors that contribute to coral-to-coral δ18O discrepancies include variable water 

depths, coral growth rates [McConnaughey, 1989], and the location of the coral with 

respect to sources of saline and fresh waters (as seawater δ18O varies with salinity). 

However, there are good reasons to suspect that modern coral-fossil coral δ18O 

reproducibility may be even further diminished by additional complications. For 
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instance, the fossil coral heads at Palmyra are exposed to heavy rainfall (~400 cm/yr) 

that could conceivably cause some diagenetic alteration of the fossil corals’ original 

δ18O signals. The precipitation and/or leaching of aragonite could result in one or all of 

the following artifacts: a smoothing of the seasonal δ18O cycle, an artificial trend in the 

δ18O record, or, perhaps most likely, a whole-coral offset in δ18O. Unfortunately, fossil 

corals are typically too old to compare with modern coral δ18O records, so the extent to 

which these problems exist is unknown. 

 

5.3.1. Modern Coral-Fossil Coral Overlap in the 20th Century 

Fossil coral NB9 overlaps the Palmyra modern coral, as determined by U/Th 

dating (see Table 4.3), and as such it affords a rare and valuable opportunity to test the 

fidelity of a young fossil coral δ18O record by comparing it to a modern coral δ18O 

record. While the modern and fossil coral δ18O records are highly correlated (R= 

0.81)(Figure 5.2a), it is their reproducibility with respect to mean climate conditions, in 

addition to seasonal, interannual, and decadal δ18O reproducibility that is critical for 

determining the error bars associated with fossil coral paleoclimate reconstructions.   

In the case of the modern-NB9 comparison, the two corals’ mean δ18O values agree to 

within analytical error (-4.95‰ vs. -4.98‰). This result is promising in terms of 

reconstructing mean climate conditions from mean coral δ18O, and suggests that large 

coral-to-coral offsets in mean coral δ18O may not be a problem at Palmyra. However, 

the amplitudes of the average seasonal cycles for the two records differ – NB9’s 

seasonal amplitude is 40% less than that of the corresponding interval of the modern  
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Figure 5.2. A comparison of oxygen isotopic records from the fossil coral NB9 and the 
modern coral over the period for which they overlap. b) same as a) but for the 2-7 year 
filtered series (representing ENSO variability). c) same as b) but for the 9-year lowpass 
filtered series (representing decadal variability). d) A comparison of the mean annual 
δ18O cycle computed for the overlapping intervals of NB9 and the modern coral. 
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coral (Figure 5.2d). The timing and the amplitude of the two corals’ interannual 

anomalies match fairly well (R=0.91 for 2-7yr bandpassed series) (Figure 5.2b), 

especially for the larger events. Decadal δ18O reproducibility is difficult to assess, given 

the length of the records, but it is clear that the records contain qualitatively similar low-

frequency δ18O signals (Figure 5.2a and c). 

 We conclude from Figure 5.2 that this young fossil coral δ18O record shares 

many key features, most notably on interannual time scales, with the corresponding 

interval of the modern coral δ18O record, which in turn accurately reflects regional 

climate variability in the central tropical Pacific [Cobb et al., 2001]. 

 

5.3.2. Fossil Coral-Fossil Coral Overlaps in the 17th Century 

 The bulk of the Palmyra coral collection predates 1700 A.D. (Figure 5.1), which 

means that most of the fossil corals have been exposed to rainfall and/or seawater for 

over 300 years. Given the potential for complex diagenetic histories, the degree to 

which these corals’ δ18O records reflect climate variability must be evaluated. 

Obviously, instrumental climate records cannot be used to calibrate the coral δ18O 

during this interval, so instead we assume that shared δ18O in overlapping coral 

sequences variability represents the common climate signal, whereas δ18O variability 

that is not reproduced by contemporaneous fossil corals represents either diagenetic 

alterations and/or limits to coral-to-coral δ18O reproducibility.  
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Figure 5.3. Three overlapping coral δ18O sequences from the 17th century that have been spliced together based on 7 
high-precision U/Th dates. The triangles mark the horizons that were sampled for U/Th dating. The reader is referred 
to Chapter 4 for a detailed discussion of the corals’ absolute chronologies. We estimate that the absolute chronology 
is accurate to ± 5 years. The arrow marks the location (date = 1665.04) where we splice coral SB3 to coral SB8 in 
order to construct a single, continuous δ18O record for time series analysis.
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Three overlapping corals that grew during the mid-to-late 17th century (see 

Table 4.3 for U/Th dates) provide the first test of fossil-fossil coral δ18O reproducibility. 

The proposed overlap of these three corals’ δ18O records (Figure 5.3) is supported by 

seven U/Th dates (see Chapter 4 for details). 

We address fossil-fossil coral δ18O reproducibility in these three corals by 

undertaking an analysis similar to the modern-fossil δ18O analysis presented in the 

previous section (Figure 5.4). Like the modern-fossil coral δ18O comparison, the mean 

δ18O values for the overlapping segments of the corals agree to within analytical error, 

The seasonal cycle comparison yields mixed results – the seasonal amplitudes match 

well for one set of overlapping corals, but not for the other (Figure 5.4d and e). 

Interannual δ18O reproducibility is quite high in both sets coral overlaps, even through 

intervals when the raw records appear to be poorly correlated (ie. 1675-1685) (Figure 

5.4b). The simplest explanation for the fact that these 17th century fossil coral δ18O 

records contain remarkably similar patterns of interannual variability is that these corals 

are fairly accurate records of 17th century ENSO variability. In contrast to the 

interannual case, these three coral’s decadal-scale δ18O variabilities have little in 

common –the correlation coefficients are all statistically indistinguishable from zero 

(Figure 5.4c). For the very short SB3-SB13 overlap, the mismatch can be attributed to 

filter artifacts, as the raw data appear moderately well-correlated on decadal time scales. 

The discrepancies in the ~30yr SB13-SB8 decadal δ18O overlap, however, suggest that 

low-amplitude (± 0.1‰) decadal-scale climate signals from Palmyra fossil corals 

should be viewed with caution if not reproduced in overlapping corals.  



    106

1660 1670 1680 1690

δ18
O

 (‰
)

-5.6

-5.4

-5.2

-5.0

-4.8

-4.6

SB3
SB13
SB8

δ18
O

 (‰
)

-0.4

-0.2

0.0

0.2

0.4

1660 1670 1680 1690

δ18
O

 (‰
) -5.0

-4.8

-4.6

Month of Year
2 4 6 8 10 12

δ18
O

 (‰
)

-5.0

-4.9

-4.8

-4.7

R = 0.62

R = 0.90

Month of Year
2 4 6 8 10 12

-5.0

-4.9

-4.8

-4.7
R = 0.97

R = 0.66

R = 0.87 R = 0.84

R = 0.15R = -0.17

a)

b)

c)

d) e)

 

 

Figure 5.4. Same as Figure 5.2 but for the overlap of fossil corals SB3, SB13, and SB8. 
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The results of this fossil-fossil coral reproducibility study suggest that the 

Palmyra fossil coral δ18O records can be used to reconstruct the timing and amplitude of 

interannual climate variability, but that coral δ18O records of seasonal and decadal-scale 

climate variability are less reliable. 

 

5.3.3. Fossil Coral-Fossil Coral Overlaps in the 14th-15th Centuries 

Five well-dated corals that grew in the 14th-15th centuries overlap to form a 

multi-century δ18O composite (Figure 5.5) that is supported by 21 U/Th dates (see Table 

4.3). Significant coral-to-coral offsets in mean δ18O span a total range of 0.30‰ (or 

~1.4°C – note that unless otherwise stated, we use the δ18O/SST slope of –0.23‰ / 1°C 

derived for the Palmyra coral δ18O - Reynolds SST calibration (1981-1998), see 

Chapter 2) (Figure 5.5). The coral-to-coral offsets uncovered here are smaller than some 

previously published offsets for modern corals [Linsley et al., 1999] but nonetheless 

translate to substantial error bars for mean climate estimates based on a single coral 

δ18O record. Overlapping corals allow us to compile multiple coral δ18O estimates of a 

given mean climate state, and as such should yield a more accurate estimate of the true 

climate state. 

The first half of the 5-coral splice is dominated by strong decadal-scale 

variability that is reflected in two overlapping coral δ18O records, CH9 and SB7 (Figure 

5.6). While the timing of interannual and decadal anomalies agree perfectly (Figures 

5.6b and c), the amplitudes do not – SB7’s anomalies are ~40% larger than CH9’s.  
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Figure 5.5. Five overlapping fossil coral δ18O sequences from the 14th-15th centuries that have been spliced together based on 
23 high-precision U/Th dates. The triangles mark the horizons that were sampled for U/Th dating. The reader is referred to 
Chapter 4 for a detailed discussion of the corals’ chronologies. We estimate that the absolute chronology is accurate to ± 5 
years. The arrow marks the location (date = 1402.96) where we splice coral CH9 to coral CH5 in order to construct a single, 
continuous δ18O record for time-series analysis.
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Figure 5.6. Same as Figure 5.4 but for the overlap of fossil corals CH9 and SB7. 
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Figure 5.7. Same as Figure 5.6 but for the overlap of fossil corals CH5, SB5, and SB6. 
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The second half of the 5-coral splice is dominated by interannual variability, as 

revealed by three overlapping coral δ18O records, CH5, SB5, and SB6 (Figure 5.7). In 

this case, seasonal and decadal-scale δ18O reproducibility is relatively low, but the three 

corals’ patterns of interannual δ18O variability are nearly identical in terms of timing 

and amplitude.  

 

5.4. A Summary of Coral-to-Coral δδδδ18O Reproducibility at Palmyra 

 In the last three sections, I introduced seven different examples of overlapping 

coral δ18O records and provided some qualitative analysis of their δ18O reproducibility. 

By pooling the reproducibility statistics from the seven coral δ18O overlaps together, it 

is possible to 1) identify the climate signals that are most reliably recorded by the 

Palmyra fossil corals δ18O records and 2) quantify the error bars associated with 

reconstructing a given climate signal from Palmyra coral δ18O. The δ18O reproducibility 

statistics are reported in Table 5.1. For each overlap, I report correlation coefficients 

and values that represent differences in amplitudes for seasonal, raw, interannual, and 

decadal-scale δ18O reproducibility. 

The average of the reproducibility statistics demonstrate that coral-to-coral δ18O 

reproducibility is highest for ENSO-scale variability and lowest for decadal-scale 

variability. The results carry several important implications for reconstructing tropical 

climate with the Palmyra fossil corals. First, the coral δ18O records are relatively 

interchangeable with respect to interannual variability – that is, two or more 

overlapping fossil coral δ18O sequences can be spliced together to generate long records  
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Table 5.1. Results of statistical analyses of overlapping coral δ18O sequences.

0.100--0.570.0440.790.1100.680.0590.9529Average

00.020.770.030.91**0.090.81*0.1290.9721MOD-NB9

0--00.040.84**0.130.620.0750.9730SB13-L8

0--00.060.87* 0.120.660.0350.9015SB3-SB13

0.300.030.800.050.67*0.100.620.0640.9531SB5-SB6

0.150.030.86*0.040.74*0.080.69*0.0680.9731CH5-SB6

0.150.050.86*0.050.69**0.110.71*0.0180.9843CH5-SB5

00.100.720.040.78**0.140.68*0.0220.9431CH9-SB7

Average 
difference 

(‰)

RAverage 
difference 

(‰)

RAverage 
difference 

(‰)

R bAmplitude 
difference

(‰) a

R

Mean
δ18O 

Offset 
(‰) e

Lowpass dENSO cRawSeasonal
# of 

overlapping
years

Overlap 
name

a  “Amplitude difference” is calculated by differencing the seasonal amplitudes of the overlapping δ18O records.
b  Correlation coefficients that are significant above the 95% and 99% levels are indicated by one and two stars, respectively. 
Significance was assessed by assuming that independent realizations are separated by 4 years (approximate period of ENSO), 
and the degrees of freedom were reduced accordingly.
c  ENSO variability was isolated with a 2-7yr bandpass filter. Significance is indicated and assessed as in b. The “average 
difference” is calculated by differencing the 2-7yr filtered versions of the overlapping δ18O records, and then averaging the 
rectified differences.
d  Same as c) but for 9-yr lowpass filtered versions of the overlapping δ18O sequences. Correlation coefficients below 0.2 are 
statistically indistinguishable from 0 and are reported as 0 in the table (in such cases, the % standard deviations are 
meaningless, and as such are not reported).
e The offset is reported as zero if it is less than 0.05‰, which represents our long-term analytical precision.
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without substantially affecting the statistics of ENSO. Second, where coral δ18O records 

do not overlap, a single Palmyra coral δ18O record can be used to reconstruct ENSO to 

an accuracy of ~ 0.06‰, or <0.3°C (typical El Niño anomalies are ~0.2‰, or ~0.9°C). 

On the other hand, poor decadal-scale δ18O reproducibility means that the signal in 

question must be large (> 0.1‰ as in the 14th-15th century sequence) or reproduced in 

multiple coral δ18O records before it can be interpreted as climate variability. 

Furthermore, a single coral’s mean seasonal amplitude is only accurate to ~0.10‰, or 

~0.4°C (typical seasonal amplitudes are ~0.2‰, or ~°1C). Of the seven overlaps, the 

largest coral-to-coral mean δ18O is ~0.30‰ (which converts to ~1.3°C), so our results 

suggest that a single coral mean δ18O can only be used to reconstruct >1.3°C changes in 

mean climate conditions.  

 The vast majority of coral-based tropical climate reconstructions are based on a 

single coral δ18O record, yet rigorous reproducibility studies have been undertaken only 

a handful of times and only for modern corals. The results presented here underscore 

the importance of assessing coral δ18O reproducibility across a wide range of timescales 

at sites where fossil corals are being used for paleoclimatic research.  

 

5.5. Single Coral δδδδ18O Records from the 10th and 12th Centuries 

 In addition to the overlapping coral sequences discussed above, I present two 

high-resolution fossil coral δ18O sequences that date to the 10th and 12th centuries. I 

determine quasi-absolute dates (± 10 years) for these corals via a best fit to multiple 

U/Th-dates (see Table 4.3). 
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The oxygen isotopic time-series for the 10th and 12th century fossil corals are 

plotted in Figure 5.8a and b, respectively. Like the other coral δ18O records, these fossil 

coral δ18O records display prominent seasonal, interannual, and decadal-scale 

variability. However, the abrupt shifts in δ18O variability that occur at ~945 A.D. in the 

10th century coral and at ~1175 A.D. in the 12th century coral are unique to these 

sequences.  
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Figure 5.8. a) The δ18O record for fossil coral SB17, which grew during the late 12th 
century. The absolute chronology is determined by four high-precision U/Th dates 
sampled at the three horizons marked by triangles (see Table 4.3 for U/Th results). We 
estimate its error at ± 10 years. b) Same as a) but for fossil coral NB12, which grew 
during the mid 10th century. We estimate NB12’s absolute dates are accurate to ± 10 
years. 
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If the δ18O shifts represent tropical climate variability, they carry broad 

implications for our understanding of the role that noise and chaos play in tropical 

climate variability. Therefore, it is important to evaluate whether these δ18O shifts could 

represent something other than climate shifts. First, I exclude the possibility of down-

core discontinuities by performing multiple U/Th dates at the bottom, middle, and top 

of the cores that agree with stratigraphic constraints within error (~5yrs). Down-core 

differences in diagenetic alteration could also account for the sudden change in δ18O 

variability, but the absence of contemporaneous shifts in δ13C makes this explanation 

unlikely (see Appendix 1 for plots of δ13C data). Finally, X-radiographs and thin 

sections yield no evidence of visible alteration that might be expected from wholesale 

leaching and/or precipitation of aragonite, supporting the claim that no significant 

diagenetic alteration has taken place in SB17 or NB12. After carefully considering the 

alternatives, I believe that changes in the pattern of climate variability are the most 

likely explanations for the shifts in δ18O variability.  

 

5.6. The Palmyra Coral δδδδ18O Reconstructions of Tropical Pacific 

Climate 

 The next section of the chapter will focus on summarizing the patterns of 

climate variability revealed in the Palmyra coral δ18O records. Prior to executing any 

time-series analysis, I generate single, continuous δ18O records from the overlapping 

coral sequences by connecting the two longest records from the composites at an 

arbitrary point (see Figures 5.3 and 5.5 for the locations of the splice). One alternative is  
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Figure 5.9. The Palmyra coral δ18O records (thin black line), shown with a 10-yr running mean filter (thick yellow 
line). The horizontal line through the middle of the plot represents the mean of the 1886-1975 A.D. modern coral 
δ18O data. Note that there is an axis break from 980-1120 A.D.
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to “stack”, or average, the overlapping records, but this method presents two 

drawbacks—first, the number of overlapping corals varies with time, such that a 

uniform record is unattainable and second, such averaging would alter the noise 

properties of the resulting sequence, complicating comparisons of the corals’ 

variabilities. 

The 14th-15th and the 17th century spliced sequences are shown in Figure 5.9, 

along with the single coral δ18O records from the 10th, 12th, and 20th centuries. 

Collectively, the coral δ18O records cover 34 years from the 10th century, 72 years from 

the 12th century, 148 years from the 14th-15th centuries, 68 years from the 17th century, 

and 112 years from the 19th -20th century. By applying various time-series analysis 

techniques to these long, high-resolution, high-fidelity “windows” on tropical climate 

variability, we will attempt to 1) determine the natural range of interannual to centennial 

tropical climate variability over the last millennium, and 2) assess the nature of the 

relationships between ENSO variability, decadal variability, and mean climate 

conditions. 

 

5.6.1. ENSO Variability 

ENSO variability is present in every sequence of the Palmyra coral 

reconstruction. Spectral analysis of the coral δ18O records reveal that ENSO, whose 

spectral signature appears as variance loosely concentrated in the 2-7yr band, can 

exhibit a broad range of frequencies from biennial (pronounced in the 17th and 20th 
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centuries) to near-decadal (dominant in the 14th century) (Figure 5.10). However, 

significant power at ~5-yr periodicities is common to all spectra.  
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Figure 5.10. Multi-taper spectral analysis of the a) modern coral, b) 17th century splice, 
c) the 14th-15th century splice, and d) SB17. All spectra are shown with a 95% 
confidence level as determined by a fit of the data to an AR1 red-noise process (thick 
line) [Mann and Lees, 1996]. 
 

The full range of ENSO characteristics is best represented by records which 

isolate interannual variability (Figure 5.11a). In the 2-7yr filtered records, quiescent 

ENSO periods, such as the interval from 1340-1380 A.D., and active ENSO periods,  



119

Figure 5.11. a) 2-7 year bandpass filtered versions of the Palmyra coral δ18O records. b) the number of El Niño (red) and La 
Niña (blue) events in a 30-year sliding window. El Niño (La Niña) events are defined by annual mean δ18O anomalies 
(computed from the 2-7 year bandpass filter series) that exceed - 0.11‰ (+0.11‰). c) 8-yr lowpass filtered versions of the 
Palmyra coral δ18O records.
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such as the interval from the 1630-1670 A.D., are readily apparent. An alternative 

means of quantifying ENSO activity to calculate the number of El Niño events that 

occur during a given time interval (Figure 5.11b). From this perspective, the period 

from 1340-1380 A.D. registers much weaker ENSO activity, in terms of amplitude and 

frequency, than the 1920-1960 A.D. interval, long noted as a time of relatively low-

energy ENSO [Rasmusson and Carpenter, 1982; Cole et al., 1993b; Torrence and 

Webster, 1999]. During this period, interannual δ18O anomalies do not exceed ±0.1‰ 

(or ±0.4°C). According to the widely accepted definition of an El Niño event 

[Trenberth, 1997], central tropical Pacific SST anomalies must exceed 0.4°C for at least 

six months to be labeled an El Niño event, so therefore it can be said that ENSO was, 

for all practical purposes, “turned off” from 1340-1380A.D. By contrast, the 1630-1670 

A.D. interval of the reconstruction shows stronger ENSO activity, both in terms of 

frequency and amplitude, than any other interval, including the late 20th century.  

Changes in the background tropical climate state, whether by decadal- or 

century-scale variability, seem to have little effect on ENSO amplitudes or frequencies 

(Figure 5.11c). There is no correlation between “quiescent” or “active” periods of 

ENSO and either mean climate conditions or decadal climate fluctuations. In fact, the 

background climate states and patterns of low-frequency variability are nearly identical 

for the “quiescent” 1340-1380A.D. period and the “active” 1640-1670A.D. period. 

 

5.6.2. Decadal-scale Variability 

 The Palmyra coral δ18O reconstructions contain substantial decadal-scale 

variability, which I characterize in terms of amplitude and, when possible, frequency. 
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Both the raw (Figure 5.9) and lowpass-filtered (Figure 5.11c) versions of the data reveal 

that the characteristics of decadal-scale variability vary markedly from sequence to 

sequence, and even within the same sequence (Figure 5.11c). For example, the first two 

thirds of the 150yr-long 14th-15th centuries record is characterized by prominent decadal 

anomalies of ~ 0.25‰ (~1°C), while the last third of that sequence contains relatively 

little decadal-scale variability. Spectral analyses of the δ18O sequences reveal that the 

decadal-scale variability is not confined to a single frequency band (Figure 5.10). 

Rather, it contributes power anywhere from the 8yr band to the 30+yr band and its 

periodicity seems to vary from sequence to sequence. Indeed, the spectra corresponding 

to the two longest sequences are not coherent on decadal timescales – the 20th century 

spectrum contains a peak at 10-16 years, while the 14th-15th century spectrum resolves 

peaks from 8-10 years and from 16-24 years.  

 

5.6.3. Century-scale Variability 

 In the Palmyra reconstructions, century-scale variability takes the form of 

century-long δ18O trends (as in the 14th-15th and 17th century sequences) and whole-

coral mean δ18O offsets (as in the 10th and 12th centuries) (Figure 5.9). The 14th-15th, 

17th, and 20th century reconstructions are all characterized by multiple overlapping coral 

δ18O records, and therefore provide more accurate estimates of mean climate conditions 

than single coral δ18O records. The overlapping sequences reveal that century-scale 

anomalies did not exceed ±0.1‰ (or ±0.4°C) in the intervals resolved by these corals, 
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with the exception of the post-1970 trend towards lighter (more negative) δ18O (Table 

5.2). 

Table 5.2.  Temporal coverage and mean δ18O values for the Palmyra coral δ18O 
sequences.  

Coral Name Dates A.D. Mean δδδδ18O (‰) 
NB12 936-962 -4.58 
SB17 1149-1222 -4.73 
14th-15th centuries splice 1317-1465 -4.83 
17th century splice 1635-1703 -4.87 
MODERN (pre-trend) 1886-1970 -4.86 
MODERN (with trend) 1886-1998 -4.91 

 

  Taken at face value, the 10th and 12th century sequences have relatively heavy 

(more positive) δ18O values that suggest cooler, drier conditions in the tropical Pacific 

during the early part of the last millennium (Table 5.2). Even after taking into account 

the ±0.12‰ error associated with mean δ18O estimates from single corals, the 10th 

century sequence is still ~0.15‰ heavier (or ~0.6°C cooler) than the post-1300A.D. 

sequences. However, it is important to note that the conversion from δ18O anomalies to 

SST anomalies is poorly constrained on centennial timescales. If we use the δ18O/SST 

relationship that applies to the post-1970 coral δ18O trend to convert the 10th century 

δ18O offset, then the cooling would be no more than ~0.3°C. 

 

5.7. Palmyra Coral – Proxy Comparisons  

 In this section, we compare the new Palmyra coral paleoclimate reconstructions 

to several existing paleoclimate records. The goals of this study are first, to reproduce 

the variability in the Palmyra corals, and second, to search for coherent patterns of 

interannual and decadal climate variability for the last millennium. Records that serve 
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these purposes must be at least 300 years old and either reflect climate variability in 

regions that are teleconnected to the ENSO region or represent multi-proxy composites 

of climate change over the last millennium as averaged over large portions of the globe. 

Records such as the Quelccaya ice core [Thompson et al., 1985], an ENSO-sensitive 

North American tree ring index developed by Evans et al. [2001] (hereafter Evanstree),  

a multi-proxy NIÑ03 reconstruction compiled by Mann et al. [2000] (hereafter 

MannNIÑO3), and the Flower Lake tree ring record [Graybill, 1987] fall into the 

former category, while the Mann et al. [1999] Northern Hemisphere temperature 

reconstruction (hereafter MannNH) represents the latter category. I generate annually-

averaged and seasonally-averaged versions of the monthly-resolved Palmyra coral data 

in order to match the resolution of the other proxy records. 

All of the proxy records are significantly correlated with the Palmyra modern 

coral during the 20th century (Figure 5.12). Some of the high correlations reflect strong 

interannual correspondence (e.g. Palmyra- Mann NIÑ03 and Palmyra-Evanstree) others 

decadal-scale correspondence (e.g. Palmyra- Quelccaya), and some reflect common 20th 

century trends (e.g. Palmyra-Flower Lake and Palmyra-Mann N.H.).  

Given the strong 20th century correlations, it is reasonable to pursue proxy-proxy 

correlations in the 12th, 14th-15th and 17th centuries. I search for significant, as opposed 

to spurious, correlations with a sliding regression method that is demonstrated in Figure 

5.13 for the Palmyra coral-Evanstree comparison. In the 20th century case, the Palmyra 

modern coral sequence is known to start in 1886 AD, but the sliding regression analysis 

confirms this startdate because the correlation rises significantly above the noise when 

the coral series starts at 1886 A.D (Figure 5.13a). Turning to the 17th century case, no 
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Figure 5.12. Several proxy records of 20th century climate variability. They are from 
top:  the Palmyra modern coral δ18O record, annually averaged (July-June) [Cobb et al., 
2001]; the Quelccaya ice core δ18O [Thompson et al., 1985]; the Mann et al. [2000] 
multi-proxy NIÑO3 reconstructions; the Flower Lake tree ring width record ([Graybill, 
1987]); the Mann et al. [1999] Northern Hemisphere temperature reconstruction. The 
correlation coefficients for regressions of the proxy records with the annually-averaged 
Palmyra modern coral δ18O record are shown in each plot. 
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Figure 5.13. Results of the sliding regression analysis of the 20th (a and b) and the 17th 
(c and d) century Palmyra coral records with the Evans et al. [2001] tree-ring based 
Pacific SST reconstruction. a) The time-series of correlation coefficients for the 
Palmyra modern coral-Evantree sliding regression. b) The Palmyra modern coral 
plotted with the startdate from a), and the corresponding interval of Evanstree series. c) 
The time-series of correlation coefficients for the Palmyra 17th century coral-Evanstree 
sliding regression. d) The Palmyra 17th century coral plotted with the startdate from c), 
and the corresponding interval of the Evanstree series.  
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negative correlation coefficient exceeds the level of spurious correlations (Figure 

5.13c), so no firm match can be found between the 17th century coral and the Evanstree 

record series. In fact, despite uniformly high 20th century Palmyra-proxy correlations, 

the sliding regression analysis fails to uncover any significant correlations between the 

Palmyra coral and any of the other proxy records for the 12th, 14th-15th, or 17th centuries.  

In an attempt to improve the proxy-proxy correlations prior to the 20th century, I 

perform the same sliding regression analysis with ENSO-filtered and decadal-filtered 

versions of the proxy data (not shown). Despite such pretreatments, the sliding 

regression analyses find no significant correlations between the Palmyra coral δ18O and 

the other proxy records prior to the 20th century.  

The annually-averaged Palmyra coral δ18O records (as dated by U/Th) are 

plotted alongside the 17th, 14th-15th, and 12th century intervals of the other proxy records 

in Figures 5.14, 5.15, and 5.16. Together, these figures illustrate several important 

points. First, some of the largest anomalies in the Palmyra coral δ18O loosely 

correspond to some of the largest anomalies in the other proxy records, a relationship 

that is difficult to quantify with simple cross-correlation analysis. Second, even among 

the non-Palmyra proxy records, the patterns of interannual to decadal-scale climate 

variability differ markedly.  
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Figure 5.14. Same as Figure 5.12 but for the 17th century. 
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Figure 5.15. Same as Figure 5.14 but for the 14th-15th century. 
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Figure 5.16. Same as Figure 5.15 but for the 12th century. 
 

 

5.8.  Discussion 

5.8.1. ENSO 

 Long proxy records of paleo-ENSO are required to test various theories 

proposed to explain the observed range of ENSO variability. Like 20th century 
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instrumental climate data, all of the Palmyra corals are characterized by enhanced 

variability at ~5yr periodicities, which implies that a similar underlying mechanism has 

operated throughout the last millennium. Most researchers agree that ENSO’s quasi-

periodicity is best explained by the so-called “delayed oscillator”, which generates 

periodic variability through a combination of coupled ocean-atmosphere interactions 

and slowly-propagating oceanic waves [Suarez and Schopf, 1988; Battisti and Hirst, 

1989]. However, there is substantial disagreement concerning what processes are 

responsible for ENSO’s irregularity. Competing theories invoke stochastic, or random, 

noise [Graham and White, 1988; Kleeman and Power, 1994], low-order chaos [Chang 

et al., 1994; Jin et al., 1994; Tziperman et al., 1994; Cane et al., 1995], and changes in 

the background climate state [Gu and Philander, 1997; Latif et al., 1997; Fedorov and 

Philander, 2001] to explain the observed  range of ENSO frequencies and amplitudes. 

Each of these options implies a different level of predictability for interannual to 

decadal tropical climate variability [Neelin et al., 1998], so it is important to 

differentiate between them, if possible.  

The longest continuous Palmyra coral δ18O sequence (150yrs) is too short to 

provide a definitive test of the three theories for ENSO variability outlined above, but 

evaluating which of the three scenarios best fits the available coral data is nonetheless a 

useful exercise. First, the lack of correlation between the corals’ ENSO characteristics 

and mean climate shifts, manifest as decadal- and century-scale δ18O anomalies, makes 

the ‘background climate state’ theory unlikely. Second, the fact that, in the 70yr-long 

12th century coral record, ENSO is virtually non-existent for thirty years before 

exhibiting moderately strong 5-yr variability for the remaining forty years is evidence of  
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Figure 5.17. a) The raw SB17 δ18O time-series. b) One of 2000 artificial SB17 time-
series whose spectra and variance are identical to the original SB17 time-series 
(following the method outlined in Wunsch [1999]). c) A probability distribution 
function of the maximum difference in 2-7yr variance between any two 30yr windows 
in the 2000 artificial SB17 time-series. The corresponding jump in 2-7yr variance 
exhibited by the original SB17 time-series is indicated, and is larger than 99% of the 2-
7yr variance jumps exhibited by the statistically stationary time-series. 
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possible non-stationarity (Figure 5.17a). In fact, preliminary analysis suggests that there 

is less than a 1% change that stochastic forcing is responsible for the change in ENSO 

variability observed in the 12th century coral (Figure 5.17b and c). Similar shifts in 

ENSO variability can be found in the 14th-15th century spliced sequence, so these abrupt 

transitions between relatively quiescent and active ENSO regimes may be a 

fundamental feature of the tropical climate system. If this is true, then the coral data are 

consistent with the theory that low-order chaos is at least partly responsible for 

observed ENSO variability. Indeed, the coral record’s non-stationary behavior is 

reminiscent of “regime shifts” that occur in the Cane-Zebiak ENSO model, whose 

variability has been established as chaotic [Cane et al., 1995]. 

 

5.8.2. Decadal-Scale Variability 

 Analysis of instrumental and proxy records reveal substantial decadal-scale 

climate variability in the tropical Pacific whose spatial footprint strongly resembles that 

of the ENSO phenomenon [Mantua et al., 1997; Zhang et al., 1997; Garreaud and 

Battisti, 1999; Cobb et al., 2001; Evans et al., 2001]. The observation that prominent 

decadal-scale variability in the Palmyra sequences appears to be unrelated to 2-7yr 

ENSO variability suggests that the mechanisms that are responsible for low-frequency 

tropical climate variability are independent of those that govern the expression of 

ENSO. Whereas ENSO is maintained by unstable ocean-atmosphere interactions that 

are confined to the equatorial Pacific, several researchers have suggested that tropical 

Pacific decadal-scale variability may rely on slow oceanic exchange with the 

extratropical oceans [Gu and Philander, 1997; Giese et al., 2002], which exhibit 
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substantial low-frequency variability [Latif and Barnett, 1994]. Alternatively, Cane et 

al. [1995] argue that the same processes that drive ENSO could give rise to low-

frequency tropical climate variability, independently of the extratropical oceans. Both 

scenarios predict a broad-band spectrum for tropical decadal-scale variability, which is 

consistent with the Palmyra results – averaging all the spectra together produces a red 

spectrum without any spectral peaks at periodicities greater than 10 years (not shown). 

However, there appears to be some degree of persistence with respect to the 

characteristics of decadal-scale variability, because significant peaks do emerge from 

spectral analyses of ~100yr windows (ie. ~12-13yr variability in the 20th century and 

~20yr variability in the 14th-15th centuries). Eventually, testing models that display 

tropical decadal-scale climate variability against the long Palmyra sequences will likely 

yield insights into the mechanisms responsible for tropical decadal climate variability. 

 

5.8.3. Century-Scale Variability 

 The pattern of century-scale climate variability over the last millennium remains 

highly controversial, mostly because available proxy records do not agree on the timing 

and amplitude of such low-frequency variability [Lamb, 1977; Crowley, 2000]. 

Recently, several long reconstructions based largely on Northern Hemisphere terrestrial 

proxy records have converged on the following picture of climate over the last 

millennium:  a relatively warm period, dubbed the Medieval Warm Period (hereafter 

MWP), persisted from ~ 800-1200 A.D. and was followed by a relatively cool period, 

referred to as the Little Ice Age (hereafter LIA), that lasted from ~1500A.D. to 1800 

A.D., immediately preceding the beginning of anthropogenic warming in the late 19th  
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century [Mann et al., 1999; Esper et al., 2002]. The Palmyra reconstruction provides a 

new proxy record of ocean temperatures from a region that is poorly represented in 

Northern Hemisphere reconstructions, filling a critical gap in our knowledge of low-

frequency climate variability. 

In general, the Palmyra corals suggest that tropical climate was out of phase 

with extratropical climate on century-scale timescales – the tropical Pacific was 

relatively warm during the “Little Ice Age” and cool during the “Medieval Warm 

Period” (Figure 5.18). An additional coral record from the West Pacific corroborates the 

Palmyra coral LIA results in finding that the tropical Pacific was characterized by 

relatively warm conditions during the LIA [Hendy et al., 2002]. If the coral 

reconstructions are accurate, then latitudinal temperature gradients decreased during the 

MWP and increased during the LIA. According to numerical modeling studies, a 

smaller (larger) latitudinal temperature gradient would cause a weakening 

(strengthening) of the Hadley circulation, which in turn drives decreased (increased) 

moisture transport out of the tropics and decreased (increased) trade winds strength 

[Rind, 1998].  

The complexity of the regional climate responses that are predicted for an 

increase in latitudinal temperature gradients may explain why proxy records yield 

seemingly conflicting information about LIA climate. Increased mid- to high-latitude 

precipitation associated with an increase in latitudinal temperature gradients may 

explain why glaciers in many parts of the world advanced during the LIA [Grove, 1988; 

Winkler, 2000], without invoking tropical Pacific cooling. Evidence for increased 

meridional atmospheric circulation during the LIA comes from a comparison of ice 
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cores from the Arctic and Antarctic regions [Kreutz et al., 1997], and is consistent with 

increased Hadley circulation. That atmospheric circulation changes during the LIA 

likely included a strengthening of the tropical Pacific trade winds is supported by 

relatively short east-to-west transit times for Spanish galleons crossing the Pacific 

during this time [Garcia et al., 2002]. It is worth nothing that strengthened trade winds 

have been linked to higher-frequency ENSO variability in an ENSO model [Fedorov 

and Philander, 2001], which may explain the presence of strong biennial variability in 

the 17th century Palmyra coral sequence. Of course, the scenario outlined above is 

highly speculative, even though it appears to be consistent with some of the proxy 

evidence for LIA climate conditions. However, an additional mechanism is still 

required to explain why parts of the Northern Hemisphere cooled so dramatically during 

the LIA. 

Solar variability has long been proposed as a mechanism for low-frequency 

climate variability (see Rind [2002] and references therein), and recent modeling studies 

suggest that it may account for LIA cooling over Northern Hemisphere continents 

[Shindell et al., 2001]. The latter study outlines a possible mechanism by which a 

sustained period of reduced solar irradiance referred to as the Maunder Minimum 

(1645-1715A.D.) [Lean, 2000] may have affected radiative forcing through 

stratospheric ozone changes, ultimately causing a shift in the state of the North Atlantic 

Oscillation, which in turn led to cooler temperatures across much of Europe and North 

America. If the climatic response to Maunder Minimum-like forcing was concentrated 

in the North Atlantic Ocean, then it may have included changes in the thermohaline 

circulation, such as those summarized by Broecker [2000]. A large-scale reorganization 
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of the Atlantic ocean-atmosphere system is consistent with proxy-based evidence of 

LIA cooling in the tropical and extratropical Atlantic [Keigwin, 1996; Winter et al., 

2000].  

According to this solar variability-climate change mechanism, it is quite 

conceivable that tropical Pacific SST’s remained relatively stable during the Maunder 

Minimum, as implied by the Palmyra corals. One might argue that the cooling trend 

captured by the 17th century Palmyra corals could represent a delayed, damped reaction 

of the tropical Pacific to climate change that originated in the extratropics. If this 

cooling trend were related to the Maunder Minimum, however, one would need to 

explain why identical forcing during the Spörer Minimum (1400-1510A.D.) did not 

generate any cooling trend in the 15th century Palmyra coral sequence. 

 Few proxy climate records are available for the MWP, so it is difficult to create 

a global context for the tropical Pacific cooling that is implied by the 10th century coral 

sequence. However, century-long cooling of the tropical Pacific would have caused 

century-long droughts in areas where precipitation is highly correlated to tropical 

Pacific temperatures, such as the southwestern United States and the west coast of 

South America [Ropelewski and Halpert, 1987].  In California, persistent dry conditions 

circa 1100A.D. permitted trees to grow in areas now covered by lakes [Stine, 1994], 

while in Peru, the collapse of the Mayan civilization around 1000A.D. has been 

attributed to prolonged drought [Hodell et al., 1995]. 
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5.9. Implications for Paleoceanographic Research 

The fact that the Palmyra reconstruction is not coherent with several Northern 

Hemisphere terrestrial proxy records merits discussion. There are several possible 

explanations for the breakdown in interannual to decadal proxy-proxy correlations prior 

to the 20th century. First, although we allow for dating errors of one type with the 

sliding regression analysis, we cannot account for dating errors of another type, having 

to do with missing and/or extra years in the proxy records. A second possibility is that 

the fidelity of the Palmyra corals and/or the other proxy records as climate recorders is 

diminished prior to the 20th century – a possibility that is very difficult to assess. 

However, if dating errors are negligible and the fidelity of all the proxy records remains 

sufficiently high prior to the 20th century, then the only remaining explanation involves 

changes in the strength and/or position of tropical Pacific-continental teleconnections. It 

seems plausible that the locations of sites that are sensitive to ENSO-related 

temperature and precipitation anomalies may have shifted over the course of the last 

millennium, given that ENSO teleconnections may have changed over the last centuries 

[Allan, 1993; Cole and Cook, 1998]. If ENSO teleconnections are not stationary, then 

proxy records from North America and Eurasia, while numerous, cannot be used to 

reconstruct tropical Pacific climate change in past centuries.  

Historical records of droughts floods, and other ENSO-related environmental 

disasters along the west coast of South America (such as that compiled by Quinn and 

Neal [1992]) could potentially be of use, but a recent reanalysis of these historical 

records finds that the quality of available evidence is not sufficient to accurately 

reconstruct El Niño events prior to ~1750A.D. [Ortlieb, 2000].  
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 Fossil corals, as direct indicators of tropical Pacific climate variability, represent 

invaluable tools for the study of climate change in this region, but it is important to keep 

in mind their limitations, many of which are illustrated in the present study. First, the 

quality of the information from a single fossil coral record depends on how good coral-

to-coral reproducibility is at the site of interest. Our study shows that this 

reproducibility may vary from seasonal to decadal timescales. In lieu of fossil coral-

fossil coral reproducibility studies, which are often not possible, modern coral-modern 

coral reproducibility studies could provide lower limits on the error bars associated with 

a fossil coral proxy record. Second, the proxy climate record from a decades-long fossil 

coral represents one realization of a highly variable climate system. To illustrate this 

point, we note that no single 50-yr segment of the Palmyra reconstruction can be taken 

as “representative” of tropical Pacific climate variability during the last millennium. 

Therefore, the practice of extracting upper bounds on past tropical climate variability 

from short fossil coral sequences [Hughen et al., 1999; Tudhope et al., 2001] is 

problematic. 

 

5.10. Implications for Anthropogenic Climate Change 

 The Palmyra coral δ18O reconstructions reinforce the most important 

conclusions drawn from terrestrial proxy reconstructions – that 1998 represents the 

warmest year and the 1990’s the warmest decade of the last millennium [Mann et al., 

1999; IPCC, 2001]. Indeed, up until 1975A.D., temperatures in the tropical Pacific 

hovered around a fairly stable baseline about which substantial decadal and interannual 

variability occurred. However, the broad range of interannual variability resolved by the 
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Palmyra corals implies that there is nothing intrinsically unique about recent ENSO 

amplitudes or frequencies.  

If the Palmyra coral’s portrayal of the tropical Pacific climate system is 

accurate, then there may be inherent limits to long-range tropical climate predictability. 

The Palmyra corals suggest that the tropical Pacific climate system has moved through 

a variety of “regimes” in the last ten centuries, sometimes transitioning from one 

“regime” to another in less than five years. Examples of such regimes include, but are 

likely not limited to, the following:  ENSO-dominated regimes analogous to the 

modern-day situation, decadal-dominated regimes wherein decadal-scale variability 

contributes more variance than ENSO, and seasonal-dominated regimes wherein ENSO 

and decadal variability are essentially “turned off”.  

 

5.11. Conclusion 

Fossil corals δ18O records were used to reconstruct tropical climate variability 

during five “windows” of the last millennium. High coral-to-coral reproducibility was 

established through multiple coral δ18O overlaps, and suggests that the Palmyra fossil 

coral δ18O records can be used to reconstruct interannual climate variability to an 

accuracy of ±0.3°C. Seasonal, decadal-scale, and mean climate reconstructions are 

subject to slightly larger errors of ±0.5°C. By splicing overlapping coral δ18O records 

together, we demonstrate a technique by which multi-century, monthly-resolved proxy 

records of tropical ocean climate can be generated.  
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The Palmyra reconstruction reveals that interannual to decadal-scale tropical 

climate variability of the last millennium was far more variable than that of the 20th 

century. There are thirty-year intervals during which ENSO is highly energetic (large 

amplitude events that occur every four years) and thirty-year intervals during which 

ENSO appears to “turn off” altogether. The same general description holds true for 

decadal variability, which operates over a continuum of periodicities ranging from 8yr 

to 30yr, sometimes with amplitudes equivalent to large El Niño events.  

Proxy-proxy comparisons hint that century-scale tropical Pacific climate 

variability was out of phase, or possibly even anti-phased, with century-scale Northern 

Hemisphere climate. Even so, mean tropical Pacific temperatures likely did not change 

by more than ±0.5°C over the last millennium. In this context, the steep trend towards 

warmer, wetter mean climate conditions in the tropical Pacific that began in 1976 

cannot easily be explained by natural variability. However, there is no evidence that this 

warming has affected the behavior of ENSO – in fact, ENSO statistics are uncorrelated 

with mean climate conditions in the last millennium.  

In summary, the Palmyra reconstruction resolves seasonal to centennial tropical 

Pacific climate variability over the last millennium with unprecedented detail and 

fidelity. As such, it has immediate applications in research efforts designed to develop 

and test various models of tropical climate variability. 
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Portions of this chapter are being prepared for submission as: 

Cobb, K.M., H. Cheng, R.L. Edwards, and C.D. Charles, ENSO and tropical Pacific 
climate over the last millennium, in preparation for Nature, 2002. 
 
I was the primary investigator and lead author of this paper and conducted all analyses 
presented therein. 
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Appendix 1. 
Plots of oxygen isotopic, carbon 
isotopic, and extension rate records 
for the Palmyra fossil corals 
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Figure A1.1. (top) Plot of overlapping monthly δ18O records for fossil coral NB9 and 
the modern coral. (middle) Same as (top) but for the δ13C records. (bottom) Plot of 
annual extension rates for overlapping sections of NB9 and the modern coral. 
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Figure A1.2. Same as Figure A1.1. but for the overlap of three fossil corals from the 
17th century. Triangles represent horizons which were sampled for U/Th dating.
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Figure A1.3. Same as Figure A1.2. but for the overlap of five fossil corals from the 
14th-15th centuries. 
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Figure A1.4. Plot of δ18O (top), δ13C (middle), and extension rate (bottom) for fossil 
coral SB17. 
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Figure A1.5. Same as Figure A1.4. but for fossil coral NB12. 
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Appendix 2. 
Seawater chemistry data  
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The data that follow are results from seawater sampling programs that were 

carried out during field expeditions in late fall of 1997, summer of 1998, and summer of 

2000. The data are presented in chronological order, and each table has a title that is self-

explanatory. 
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 Table A2.1. Samples from 24-hour lagoon station, Christmas Island (location:  1° 
56.494'N, 157° 28.340'W), 11/12/97-11/13/97. 

Time: Temp: Salinity:
Dissolved 

O2: pH: 
Total 

Carbon Alkalinity:
 (°C) (psu) (umol/kg)  (umol/kg) (umol/kg) 

12:00 30.08 32.251  8.081 1749.34 2031.76 
15:00 29.79 34.053 203.97 8.138 1886.034 2229.78 
18:00 30.16 33.763 211.6 8.138 1842.305 2180.58 
19:00 30.05 32.194 210.77 8.124 1760 2029 
20:00 30.31 32.637 207.28 8.103 1770.133 2064.82 
21:00 30.29 32.363 201.67 8.085 1763.068 2044.71 
22:00 30.23 32.316 195.17 8.073 1766.368 2043.99 
23:00 30.2 32.252 199.91 8.079 1757.662 2034.11 
0:00 30.17 32.416 191.47 8.068 1772.574 2045.59 
1:00 29.49 32.821 191.19 8.075 1802.337 2086.33 
2:00 29.34 34.041 191.3 8.1227 1901.029 2231.08 
3:00 29.33 34.064 191.66 8.124 1903.22 2232.37 
4:00 29.33 34.059 191.67 8.123 1902.28 2232.63 
5:00 29.21 34.056 190.15 8.12 1900.83 2227.63 
6:00 29.18 34.065 181.51 8.105 1894.798 2228.26 
7:00 29.4 33.457 176.78 8.079 1876.336 2173.07 
8:00 29.71 33.029 179.13 8.071 1838.883 2126.76 
10:00 29.99 32.092  8.079 1766.825 2044.21 

 
 
Table A2.2. Hourly samples for 24-hour sampling station, Palmyra Island, Lat:  
5.8890°N Lon: 162.1488°W, 7am 11/21/97 to 7am 11/22/97. 

Time: 
Depth 
(m) Temp Salinity:

Dissolved 
O2: pH: 

Total 
Carbon Alkalinity:

    (°C) (psu) (umol/kg)   (umol/kg) (umol/kg) 
7:00 5 28.94 34.06 197.46 8.12 1903.40 2232.88 
7:00 20 28.93 34.09 194.86 8.11 1907.33 2233.37 
8:00 5 29.00 34.08 197.27 8.12 1906.09 2231.98 
8:00 20 29.04 34.09 194.58 8.11 1906.60 2247.41 
12:00 5 28.88 34.06 199.13 8.12 1903.89 2230.80 
12:00 20 29.06 34.12 185.50 8.12 1908.73 2236.31 
14:00 5 29.10 34.08 197.69 8.12 1905.59 2232.73 
14:00 20 29.08 34.06 189.90 8.12 1903.96 2226.52 
15:00 5 29.10 34.05 197.75 8.12 1900.48 2226.88 
15:00 20 29.10 34.06 189.88 8.12 1900.72 2227.57 
16:00 5 29.15 34.05 197.73 8.12 1893.29 2225.06 
16:00 20 29.12 34.05 190.63 8.12 1900.55 2224.60 
17:00 5 29.10 34.05 197.26 8.12 1903.22 2226.47 
17:00 20 28.83 34.09 188.85 8.12 1900.55 2232.86 
18:00 5 29.10 34.03 197.09 8.13 1896.77 2227.54 
18:00 20 28.54 34.18 188.79 8.11 1914.02 2237.28 
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19:00 5 29.10 34.03 197.54 8.12 1895.14 2224.66 
19:00 20 28.09 34.27 188.54 8.10 1919.00 2241.03 
20:00 5 29.19 34.03 197.34 8.12 1895.79 2225.11 
20:00 20 27.64 34.36 188.34 8.09 1931.62 2244.06 
21:00 5  34.03 197.15 8.12 1900.37 2231.04 
21:00 20  34.44 188.84 8.09 1945.59 2258.44 
22:00 5 29.14 34.03 197.09 8.12 1901.18 2229.70 
22:00 20 27.16 34.45 188.58 8.08 1948.92 2260.57 
23:00 5 29.12 34.03 196.79 8.12 1901.77 2231.73 
23:00 20 27.11 34.47 187.70 8.08 1947.84 2259.15 
0:00 5  34.03 197.09 8.12 1899.77 2227.09 
0:00 20  34.25 185.61 8.10 1925.70 2242.53 
1:00 5 29.14 34.03 196.95 8.12 1899.72 2228.13 
1:00 20 27.64 34.40 188.08 8.09 1938.98 2252.25 
2:00 5  34.03 190.80 8.12 1897.64 2224.87 
2:00 20  34.51 184.44 8.07 1951.83 2259.61 
3:00 5 29.12 34.03 196.59 8.12 1901.63 2228.03 
3:00 20 26.81 34.58 187.66 8.07 1958.36 2268.05 
4:00 5  34.04 194.80 8.12 1900.17 2230.64 
4:00 20  34.56 187.33 8.07 1952.50 2265.07 
5:00 5 29.00 34.09 200.66 8.12 1906.32 2234.89 
5:00 20 26.79 34.60 186.22 8.07 1962.30 2267.41 
6:00 5  34.13 197.77 8.11 1910.58 2228.69 
6:00 20  34.63 184.17 8.06 1969.47 2273.56 
7:00 5 29.01 34.05 196.58 8.12 1895.79 2236.35 
7:00 20   34.65 186.77 8.07 1961.22 2265.75 

 
 
 
Table A2.3.  Hourly samples for 72-hr lagoon station, Christmas Island, June 6-10, 1998 
(location:  1° 56.494'N, 157° 28.340'W). 

Time Salt Oxygen  Tide Winds NO3 Alkalinity 
Total 

Carbon 

  psu (umol/kg) (m) (knot) (umol/L)
 

(umol/kg)  (umol/kg) 
17:00 34.6192 208.19 0.700 10 2.35 2244.88 1940.311 
18:00 34.6229 212.99 0.567   2.32 2236.87 1936.52 
19:00 34.5705 215.03 0.400   2.15 2220.86 1919.2 
20:00 33.9681 209.02 0.233 10 1.81 2101.35 1827.42 
21:00 33.616 200.86 0.100 5 1.38 2049.78 1791.18 
22:00 33.3984 190.96 0.033 8 1.26 2024.17 1778.22 
23:00 33.5226 187.15 0.100 10 1.25 2039.93 1798.63 
0:00 33.7533 186.02 0.200   1.66 2065.41 1844.8 
1:00 34.0326 183.75 0.333 6   2112.46 1888.13 
2:00 34.3547 183.88 0.467 8 2.11 2177.89 1931.8 
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3:00 34.5802 189.68 0.567 5 2.4 2249.86 1963.47 
4:00 34.6469 189.24 0.600 5 2.42 2262.5 1966.9 
5:00 34.649 184.59 0.567 9 2.68 2263.43 1971.67 
6:00 34.6011 176.27 0.433 11 2.6 2246.62 1971.8 
7:00 34.0853 164.33 0.300 11   2121.77 1888.8 
8:00 33.7838 158.90 0.133 9 1.91 2079.38 1858.24 
9:00 33.4359 165.17 0.033 17 1.41 2035.02 1819.9 

10:00 33.5612 170.70 0.033 17 1.39 2056.82 1831.39 
11:00 33.4568 181.16 0.100 22 1.63 2018.2 1803.99 
12:00 33.9161 181.06 0.267 10 1.9 2097.81 1858.49 
13:00 34.3565 187.98 0.433 8 2.33 2185.27 1917.93 
14:00 34.6303 184.79 0.600 13 2.64 2260.16 1958.35 
15:00 34.6027 197.05 0.733 13 2.6 2261.38 1959.51 
16:00 34.6309 198.92 0.833 14 2.62 2266.08 1960.79 
17:00 34.6278 204.14 0.800 15 2.57 2259.22 1949.93 
18:00 34.6086 206.45 0.700 15   2246.06 1940.81 
19:00 34.5757 203.99 0.533 19 2.44 2236.06 1934.17 
20:00 33.9218 200.71 0.333 17 1.66 2076.55 1822.07 
21:00 33.4986 194.26 0.167 11   2010.38 1775.68 
22:00 33.0661 187.99 0.033 16 1.21 1995.92 1754.32 
23:00 33.0751 184.06 0.033 21 1.08 1992.38 1758.42 
0:00 33.2595 176.31 0.100 16 1.44 2002.83 1780.4 
1:00 33.6591 180.68 0.233 16 1.72 2060.14 1822.83 
2:00 33.991 179.05 0.367 11 2.08 2123.64 1871.13 
3:00 34.5538 185.54 0.500 12 2.47 2246.48 1961.08 
4:00 34.6275 179.06 0.600 16 2.87 2263.88 1969.46 
5:00 34.6361 182.79 0.600 18 2.92 2264.83 1973.06 
6:00 34.6272 177.85 0.533 16 2.87 2257.45 1975.2 
7:00 34.3733 169.75 0.400 15 2.63 2200.26 1944.27 
8:00 33.5979 165.14 0.233 15 1.93 2049.66 1845.52 
9:00 33.1712 170.00 0.100 14 1.27 2005.73 1798.8 

10:00 33.1944 178.99 0.033 17 1.47 2008.47 1792.49 
11:00 32.9212 186.27 0.067 14 1.24 1990.57 1762.09 
12:00 33.4491 186.08 0.167 17 1.69 2032.16 1811.55 
13:00 34.0273 192.85 0.333 14 2.42 2124.61 1872.82 
14:00 34.6268 200.88 0.533 17 2.84 2260.84 1955.109 
15:00 34.6486 198.40 0.700 16 2.57 2265.54 1959.788 
16:00 34.6566 196.57 0.800 18 2.53 2268.12 1960.957 
17:00 34.6533 197.21 0.833 15 3.29 2266.61 1971.406 
18:00 34.6592 201.07 0.767 13 3.26 2261.05 1966.185 
19:00 34.6519 201.22 0.633 19 2.57 2255.48 1957.804 
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20:00 34.5976 204.55 0.467 20 2.58 2234.61 1939.793 
21:00 33.663 196.71 0.267 24 1.23 2054.87 1800.572 
22:00 33.217 198.20 0.100 22 1.35 1998.33 1753.971 
23:00 33.0503 192.50 0.000 18 1.2 1993.71 1742.37 
0:00 33.064 186.80 0.033 15 1.18 1997.76 1749.959 
1:00 33.2542 177.93 0.133 16 1.94 2016.27 1779.808 
2:00 33.8437 179.22 0.267 18 1.74 2092.84 1857.357 
3:00 34.5146 184.77 0.433 20 2.47 2235.19 1965.696 
4:00 34.6826 184.16 0.533 14 2.7 2263.7 1989.615 
5:00 34.6969 183.06 0.600 14 3.24 2266.73 1994.054 
6:00 34.6964 180.31 0.600 20 3.52 2266.15 1996.633 
7:00 34.6958 170.52 0.500 15 3.59 2262.85 1998.532 
8:00 34.332 174.41 0.333 20 2.28 2184.02 1947.521 
9:00 33.6176 176.01 0.200   1.77 2066.98 1835.6 

10:00 33.3233 187.12 0.067 18 1.3 2026.33 1808.909 
11:00 33.1487 197.25 0.033   1.15 2004.71 1782.328 
12:00 33.2186 213.64 0.100   1.36 1982.91 1756.197 
13:00 33.9011 203.18 0.233   1.84 2093.68 1854.226 
14:00 34.3864 205.04 0.433 16 2.99 2184.19 1900.155 
15:00 34.6684 197.55 0.600 14 3.2 2258.11 1976.314 
16:00 34.7025 195.85 0.767 14 3.25 2265.37 1981.943 

 
 
 
Table A2.4. Salinity and temperature data for ship’s transect from Tahiti to Palmyra 
Island, June 1998. 

Latitude Salinity Temp 
(degrees N) (psu) (°C) 

-17 35.6971 27.74 
-16 35.6789 27.9 
-15 35.605 28.6 
-14 35.6114 28.8 
-13 35.596 29.4 
-12 35.6495 29.38 
-11 35.4722 29.38 
-10 34.9649 29.3 
-9 35.1348 29.5 
-8 34.8952 29.58 
-7 34.7232 29.52 
-6 34.4914 29.48 
-5 34.1673 29.4 
-4 34.1946 29.5 
-3 34.7087 29.86 
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-2 35.0041 29.32 
-1 35.2132 27.76 
0 34.9968 26.62 
1 34.8529 27.04 
2 34.577 28.1 
3 34.4217 28.49 
4 34.1693 28.58 
5 34.1871 28.35 

 
 
 
Table A2.5. Salinity and nutrient data for sampling transects performed at Palmyra and 
Jarvis Islands during late June, 1998. 

  Location Salinity NO3 NO2 
Island   (psu) umol/L umol/L 

Palmyra lagoon 34.3454 0.45 0 
Palmyra | 34.3627 0 0 
Palmyra | 34.3443 0 0.01 
Palmyra | 34.3626 0.35 0.01 
Palmyra | 34.3683 0.75 0 
Palmyra V 34.4177 0.16 0 
Palmyra open ocean 34.4194 8.1 0.01 

Jarvis 
100m 

offshore 35.3242 7.09 0.01 
Jarvis | 35.2728 6.14 0.02 
Jarvis | 35.2293 0.1 0 
Jarvis | 35.2288 4.21 0.02 
Jarvis V 35.2336 3.78 0.01 
Jarvis open ocean 35.2306 3.74 0.02 

 
 
 
Table A2.6.  Samples taken from the center of the reef flat that extends of the western 
side of Palmyra Island (approximate location 5°53’N, 162°8.5’W). 

Date 
Sample 

# Nitrate Phosphate Silica Nitrite Salinity
    (umol/L) (umol/L) (umol/L) (umol/L) (psu) 

5/20/2000 1 2.05 0.1 2 0.04 34.964 
5/27/2000 2 2.76 0.57 2.3 0.04 34.752 
6/5/2000 3 3.38 0.66 2.5 0.04 34.85 
6/10/2000 4 4.07 0.71 2.5 0.04 34.824 
6/17/2000 5 2.81 0.56 2.7 0.04 34.682 
6/29/2000 6 3.39 0.72 2.4 0.04 34.927 
7/1/2000 7 2.16 0.57 2.4 0.04 34.907 
7/8/2000 8 2.84 0.6 2.3 0.05 34.898 
7/22/2000 9 1.89 0.53 2.4 0.05 34.952 
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7/31/2000 10 1.85 0.52 2.3 0.08 34.986 
8/5/2000 11 1.42 0.48 2.1 0.06 35.047 
8/12/2000 12 1.24 0.49 2 0.04 35.031 
8/19/2000 13 2.12 0.53 2.2 0.04 35.165 
8/26/2000 14 1.98 0.52 2.2 0.04 34.647 
9/2/2000 15 1.14 0.47 2 0.03 35.031 
9/9/2000 16 1.09 0.46 1.9 0.03 34.819 
9/23/2000 17 0.3 0.36 1.8 0.03 34.727 
10/9/2000 18 0.56 0.42 1.8 0.04 34.799 
10/15/2000 19 0.63 0.41 1.8 0.04 34.648 
10/23/2000 20 0.14 0.41 1.8 0.04 34.796 
10/28/2000 21 0.47 0.25 1.8 0.05 34.403 
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Appendix 3. 
Oxygen isotopic, carbon isotopic, 
and chronology data for the 
Palmyra corals  
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  The original thesis contained 47 pages of data tables that are not included 

here. However, electronic versions of the Palmyra coral data can either be requested 

from the author or can be downloaded off the internet at:  

http://horizon.ucsd.edu/palmyra


