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ratios which needs to be accounted for when analysing as spatial variability on the ocean
water can account for 2°-3°C difference in Sr/Ca derived SST (Marshall & McCulloch 2002).
This can be done with one of two approaches. The ratio can be normalised against a
standard or the distribution coefficient can be used (Shen et al. 1996). The distribution
coefficient compares the Sr/Ca concentration in coral to that in seawater at the given

location with the equation:

This distribution coefficient (Marshall & McCulloch 2002, Shen et al. 1996) has been
found to be close to unity for most corals. The relationship between Sr/Ca in coral and the
SST at precipitation is not notably impacted by the coral growth rate (Smith et al. 1979). For
corals with growth rates between 18 and 23mm/year this biogenic factor has little effect on

the Sr/Ca ratio (Shen et al. 1996).

Beck et al. (1992) were the first to conduct high-precision and high resolution
Strontium-Calcium analysis of coral using modern isotope dilution mass spectrometry
methods to establish the relationship between the skeletal ratio and temperature in Porites
coral (McCulloch et al. 1994). A study by Zinke et al. (2004) attained Sr/Ca ratio using an
inducted coupled plasma atomic emission spectrometer which enabled the respective

elements to be measured simultaneously and this method has been widely used since.

4.4 Significance of Indian Ocean coral proxies
There is a clear significance to understanding the Indian Ocean SST variability, as

shown in Chapter 3.4, however as satellite and in situ measurement become common
practice it is necessary to also reinforce the significance of analysing Indian Ocean coral
proxies. Although measurement has been taking place for decades, to best understand the
future behaviour of Indian Ocean climate requires a solid record of past variability beyond
the past few decades which is not readily available for most regions. By determining the
relationship between coral isotopic records and known SST in recent years we can gauge the

potential for determining past climate variation from coral records which pre-date



instrumental climate data. The significance of conducting further research into the nature
of, and influences on, Indian Ocean SST variability as shown through coral isotopes is hence
the potential for improving and extending knowledge of past climate variation. As a result
we will be better able to forecast future climatic characteristics thus enabling a better

chance of mitigating or preparing for any resulting impacts as discussed in Chapter 3.4.



CHAPTER FIVE : Methodology

5.1 Site
This study uses a coral record obtained from the Cocos (Keeling) Islands. Specifically,
the data is derived from a Porites microatoll at site PP30 located on the reef flat near Pulu

Pandan on the eastern side of the atoll, as depicted in Figure 9.

The Cocos (Keeling) Islands are an Australian territory located in the eastern Indian
Ocean, 2950km northwest of Perth and 900km west of Christmas Island, at 96°48’-56’E and
12°04’- 13°00’S shown in Figure 9. This location has close proximity to, but is not within, the
eastern 10D region specified by Saji et al. (1999) which extends south only as far as 10°S. The
Islands were first discovered by Europeans in 1609 and were settled in 1826 (Woodroffe &
Berry 1994). They consist of a circular lagoon, fringed by several smaller reef islands,
forming a horseshoe-shaped atoll (AGD 2010, Searle 1994, Woodroffe & Berry 1994). The
lagoon is 10km wide from east to west and 12km from north to south. The southern side is
the most shallow, some areas regularly exposed at low tide, and the northern end is the
deeper reaching depths of around 15m (Searle 1994). The lagoon is exposed to the Indian
Ocean through two major, relatively deep, channels on either side of the northern
Horsburgh Island as well as through numerous shallow inter-island passages to the south
and east. The water in the lagoon and reef flats is thus totally flushed and generally
assumed to be homogenous with the surrounding ocean water. There is some evidence to
suggest the occurrence of events in the past in which lagoon water has lost ocean
homogeneity and become temporarily stagnant possibly due to anomalous northwest winds
(Marshall & McCulloch 2002, Woodroffe 2011). The Islands, which lie on the Cocos Rise
section of the Venning-Meinesz Seamount Range (Smithers 1997), have previously been the
subject of geomorphological analysis and studies into sea-level change (Woodroffe et al.

1994, Smithers & Woodroffe 2001).



In 1994, Falkland published an extensive study into instrumental records of the

Cocos (Keeling) Islands climate which commenced in 1952. The Islands are located in the

Humid Tropical climatic zone and on the western extension of the Pacific marine

biogeographic province, and experience the dominant influence of Southeast trade winds

throughout 85% of the year. Annual rainfall is between 850 and 3300mm, average

temperatures range between 18C and 32C, and humidity averages around 75% (Falkland

1994, Woodroffe & Berry 1994).
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Figure 9: The Cocos (Keeling) Islands showing location of site PP30 on a reef flat of the eastern margin.

The Cocos (Keeling) Islands hold historical significance as the only atoll Darwin visited

and hence where he sought evidence in support of his theory of coral atoll development in

1836 (Woodroffe & Berry 1994). The islands hosted numerous visits from proponents and

opponents of Darwin in subsequent years (Forbes 1879, Woodroffe & Berry 1994). Coral



records from sites like the Cocos (Keeling) Islands provide insight into atmospheric
conditions which are not influenced by local topography in the way that terrestrially derived
proxies, including the other eastern Indian Ocean sites, are (Pfeiffer et al. 2004). Due to the
isolation and limited size of the Islands, lying 1000km from any significant river runoff or

major continentally-derived pollutants or influence.

The most notable work previously undertaken at this site, relevant to this study, was
completed within a PhD thesis by Marshall (2000) who analysed 630 and Sr/Ca from two
heads of domed Porites from the western lagoon at the Cocos (Keeling) Islands. He had
found, through analysis methods similar to those undertaken within this study, that there
was some identifiable annual banding in Porites coral samples from the Cocos (Keeling)
Islands but that correlations with climate records beyond this were limited. The study had
concluded that the coral oxygen isotopic records at the site had been severely and non-
uniformly impaired by a form of ongoing and spatially extensive stress, potentially related to
catastrophic climatic events, and that they were thus unusable in oceanic and atmospheric
studies. The Sr/Ca records were, similarly, found to be partially degraded due to localised
stresses potentially related to weakened circulation of ocean water through the lagoon
during northwest winds (Marshall & McCulloch 2002, Woodroffe 2011). No additional
research of this nature has been published based on the Cocos (Keeling) Island site until
now and it is thus currently accepted that the results of Marshall’s study are representative

of the current stance of data from the location.

5.2 Coral preparation

In 1992, coral slabs had been sawn across the living Porites microatoll on the eastern
side of the Cocos (Keeling) Islands atoll using standard handsaws as part of the study into
microatoll growth and upper surface morphology (Smithers & Woodroffe 2001). Slices of
6mm thickness had also been cut from the slabs parallel to the growth axis. X-radiography
and U-V luminescence scans of the slices were undertaken to identify annual banding and

growth axes.

One of the benefits of using coral as a palaeoclimate proxy is the ease and accuracy

with which a chronology can often be inferred. The two primary methods of analysis are;



measurement of density bands using x-radiography, and the use of index bands formed with
natural or artificial skeletal markers. The density bands occur in couplets of high density and
low density bands. The high density bands correspond with slow rates of skeletal extension,
tissue growth, and calcification, whereas low density bands correspond to faster rates.
These rates are often cited as being positively correlated with light intensity and water
temperature, as well as showing links to sedimentation, turbidity, nutrient availability,
hydraulic energy and endogenic processes (Swart 1983, Damassa et al. 2006), however the

cause of annual growth rate oscillation at the Cocos (Keeling) Islands remains unclear.

Luminescence, or fluorescence, banding in coral can sometimes be revealed with
long-wave Ultra-Violet exposure (Cole et al. 2000) and is proposed to result from humic
acids and oceanic organics interacting with the coral skeleton architecture (Islade 1984,
Nakamura et al. 2009). These luminescent components are generally incorporated into the
coral skeleton at different intensities depending on the season (Matthews et al. 1996).
Previous analysis of coral microatolls from the Cocos (Keeling) Islands revealed a distinct
annual pattern of coupled dull and bright green banding in which bright UV-illuminated
bands were found to align with the x-ray illuminated bands of low density (Smithers 1997,
Smithers & Woodroffe 2001). For this study, coral luminescent banding had been used to
establish chronology as it was found to be better defined annually than density. In addition,
a distinctive stress band in 1983, potentially related to anomalous ENSO-induced wind

patterns and resulting coral death, was used as an index marker.

A ledge of 2mm thickness was milled from the coral, aligned with the growth axis,
using a micro-drill. The slices were cleaned with an ultrasonic probe in Milli-Q water to
ensure that any surface contamination and saw cuttings were removed and were then oven
dried at 40°c. Based on the number of years in each section of coral, identified from the
luminescent banding, twelve equidistant samples were extracted from each annual band in
the coral sample. A low-speed dental drill was used to mill every ‘odd’ month and every
‘even’ month was left intact and then removed before being manually ground. Using linear
interpolation methods in Analyseries software and excel it was possible to better select the
isotopic values for each calendar month, as is recommended by Cahyarini et al. (2009),

rather than assuming consistent growth across all months.



All aforementioned coral preparation was completed by others prior to

commencement of this research.

5.2.1 Oxygen Isotope measurement
The Oxygen isotope measurment, for monthly samples from 1924 to 1992, was

undertaken in the 1990s on mass spectrometers at the University of Wollongong and at the
Australian National University (ANU). Cross-checks were subsequently completed to ensure
the integrity of the results from the two facilities and this data is included as Appendix 1.
This data was attained prior to this research commencing and was supplied for statistical

analysis which had not previously been undertaken.

5.2.2 Strontium-Calcium measurement
Strontium and Calcium analyses were undertaken, as part of this study, when initial

analysis of the Oxygen isotope data indicated that further investigation of SST may be
needed. The measurement of Sr/Ca concentrations was undertaken on the same coral

samples which were collected for Oxygen isotope analysis.

To minimise risk of contamination, plastic 10ml centrifuge vials acid were cleaned
before use. The vials were filled with 1% HNQO3, lids were secured, the vials were inverted a
number of times to ensure that the inner-lid surface was thoroughly coated, and they were
subsequently left to soak overnight. The vials were then rinsed three times with Milli-Q

water and placed in a 58°C drying oven for a number of hours.

For each monthly sample, from 1935 to 1992, 1.60-2.00 milligrams of the sample
were weighed into the prepared vials and the exact weight was recorded in milligrams to 2
decimal places and the vials were sealed. 25 samples were weighed twice as repeat
samples for precision checks and a standard, JCP-1, was analysed at both the beginning and

the end of each analysis run.

To dissolve the powdered coral samples, 1% v/v HNOs acid was added to each vial
using a pipette. The volume of acid added to each vial was dependant on the exact sample
mass and the volume needed to attain a Calcium concentration of 68-82 ppm, see Appendix
2 for sample weight to acid volume conversions. Each sealed vial was placed in a 40°C

ultrasonic bath to maximise dissolution of the coral sample in acid.



The Strontium-Calcium measurement was undertaken at ANSTO using an
Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). In this instrument,
when the sample solution is introduced into the system it is atomised and transported, with
Argon gas as a carrier, into an Argon plasma at ~7000C. The high temperature excites
electrons of the elements within the sample and as the excited electrons return to ground
state they release light photons which can subsequently be separated into wavelength
components. Photomultiplier detectors are used to measure the relative intensities of the
various wavelengths emitted and this can be correlated to the relative concentrations of

elements, such as Strontium and Calcium, within a sample (USGS 2009).

The final results were checked for anomalous Calcium concentrations and those
samples were then re-run. The data was interpolated, using excel, to better align the

samples to their corresponding months.

5.3 Time series
Data for the Indian Ocean Dipole was obtained from the Dipole Mode Index record

(Jamstec 2008). The dataset was recorded in degrees Celsius, acquired through the
standard east-west subtraction method (Saji et al. 1999), at monthly resolution from 1871
to 1998 which included both satellite and instrumental records. The linear trend, obtained
from GISST (Global sea-Ice and Sea-Surface Temperature) records, was subtracted from the
raw SSTs before the index was calculated. The ENSO data used for this research was the
Kaplan NINO3.4 index made available online by the International Research Institute (IRI) for
Climate and Society (IRI 2011). Sea Surface Temperature data was from the GOSTA Global
SST and Ice Concentration record, ‘GOSTA gisst22’, for 96.5°E and 12.5°S and is, like the
ENSO record, available through IRI. The record is at monthly resolution from 1903 to 1994
and anomalies were calculated relative to the mean of the total dataset unless indicated
otherwise (IRl 2011b). The Precipitation dataset provides a record of millimetres per day
precipitation, averaged monthly, for 96.25°E, between 11.25° and 13.75°S. The data,
available through IR, is derived from NOAA NCEP CPC analysis which combined rain gauge
observations, satellite records, and numerical model predictions for the years between 1979

and 2004 (IRl 2011c). The websites for all datasets are listed in Table 2.



Table 2: Names of datasets used for each data type and the URLs from which they were each obtained.

Data Type Name URL

10D Dipole Mode Index http://www.jamstec.go.jp/frsgc/research/d1/iod/,
ENSO Kaplan NINO3.4 http://iridl.Ideo.columbia.edu/

SST GOSTA gisst22 http://iridl.Ideo.columbia.edu/

Precipitation | NOAA NCEP CPC http://iridl.Ideo.columbia.edu/

The climate datasets, referenced in Table 2, and both the §'80 and Sr/Ca datasets

are provided as Appendix 3.

5.4 Spectral Analysis
With the development of isotopic analysis methods there has been a simultaneous

improvement of analytical software and cyclostratigraphy methodologies which detect
cycles in layered depositions. An array of time-series analysis tools, designed to statistically
analyse data variability and cycles across a time series, are available for application to
climatic records. These tools generally consider time-series data to contain evidence of
both regular cycles and irregular oscillations attributable to environmental conditions
(Weedon 2003). Cycles can be discriminated from each other on the basis of their
amplitude, wavelength, and phase, although analysis of cycles commonly disregards the
latter. Analysis tools assume a degree of noise contribution in each signal and provide
either automatic filtering or user-selected noise-filter options to enable the oscillatory signal
components of interest to be read without this interference. At the core of most analytic
methods is Fourier’s Theorem which uses sets of sine and cosine functions, termed
Orthogonal Functions, as a means of reconstructing and describing any given time-series

(Weedon 2003).

Spectral analysis, which employs Fourier’s Theorem, is a tool used to extract
frequency domain information from one or more time series and its application to coral
isotope data has been well demonstrated through numerous studies (Schulz & Statteggar
1997). Spectral Analysis is essentially an umbrella term which includes specialised methods
such as Singular Spectral Analysis, Cross-Spectral Analysis and the Multi-Taper Method.
Wavelet analysis, an alternative method, deconstructs a time series into oscillations present

over shorter time frames.


http://www.jamstec.go.jp/frsgc/research/d1/iod/
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The analysis structure is outlined in Figure 10, below, which shows the key
relationships to be determined between climate and geochemistry components.
Specifically, the analysis should determine the impacts of the IOD and ENSO on each SST and
precipitation, then the impacts of SST and precipitation on each §'0 and Sr/Ca, and
through these relationships it should determine the impacts, via SST and precipitation, of
the 10D and ENSO on each 620 and Sr/Ca. The cycles occurring in each climate and
geochemical component of the figure are to be determined individually and will then be

compared between levels of the flow chart to establish relationships.

10D
SST Sr/Ca
ENSO
680
oD Precipitation
ENSO

Figure 10: A flow chart of the climate and geochemical components being investigated in this study and the
relationship links between them which will be investigated.

5.4.1 Singular Spectral Analysis
Singular Spectral Analysis (SSA) is a form of statistical approach to the detection of

regular cycles in a time series with each cycle uniquely characterised by frequency, phase
and power, which is the wave amplitude squared (Smith et al. 2008). This would enable
individual isotopic records to be deconstructed into defined trend, oscillation and noise
components, thus providing detailed information regarding their variability (Boiseau et al.
1999). Although Multi-Taper Method analysis is the primary tool used for detection of
persistent cycles, SSA is undertaken to confirm that the same results are achieved with

different statistical approaches.



The use of SSA-MTM Toolkit software to complete the SSA analysis was based on its
suitability for analysing palaeoclimate data sets, for which it was specifically designed, and
its user-friendly interface. The alternative Analyseries software, initially developed by
Paillard et al. in 1996 based on the SPECMAP group in the 1980s, was also trialled but was
found to be less expedient (Paillard et al. 1996). The settings chosen for SSA analysis, using
the SSA-MTM Toolkit, are given in Appendix 4.

5.4.2 Cross-spectral analysis
Cross-spectral analysis methods are used to determine, statistically, correlations

between the individual spectral signals of multiple time series, within the same temporal
range. Using this method, reflecting a technological advancement on the traditional visual
assessment method, both the coherency spectra and the phase spectra can be attained
(Smith et al. 2008). The coherency spectra produce a measure of the similarity of amplitude
variations, one reflecting perfect coherency and zero reflecting no detectable coherency, at
particular frequencies in the two datasets (Weedon 2003). This method has been used by
researchers such as Asami et al. (2005) and Cole et al. (2000) to identify significant
correlation between 80 and other data sets such as ENSO records and sea surface
characteristics. Asami et al. (2005), in particular, applied cross-spectral analysis to discover
significant periodicity between isotope data from the western Pacific Ocean and both Sea
Surface Temperature anomalies and Sea Surface Salinity anomalies. The phase spectra, also
achieved through cross-spectral analysis, shows the average difference between two time-

series which occur at different frequencies (Weedon 2003).

The ARAND software package, originally developed for Spectral mapping within the
SPECMAP project, has been made publically available for use on personal computers by P.
Howell of Brown University. The software, which complements SSA-MTM Toolkit as the
software of choice for many similar coral isotope studies, has been used in this research
project for its user-friendly Cross-Spectral analysis tool. Analysis was done using 250 lags, a
final frequency of 6.0, full linear detrend and an 80% confidence level, with the exception of

those analyses involving the shorter Precipitation time series which used 144 lags.

5.4.3 Multi-Taper Method
The Multi-Taper Method (MTM) has also been widely applied to coral isotope

analysis. To analyse a dataset of finite length with relation to continuous cycles requires the



application of tapers which minimise problems of spectral leakage and discontinuities
(KSpectra Toolkit 2009). Analysis with the Multi-Taper Method involves multiplying the
time-series by a selected number of fixed-shape orthogonal tapers, which have a value of
one at the centre and taper to zero at the ends, and the average of the independent power
spectrum estimates of each taper are used to detect the variable modes contained within a
high spectral resolution and output a final spectral estimation and signal reconstruction
(Boisseau & Ghil 1999, Felis et al. 2000, KSpectra Toolkit 2009). The confidence level of
each spectral peak identified with this method needs to be accounted for to ensure that the
cycles denoted by the peaks are statistically distinguishable from background noise
(Weedon 2003). Cole et al. (2000) used the Multi-Taper Method to account for temporal
persistence in their Kenyan 80 record and can be compared to its application in analysis of
Red Sea corals by Felis et al. (2000) who used MTM to provide a robust estimate of spectral
properties and analyse teleconnections with ENSO and the North Atlantic Oscillation. Multi-
Taper Method has also been used by Gischler et al. (2009) who analysed the growth

characteristics of corals from Florida relative to ENSO using Analyseries software.

MTM, for this research, was conducted with the SSA-MTM Toolkit, described in
5.4.1. The specific settings and options selected when analysing are described in Appendix

5.

5.4.4 Wavelet Analysis
Wavelet analysis is a method of time-series analysis which is used to determine

localised power variability within a time series (Torrence & Compo 1998). It is applied to
data with changing variance, or cycles of numerous time frequencies, over time (Asami et al.
2005, Weedon 2003). In cyclostratigraphy, the technique is most commonly used with
Mortlet wavelets which employ plane waves, with Gaussian-modification, at wave types
suitable for climatic data (Weedon 2003). Pfeiffer et al. (2004) applied this method to
normalised, detrended, isotope records in their study of Chagos Archipelago corals and Bush
(2007) used it to analyse trends in the Nino-3.4 index. Likewise the technique has been
used to evaluate ENSO teleconnections in Europe and the Middle East, based on Red Sea
coral, and whether the frequency of cycles has changed over a period of time (Rimbu et al.

2003).



