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1. ABSTRACT: The scarcity of oceanic observations limits the scientific understanding of ENSO’s 
natural variability.  ENSO is a source of prominent interannual variability and it is unknown how its 
behavior may change with increasing global temperatures (Stocker et al., 2013).  This research studied 
the interannual variability in reconstructed SST and SSS anomalies based on detrended Sr/Ca and δ18O 
anomalies inputted into equation from Ren et al. (2002).  New data from Aitutaki was examined along 
with pre-existing data from Rarotonga, Fiji, and New Caledonia.  The Aitutaki data was found to be 
statistically different from the other sites, with p-values below the 0.05 significance level.  The 
interannual frequency and period of New Caledonia, Fiji, and Rarotonga was chosen to be investigated 
in depth because those sites significantly correlated with SOI, an index used to ENSO phase events.  
Over a moving centered 30-year period, the measurements calculated were the number occurrences in 
which a data series fell above or below zero and the average period of those occurrences.  The analysis 
found that the natural interannual frequency of the SPCZ, which is significantly correlated to ENSO, has 
not varied significantly over time, ranging between 4-9 occurrences of below/above zero periods in a 
30-year period.  The average Sr/Ca, δ18O, Sr/Ca-SST, and δ18O-SSS had not changed significantly 
between the late 19th century and the late 20th century.  Based on the interannual analysis, there is 
evidence that suggests the SPCZ has expanded eastward, agreeing with previous studies (Linsley et al, 
2006; Wu et al., 2013).  Based on the frequency of times that fell above or below zero, the analysis 
determined the potential for either ENSO phase has become more equal over time.  Although this study 
examined the natural frequency of ENSO, further research is needed to investigate the inter-site 
relationships in SSS anomalies across the southwest Pacific to better understand variations in ENSO’s 
intensity. 

 
 
2. Introduction 

The El Niño Southern Oscillation (ENSO) is a prominent source of interannual climate variability 
that arises from changes in the strength of the atmospheric-oceanic circulation in the equatorial Pacific.  
The warm and cold phases of ENSO, commonly referred to as El Niño and La Niña, impact global 
precipitations and temperatures patterns via teleconnections (Vincent, 1993; Widlansky et al., 2010).  With 
rising surface temperatures, there will likely be an intensification in rainfall associated with ENSO (Stocker 
et al., 2013; Wu et al., 2013) and a eastward shift in certain teleconnection patterns (Stocker et al., 2013).  
However, these projections presented by the Intergovernmental Panel on Climate Change (IPCC) have 
medium to low confidence because there is considerable debate about how warming temperatures will 
impact the intensity and frequency of ENSO (Stocker et al., 2013). 

The underlying natural mechanisms and forcings that cause climate variability are important for 
the better prediction and mitigation of climate change, but it can be difficult to achieve due to a lack of 
observations.  Although oceans cover the majority of the Earth, oceanic instrumental observations made 
prior to the late 20th century are scarce (Figure 1; Delcroix et al., 2011).  Figure 1a displays the distribution 
of accumulated sea surface salinity (SSS) data records (e.g. ships, in-situ data, moorings, Argo floats) 
collected in the tropical Pacific from 1950-2008 based on a 5-day bin, 1°x1° grid (Delcroix et al., 2011).  
From 1950 to 1969, very few SSS measurements were collected for the majority of the tropical Pacific 
(figure 1a).  Locations with multiple observations include prominent shipping lanes or near land masses 
(Figure 1).  The scarcity of direct observations complicates the understanding of climate variability.  Several 
methods are used to extend the spatial and temporal coverage of information: model simulations, data 
assimilation, data compilations, and data reconstructions. 

The advantage of model simulations is their discrete temporal and spatial resolution, allowing 
large-scale patterns to be tracked and better observed.  Models are limited by their parameters, boundary 
conditions, and programmed formulas; therefore, to test the scientific understanding used to construct 
models, the output of models must be compared to observations.  Models simulate climate variables by 
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employing knowledge of environmental forcings and physical properties to climate processes.  The IPCC 
relies on various simulations to assess climate change and formulate a report on the state of the climate 
(Stocker et al., 2013).  The IPCC’s Fifth Assessment Report states there is an overall high confidence in 
the ability of models to reproduce the magnitude and patterns of sea surface temperature (SST), but are less 
capable representing precipitation patterns (Stocker et al., 2013).  They found that most models 

Figure 1: Spatial distribution of the number N of 5-day bins with SSS observations per 1° x 
1° grid box for (a) 1950–1969, (b) 1970–1989, and (c) 1990–2008 time periods, respectively. 
The color codes on the color bar are the N stretch from dark blue (N¼1) to dark red (NZ241). 
Figure from Delcroix et al., (2011). 
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underestimate the response of anomalous precipitation to temperature variability, especially in the tropics 
(Stocker et al., 2013).  Causes of model error include internal model variability and uncertainty in scientific 
understanding (Delcroix et al., 2011; Stocker et al., 2013).  

Data assimilations use observations to correct a model’s output, serving as an initial guess to the 
environmental condition of the ocean for further analysis (Carton and Giese, 2008).  Carton and Giese 
(2008) describe the process used to produce the Simple Ocean Data Assimilation (SODA).  They began 
SODA’s analysis with a “state forecast” from an ocean general circulation model. Then, they introduced 
incremental corrections based on the difference between the forecast and observations during a 10-day 
assimilation cycle running from 1958-2001 (Carton and Giese, 2008).  This process reduces model bias, 
but the reanalysis results experience errors related to changes in how observations are measured and the 
availability of observations (Carton and Giese, 2008). 

 Delcroix et al. (2011) complied a 1° x 1° gridded SSS data set for the tropical Pacific from 
instrumental records ranging from 1950-2008.  They noted that error increases in areas with less 
observations.  To determine the reliability of a gridded SSS variance value, they calculated the normalized 
error at each grid point (Delcroix et al., 2011).  Delcroix et al. (2011) mapped the normalized errors and the 
5-day bins used to calculate normalized errors for May 1997 (figure 2).  The shaded gray areas that 
distinguish errors greater than .6 in figure 2 have very few 5-day bins, illustrating that fewer observations 
increase the computed error.  In general, the availability of observations and the uncertainty in scientific 
understanding are sources of error and restrict the confidence scientists can assign to analyses and results.   

Figure 2: Spatial distribution of the SSS normalized errors in May 1997.  Contour intervals 
are 0.1, and shaded grey areas show error values greater than 0.6.  The small colored circles 
represent all the 5-day bins SSS values that were used to compute the errors, with their color 
code denoting the distance in days from May 15, 1997.  Figure from Delcroix et al., (2011). 
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Geochemical variations within natural archives (e.g. ice cores, tree rings, sediment layers, coral) 
are measured and correlated to climate variables to produce data reconstructions.  These data sets add 
robustness to the spatial and temporal coverage of existing climate records, providing further observational 
information on past climate change to make future projections.  For instance, the strontium to calcium ratio 
(Sr/Ca) and the oxygen isotopic composition (δ18O) within a coral’s aragonite (CaCO3) skeleton are used 
to reconstruct SSS and SST anomalies (Weber, 1973; Smith et al., 1979; Gagan et al., 1998; Ren et al., 
2002; Linsley et al., 2006; Gorman et al., 2012; Wu et al., 2013).  Sr/Ca measurements are negatively 
correlated to SST and δ18O depends primarily on SST and the δ18O of seawater, which is positively 
proportional to SSS.  The variability of δ18O deconvolves into components associated with the effect of 
SST and SSS.  The SST component can be removed using a reconstructed SST anomalies derived from 
Sr/Ca anomalies, leaving a residual signal associated with SSS variability (Gagan et al., 1998; Ren et al., 
2002; Gorman et al., 2012).   

The δ18O-SSS and Sr/Ca-SST reconstructions add to the growing network of climate proxy 
reconstructions, which all contribute to expanding the coverage of observations and improving the scientific 
understanding of the climate’s natural variability.  ENSO variability can be related to the variability of 
δ18O-SSS anomalies based how ENSO phases impact a regional climate feature called the South Pacific 
Convergence Zone (SPCZ), which influences SSS values in the region (Linsley et al., 2006).  The SPCZ, 
an area of near-surface convergence that extends from the western equatorial Pacific and southeasterly as 
30°S, 120°W (Vincent et al., 1993), is characterized by a persistent cloud band and high levels of rainfall; 

Figure 3: Global climatology (1982–2008) of OLR (W m-2) for a DJF and b JJA. 240 W m-2 OLR 
contour outlined by blue lines in each panel.  Figure from Widlansky et al. (2010). 
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its position is identifiable by low outgoing radiation (Figure 3).  By tracking changes in SSS over a given 
period, the interannual variability of a SSS signal can be correlated to ENSO and the SPCZ shifting position.   

In this study, the variability of the Sr/Ca and δ18O anomalies within a coral’s aragonite (CaCO3) 
skeleton was examined to deduce whether the frequency and intensity of ENSO increased during the last 
two centuries in the southwest tropical Pacific.  New data presented in this paper were taken from the stony 
Porites core, ATC13019B, collected from the eastern shore of Aitutaki (18.85°S, 159.79°W), an island of 
the southern Cook Islands in the Southwest Pacific.  The null hypotheses are:  

1. Climatological averages and anomalies of SSS and SST from the Southwest Pacific have no 
statistical difference between the late 19th century and the 20th century. 

2. There is no significant difference in the frequency of ENSO warm phases and cold phases between 
late 19th century and the late 20th century. 
 

The remaining paper is as follows: section 3 is background on the regional climate and climate proxies; 
section 4 describes the data I used, including the new ATC13019B data and pre-existing measurements; 
section 5 outlines the methodology used for to produce coral-based simulated climate proxies; section 6 
and 7 presents results and discussion; and section 8 is a conclusion. 
 
3. Background 
3.1 Regional Climate 

The tropical Pacific is characterized by a zonal sea surface temperature (SST) gradient and areas of 
low-level atmospheric convergence along the equator, the Inter-Tropical Convergence Zone (ITCZ), and 
in the southwest, the South Pacific Convergence Zone (SPCZ).  Strong trade winds transport warm 
equatorial waters into a region known as the Western Pacific Warm Pool, where the amassed water averages 
28 °C or higher (Vincent, 1998; Quinn et al., 2006) and the convergence of warm, moist air fuels strong 
convection producing large amounts of precipitation and latent heat export.  In the eastern equatorial 
Pacific, SST are cooler (24-20 °C) due to cold, deep ocean waters upwelling along the coast of South 
America and circulating equatorward with waters from higher latitudes.  The position of SPCZ in the far 
western Pacific aligns zonally with the SST gradient, inducing a pressure gradient and convergence (Kiladis 
et al., 1989; Vincent, 1993; Widlansky et al., 2010).  As the SPCZ extends southeasterly into the subtropics, 
its diagonal position is dependent on mid-latitude circulation (Kiladis et al., 1989; Vincent, 1993; 
Widlansky et al., 2010). 

The warm and cold phases of ENSO are identifiable by distinctive patterns of SST anomalies in the 
equatorial Pacific. During the warm phase, atmospheric-oceanic circulation in the equatorial Pacific 
weakens, causing the trade winds and oceanic upwelling to slacken and warmer surface waters to extend 
into the eastern Pacific.  The high rainfall, typical to the western Pacific, moves into the central Pacific as 
temperatures cool in the west but warm in the east.  In contrast, the atmospheric-oceanic circulation 
strengthens during the cold phase of ENSO, warming SST further in the west and causing above average 
precipitation in the far western Pacific. 

Depending on the phase of ENSO, the SPCZ will shift its position, causing anomalously high (low) 
SSS in areas accustom (unaccustomed) to the SPCZ’s high rainfall.  When circulation weakens during the 
warm phase, the SPCZ migrates northeasterly, its diagonal portion becoming more zonal and inducing 
anomalously high SSS in the region it normally resides.  However, the stronger winds during the cold phase 
cause the SPCZ to move southwesterly, resulting in below average SSS for the Southwest Pacific. 
 
3.2 Porites Corals 

The isotopic and elemental variations measured within the aragonite skeleton of the reef-forming order, 
Scleractinia, are commonly correlated to oceanic variables, such as SST and SSS, to produce climate 
reconstructions.  The massive, surface-dwelling coral genus, Porites, is often used for paleoclimate 
reconstructions because they commonly grow to a large size, old age, and in a range of temperature 
conditions across the Indo-Pacific (Pichon, 2011).   Growth factors include temperatures ranging from 15-
32 °C, exposure to sunlight, and salinity.  Most Scleractinian corals, including Porites, have a symbiotic 
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relationship with photosynthesizing micro-organisms, zooxanthellae, that live within their cell walls and 
provide the nutrients and energy required for growth (Done et al., 2011).  The availability of sunlight 
controls how well the zooanthellae photosynthesizes, and therefore, the turbidity of water, latitude, and 
water depth determine the location and the rate at which a coral may grow. 

The annual growth of a coral is identified by a sequential pair of density bands, one lightly-colored 
followed by a darker, and denser band.  The change in density represents a change in the growth rate of 
coral; the lighter, less dense band corresponds to the rapid growth period of the year whereas the darker 
band corresponds to slower growth rates (Lough and Barnes, 2000).  These bands, some of which are 
highlighted in red in figure 4, may be counted to determine the age of a coral. 

 
3.3 Climate Proxies 

The negative correlation between SST and the ratio between strontium and calcium (Sr/Ca) within 
the coral aragonite (CaCO3) skeleton is well established (Weber, 1973; Smith et al., 1979; de Villiers et al., 
1994; Lough and Barnes, 2000; Linsley et al., 2004, 2006; Corrège, 2006; Quinn et al., 2006; Delong et al., 
2012).   Strontium (Sr2+) is incorporated into the coral’s skeleton by substituting in for calcium (Ca2+) as 
aragonite precipitates from the extracellular calcification fluid that lies between the skeleton and the thin 
cell layer that lies above (Cohen et al., 2001; Allison et al., 2001; Allison et al., 2013).  Strontium’s 
incorporation into aragonite is impacted by SST, with low (high) temperatures leading to higher (lower) 
strontium concentrations because cooler temperatures drive the SrCO3 reaction towards the formation of 
SrCO3, the more stable product at lower temperatures (Ruiz-Hernandex et al., 2010). 

In conjunction with SST anomalies reconstructed from Sr/Ca, the influence of SSS on the oxygen 
isotopic composition (δ18Ocoral) of an aragonite skeleton can be isolated and used to track changes in local 
rainfall activity.  SSS represents the amount of dissolved salt content within the upper few decameters of 

the ocean, where the water is well-mixed and generally uniform (Delcroix et al., 2011).  Among the three 
stable oxygen isotopes, the ratio between the heaviest isotope, 18O, and the lightest, 16O, in seawater is 
positively correlated to SSS because the equilibrium vapor pressure of water bonded with 18O (H2

18O) is 

Figure 4:  Enhanced image of coral sample, ATC13019B, placed under Ultra-Violet light (photo by 
Grace Duke).  Red lines highlight several alternating density bands in the upper coral slab. 
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slightly lower than the vapor pressure of water bonded with 16O (Fairbanks et al., 1997).  As a result, 
evaporated water molecules are slightly depleted in H2

18O in relation to the seawater.  The SST component 
of δ18Ocoral

 derives from the temperature-dependence of oxygen isotope fractionation during carbonate 
precipitation from seawater, with less fractionation at higher temperatures (Weber and Woodhead, 1972). 

Whether the extension rate (mm year-1) or calcification rate (g cm-2 year-1) of coral contribute 
significantly to the variability of paleoclimate reconstructions is highly debated (Weber, 1973; Smith et al., 
1979; de Villiers et al., 1994; Lough and Barnes, 2000; Cohen et al., 2001; Corrège, 2006).   Another source 
of error currently being investigated is the effect of “bio-smoothing,” the attenuation of isotopic and 
elemental signals due to aragonite precipitation in the tissue layer (Gagan et al., 2012).  The dampening of 
the geochemical signal results in the magnitude of climatic trends being overestimated (Gagan et al., 2012).  
Quinn et al. (2006) examined the Sr/Ca and δ18O measurements from Rabual, Papua New Guinea, which 
lies in the Western Pacific Warm Pool.  They noted the calculated trend in Sr/Ca-based SST, which is 
equivalent to a ~.7°C cooling, from 1867-1997 is improbable considering other warming trends noted in 
the area (Quinn et al., 2006). 

Diagenesis is the recrystallization of the aragonite skeleton after deposition by either secondary 
calcite or aragonite (McGregor and Gagan, 2003; Allison et al., 2007).  Secondary aragonite growth gives 
the impression of cool climatic conditions and is a characteristic of early marine diagenesis (McGregor and 
Gagan, 2003; Allison et al., 2007; McGregor and Abram, 2008; Nothdruft and Webb, 2009).  Whereas, 
secondary calcite results in seemingly warm climatic conditions and is found in young and fossil corals 
alike (McGregor and Abram, 2008).   To test whether a coral core is pristine, diagenetic tests such as X-ray 
Diffractometry and Cathodoluminescence Microscopy serve as an initial test to detect micro amounts of 
calcite growth (McGregor and Gagan, 2003; McGregor and Abram, 2008; Frankowiak et al., 2013).  In 
order to detect secondary aragonite, the textural variations and crystallographic patterns in the coralline 
skeleton must be examined using methods such as scanning electron microscopy (SEM) and petrographic 
analysis.  Diagenetic tests are essential because even small level of diagenesis can significantly influence 
paleoclimate reconstructions (McrGregor and Gagan, 2003). 

 
4. Methods 
4.1 Data 

ATC13019B, a 53 cm-long core, was collected from a microatoll on the eastern shore of Aitutaki 
by University of Maryland Ph.D. candidate Alex Lopatka and associate professor Dr. Michael Evans with 
fellow collaborators: Dr. Andrew Lorrey*, Dr. Helen McGregor**, and Dr. Melinda Allen+.  The coral was 
sectioned and processed by Lopatka at the National Institute of Water and Atmospheric Research in 
Auckland, New Zealand.  One section of ATC13019B was milled at 1 mm intervals along the axis of 
maximum growth, producing approximately 1000 ug aliquots for each interval for geochemical analyses.  
Diagenetic testing revealed a skeletal composition of 100% aragonite and Th/U dating determined a 
minimum growth year of 1877 ± 2 CE.   With assistance from Dr. Lorrey and the Th/U date as reference, 
the age of ATC13019B was dated from the start of 1885 CE to the middle of 1920 CE.  As a reference 
point, a large negative anomaly in the Sr/Ca data series was correlated to a strong ENSO cold phase during 
the winter of 1917-1918.   

 The oxygen isotopic composition (δ18O) was measured using an Isoprime continuous flow Isotopic 
Ratio Mass Spectrometer (Isoprime House, UK) at the University of Maryland with validated precision of 
approximately 0.1‰ (Evans et al 2016, revised).  The δ18O is defined as: 
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The isotopic composition of a sample in a set of 12, each weighed to 100 ug, were analyzed with two in-
house standards (δ18O values of 8.71 and 21.73 ‰), which are referenced to the international standard 
Vienna Peedee Belemnite.  The Sr/Ca samples, weighed to 500 ug, are dissolved in 3-5 mL of 2% nitric 
acid in order to be analyzed at the Australian National University on a Varian Vista Pro Axial Inductively 
Coupled Plasma Atomic Emission Spectrometer (ICP-AES).  

In addition to Aitutaki data, pre-existing Sr/Ca and δ18O data series from three sites were used to 
study hydrological variability across the Southwest Pacific.   Data series were selected from the National 
Climate Data Center's database of paleoclimate data series based on their location in the SPCZ region, age, 
and data quality.  Their age needed to span the 19th century and into the 20th century in order to make 
comparisons between the two centuries.  Sites included New Caledonia, Fiji, and Rarotonga (Figure 5).   

The New Caledonia data presented here originates from two different pre-existing studies.  Delong 
et al. (2012) composited monthly Sr/Ca data (1653:1994) from five Porites cores collected from the shallow 
waters off the shore of Amédée Island, New Caledonia (-22.48° N, 166.47° E).  Measurements were 
assigned an uncertainty of ±0.018 mmol/mol, combining the analytical precision of the instrument used to 
measure Sr/Ca and precision of the sampling process (Delong et al., 2012).   Quinn et al. (1999) performed 
a δ18O analysis (1662-1987) on a Porites core collected from Amédée Island and determined the uncertainty 
associated with the seasonally sampled measurements to be 0.1 per mil.  The Fiji data (1785-1987), 
analyzed at an annual resolution with a relative standard deviation of .2%, was originally used by Linsley 
et al. (2006) after two cores were collected from Savusavu Bay, Vanua Levu, Fiji (-16.82° N, 179.23° E).  
The Rarotonga data (1730:1987) were also used by Linsley et al. (2006) based on Porites cores from 
Rarotonga (-21.23° N, -159.82° E) with a relative standard deviation of .15%. 
 
4.2 Data Processing  
 As an initial step, annually averaged δ18O and Sr/Ca values were computed for each site and 
seasonal averages for those sites with monthly or seasonal resolution.  After the annual average was 
calculated for each data series, the pre-existing data series were detrended by first removing the long-term 

Figure 5: Map of the South Pacific shows the geolographical positions of sites studied. 
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trend, and then removing the decadal trend.  Detrending isolates the interannual variability influenced by 
ENSO (appendix: table 1 and table 2).  Because the Aitutaki record is 36 years long, only linear detrending 
was performed.  In order to make comparisons between Southwest Pacific sites, data series were 
standardized over time periods of interest using the corresponding mean and standard deviation. 

Assuming that Sr/Ca is solely dependent on SST, Sr/Ca-based SST anomalies were reconstructed 
using the following equation:  

 
 

∆𝑆𝑆𝑆𝑆𝑆𝑆 =
∆ 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶

�
𝑑𝑑 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�

                      𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 1 

 
 
 
where ∆Sr/Ca and ∆SST are the anomalies, deviations from the climatological mean,  and (∂Sr/Ca)/∂SST 
is the rate of change in Sr/Ca with respect to SST (Ren et al., 2002).  Ren et al. (2002) derived a SSS 
anomaly reconstruction for Rarotonga, about 270 Km south-southeast of Aitutaki, based on Sr/Ca and δ18O 
measurements from several Porites corals.  Ren et al. (2002) used a (∂Sr/Ca)/∂SST of -0.062 ± .008 
mmol/mol/°C, which is based on the average of Sr/Ca-SST linear regression slopes (ranging from -0.0412 
to -0.0815 mmol/mol/°C) reported by published studies and is similar to other reported averages (Quinn 
and Samson, 2002; Corrège, 2006).   

To derive SSS anomalies from 𝛿𝛿 𝑂𝑂18  and Sr/Ca-SST anomalies, the following equation from Ren 
et al. (2002) was used under the assumption that δ18O is dependent only on seawater δ18O and SST, the 
former correlated with SSS: 

∆ 𝛿𝛿 𝑂𝑂18 =
𝜕𝜕 𝛿𝛿 𝑂𝑂18

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
∗ ∆𝑆𝑆𝑆𝑆𝑆𝑆 +

𝜕𝜕 𝛿𝛿 𝑂𝑂18

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
∗ ∆𝑆𝑆𝑆𝑆𝑆𝑆                   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 2 

 
where ∆δ18O is the anomaly of δ18O, ∆SST is the ATC13019B Sr/Ca-SST anomalies, and (∂δ18O)/∂SST 
and (∂δ18O)/ ∂SSS are the rate of change of δ18O by SST (-.21 mmol/mol/°C; Ren et al., 2002) and SSS (.45 
mmol/mol/psu; Thompson et al., 2011) respectively.  The −0.21 (±0.02) mmol/mol/°C is the linear 
regression slope between SST and 𝛿𝛿 𝑂𝑂18  for the common Porites genus of corals (Thompson et al., 2011) 
and 0.45 (+/- 0.028) permil/psu, is based on the basin-scale δ18Oseawater vs. SSS regression estimate for the 
South Pacific (Thompson et al., 2011).  The relative error assigned to this method as calculated by Ren et 
al. (2002) is 27%.  
 
 
5. Results and Discussion 
5.1 Uncertainty  

Uncertainty in Aitutaki Sr/Ca and δ18O original measurements is caused by: the method of 
collecting coral cores; the process of sampling coral cores; the capabilities of instruments used to measure 
Sr/Ca and δ18O; and the techniques chosen to interpret data.  Variance in the concentration of Sr/Ca and 
δ18O in seawater is insignificant because both elements are conservative species; their concentrations are 
constant in relation to salinity.   The variability of strontium and calcium within seawater is essentially 
constant, contributing ≤2°C variability between various SST reconstructions from different sites around the 
Tropics (de Villiers et al., 1994).  The variability in the Sr/Ca of seawater is due to the biological cycling  
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of calcium carbonate (CaCO3) and the skeletal building of protozoan acentharia of celestite (SrSO4) 
(de Villiers et al., 1994).   

To quantify the uncertainty of Aitutaki data, the error involved with the instrumentation, sampling, 
and aging were considered.  The uncertainty due to diagenesis is neglected because diagenetic testing found  

Table 1: Mean Sr/Ca (mmol/mol) with standard deviation for Southwest Pacific sites during time 
periods of interest 

Site 1885 – 1920 1952 – 1987 1785 – 1987 
New Caledonia 9.23 ± 0.023 9.19 ± 0.020 9.21 ± 0.023 

Fiji 9.27 ± 0.039 9.23 ± 0.027 9.27 ± 0.037 

Rarotonga 9.49 ± 0.045 9.46 ± 0.042 9.46 ± 0.048 

Aitutaki 8.88 ± 0.079   

Table 2: Mean d18O (per mil) with standard deviation for Southwest Pacific sites during time 
periods of interest 

Site 1885 – 1920 1952 – 1987 1785 – 1987 
New Caledonia -4.24 ± 0.17 -4.45 ± 0.08 -4.28 ± 0.18 

Fiji -4.92 ± 0.14 -5.13 ± 0.12 -4.92 ± 0.17 

Rarotonga -4.36 ± 0.12 -4.43 ± 0.10 -4.29 ± 0.16 

Aitutaki -4.60 ± 0.16   

Figure 6: Original Sr/Ca-SST data for the southwest Pacific sites from 1885-1920 CE.  The 
uncertainty associated with Rarotonga (red) is ± 1.7 mmol/mol, Fiji (green) ± 1.9 mmol/mol, New 
Caledonia (black) ± .018 mmol/mol, and Aitutaki ± 1.1 mmol/mol. 
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ATC13019B to be 100% aragonite. To quantify the sampling error, the difference between two 
δ18O measurements corresponding to the same year was calculated for a 10-year long Aitutaki coral core, 
ATC13100.  The average of the differences corresponds to a sampling error of 0.015%.  The precision of 
the IRMS and ICP-AES instruments contributes .01% uncertainty to the final geochemical measurements.  
Additional uncertainty is acquired during the aging of the data series.  To determine the sensitivity of the 
annual averages to which samples were assigned, the annual time series was calculated by two people and 
the number of samples chosen for a year varied.  The resulting error was about .1%.  Based on the ± 2 years 
associated with the TIMS date, there is a .06% uncertainty associated with the range of the Aitutaki time 
series. The uncertainty within the Aitutaki raw data amounts to 0.12% when all the above given 
uncertainties are used in the propagation of error calculation.  The error with the pre-existing data and the 
calculations are discussed in the methods section.  The error associated with the calculations is 2-3 orders 
of magnitude greater than the error associated with each site’s data.  Because of this large difference, a flat 
uncertainty of 27% was applied to all calculations.  

 
 
5.2 Original Sr/Ca and 𝛿𝛿 𝑂𝑂18  data 
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Analysis was focused on two time periods: 1885 to 1920 based on the age of the Aitutaki data, and 
1952 to 1987 based on the most current 35 year period in which all pre-existing data coincide.  Figure 6 
and 7 displays the original Sr/Ca and 𝛿𝛿 𝑂𝑂18  values for each site for 1885-1920 CE.  Each site has a distinct 
Sr/Ca and 𝛿𝛿 𝑂𝑂18  signature, but Aitutaki Sr/Ca data display high variability from about 1905 to 1920.  For 
each site, the change in the mean Sr/Ca from the turn of the century to the late 20th century stays within 2 
sigma of each other, despite a decrease in the average between the two time periods (table 1).  Similarly, 
the change in mean 𝛿𝛿 𝑂𝑂18  is not significantly different between the two time periods, staying within two 
sigma of each other, although there is a slight decrease in the mean (table 2). 

As mentioned before, Sr/Ca has a negative correlation with SST; consequently, a negative change 
in Sr/Ca corresponds to a positive rise in SST.  Whereas, 𝛿𝛿 𝑂𝑂18  is negatively correlated to SST and positively 
correlated to SSS; therefore, to interpret the trend of 𝛿𝛿 𝑂𝑂18  requires the consideration of both factors.   A 
decrease in 𝛿𝛿 𝑂𝑂18  across the southwest Pacific may be associated with a rise in temperature, a freshening of 
the region’s surface waters due to an increase in precipitation, or a mixture of both.   The other possible 
scenario is that an increase in evaporation may diminish the observed magnitude in SST rise.  

 
5.3 Reconstructed Sr/Ca-SST and δ18O-SSS: Pre-existing data series 

Figure 7: Original data δ18O-SSS for the southwest Pacific sites from 1885-1920 CE.  The uncertainty 
associated with Rarotonga (red) is ± 0.77 per mil, Fiji (green) ± 1.0 per mil, New Caledonia (black) ± 
.1 per mil, and Aitutaki ± .56 per mil. 

Figure 8: The Niño 3.4 Region overlaps the Niño 4 (blue) and Niño 3 region (red). 
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ENSO, El Niño Southern Oscillation, is a source of interannual variability in the hydrological 
conditions of the tropical Pacific, with the signal appearing stronger in some years than others.  National 
meteorological agencies, such as the National Oceanographic and Atmospheric Administration, use specific 
criteria to determine the occurrence and magnitude of an ENSO event.  Two common methodologies are 
the Oceanic Niño Index (ONI) and the Southern Oscillation Index (SOI).  The ONI, an average of SST over 
a region [5°N to 5° S, 170-120°W] called Niño 3.4, identifies an ENSO event when a 3-month running 
mean of SST anomalies exceeds ± .5°C for five consecutive months (NOAA, 2015).  Measurements from 
the Niño 3.4 region recognize the ENSO events which cause notable SST anomalies in both the Niño 3 and 
4 regions, with positive anomalies indicative of an ENSO warm phase event (figure 8).   Although SOI has 
a similar signal magnitude and frequency as ONI, SOI indicates a warm phase event with a negative 
anomaly.  SOI is the difference in standardized mean-sea level pressure between Darwin, Australia and 
Tahiti divided by the combined standard deviation. [Equation] 

SOI 
= (Standardized Tahiti - Standardized Darwin) 

(∑ (Standardized Tahiti - Standardized Darwin)² / N)1/2 

 

Indices used by national agencies often employ a threshold to identify an ENSO event.  These 
thresholds only recognize ENSO once the ENSO signal reaches a certain strength, but ignore the connection 
between the interannual variability of hydrological conditions and ENSO.  Several ENSO events of similar 
phase may occur in consecutive years, but are part of the same anomaly episode deviating from normal 
conditions.  In order to investigate the natural frequency of ENSO’s signal, this study adopted a threshold 
of zero to examine the interannual frequency of the detrended, reconstructed δ18O-SSS and Sr/Ca-SST 
annual anomalies.  Although this threshold does not identify the magnitude of an ENSO event, it does 
acknowledges the potential for an ENSO event.   

Working with zero as the threshold, several calculations were produced using a moving 30-year period.  
For each unique centered 30-year period, the following measures were calculated: 

1. The number of occurrences in which the data series fell above or below zero for a consecutive 
amount of time. 

2. The average length of consecutive time in which a data series were above or below zero. 

Calculation (1) shows the change in frequency of the interannual signal, which is related to ENSO, and 
calculation (2) shows the change in periodicity.  For example, Figure ___ shows for the results of these 
calculations for New Caledonia Sr/Ca-SST.  For the above threshold scenario in 1885 CE, the value 6 
corresponds to calculation 1 and signifies that from 1870 to 1900 (i.e. the centered 30-year period around 
1885), New Caledonia’s detrended Sr/Ca-SST signal fell above zero six times.  The value 3.33 for 
calculation (2) indicates New Caledonia’s Sr/Ca-SST signal remained above the threshold on average for 
3.33 years for any consecutive period of time from 1870 to 1900.   

The detrended, reconstructed Sr/Ca-SST and δ18O-SSS annual anomalies were unstandardized for 
these calculations.  Alternatively, the individual values of these data series could have been standardized 
with a centered 30-year average and standard deviation.  Standardization was not used because 
standardization did not significantly change the outcome of calculations; the correlation between the two 
methods was always above 0.9.  The unstandardized data series were selected for examination because of 
their longer time series.  

FIGURE 9, 10, 11 presents the results of individual sites for calculation (1) and (2), with solid lines 
representing above threshold scenarios and dashed lines representing below threshold scenarios.  The linear 
trend of each scenario is also shown. There is a general negative correlation between calculation (1) and 
(2); an increase in the number of incidences above or below the threshold corresponds to a decrease in the 
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average length of those incidences for a unique 30-year period.  However, there is more variation in the 
average interannual period than in the frequency number.  A change in the results was deemed significant 
if the difference between two consecutive years was greater than one standard deviation, which was on 
average 1 for calculation (1) and .5 years for calculation (2).  The outcome of calculations was different for 
each southwest Pacific site, but the trends and patterns for individual and between sites may be indicative 
of the SPCZ behavior over time.   

Rarotonga data display the most change in the interannual signal over the course of its time series 
(1744 to 1976 CE) (figure 11).  For both Sr/Ca-SST and δ18O-SSS, the general linear trend shows an 
increase in frequency and decrease in period.  More specifically though, the trend in frequency for 
reconstructed Sr/Ca-SST appears to display a shift in the average frequency at 1840 CE, increasing the 
average frequency from 5.8 to 7.5.  The average periodicity for Sr/Ca-SST also appears to shift at 1840 CE. 
The shift is more significant for the above threshold scenario, in which the average period decreased from 
2.9 years to 2.3 years.  This trend is not as significant in the reconstructed δ18O-SSS annual anomalies for 
Rarotonga, with an average of 5.5 from 1744-1840 CE and 6.9 from 1840-1976 CE for calculation (1).  For 
calculation (2), the below threshold scenario experienced a larger shift, a decrease from 2.9 to 2.2 years, 
than the above threshold scenario. 

The calculations for the New Caledonia data series (1667/1676 to 1972 CE) reveal a much different 
variability pattern than Rarotonga (figure 9).  While there may be a slight shift in the Sr/Ca-SST frequency 
at 1740, the Sr/Ca-SST frequency remained fairly consistent from 1667 to about 1940, with the frequency 
centered on 6.  There is a noticeable increase in the Sr/Ca-SST frequency during most of the 20th century.  
For the Sr/Ca-SST periodicity, the period for the above threshold scenario remained relatively constant 
while the below threshold scenario displayed a notable decreasing trend.  The trend seen in δ18O-SSS is 
quite different.  Although the above and below threshold scenarios behave similarly for both calculations 
(1) and (2), there is a narrowing in the frequency and period ranges at around 1770 CE.  The frequency 
range shrinks from a range of 9-4 for 1676-1770 CE to a range of 6-9 from 1770-1972 CE and the period 
range decreases from 3.75-1.5 years for 1676-1770 CE to a range of 2.83-1.4 years for 1770-1972 years.   

Fiji data series show the least change in the variance of the interannual frequency, but also the 
largest, and most consistent range in frequency (figure 10).  Although the average frequency remains 
constant for Sr/Ca-SST, there is a slight increase in range from 5-8 to a range of 4-8 at 1920 CE, with a 
greater occurrence of 8 as a frequency from 1960 to 1976.  The period shows an increase in the average 
period for the below threshold scenario and slight increase in the range of periodicity for both scenarios.  
Changes in the δ18O-SSS are more subtle, with a small shift in the range of frequency and periodicity at 
1920, changing from 9-4 range to 10-6 range and from 4-1.3 years to 2.6-1.4 years, respectively.  

5.4 Reconstructed Sr/Ca and 𝛿𝛿 𝑂𝑂18 : Aitutaki and Pre-existing data 

The reconstructed Aitutaki data were examined in context with the pre-existing data and SOI.  FIGURE 
12 and 13 show the detrended, reconstructed Sr/Ca-SST and δ18O-SSS annual anomalies standardized over 
two time periods, 1885-1920 CE and 1952-1987 CE (black line = New Caledonia, green line = Fiji, red 
line = Rarotonga, and blue line = Aitutaki).  The black dashed line is the annually averaged SOI and the 
multi-colored dots are indicative of ENSO events of varying strength as determined by different thresholds 
using ONI. 
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Figure 9: The change in the frequency and period for New Caledonia of a moving centered 30 year 
period for the occurrences above (solid line) and below (dashed line) zero with their corresponding 
linear trends.  The uncertainty within the frequency is ± 1 and within the period ± .5 years. 
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Figure 10: The change in the frequency and period for Fiji of a moving centered 30 year period for 
the occurrences above (solid line) and below (dashed line) zero with their corresponding linear trends.  
The uncertainty within the frequency is ± 1 and within the period ± .5 years. 
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Figure 11: The change in the frequency and period for Rarotonga of a moving centered 30 year 
period for the occurrences above (solid line) and below (dashed line) zero with their corresponding 
linear trends.  The uncertainty within the frequency is ± 1 and within the period ± .5 years. 



Duke Senior Thesis 

20 
 

 

Figure 12: The detrended and standardized reconstructed Sr/Ca SST for 1885-1920 and 1952-1987 
for New Caledonia (black), Rarotonga (red), Fiji (green), and Aitutaki (blue).  The uncertainty within 
the all measurements is ± 27%. The multi-color dots correspond to ENSO phases of varying strength. 
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Figure 13: The detrended and standardized reconstructed d18O-SSS for 1885-1920 and 1952-1987 
for New Caledonia (black), Rarotonga (red), Fiji (green), and Aitutaki (blue).  The uncertainty within 
the all measurements is ± 27%. The multi-color dots correspond to ENSO phases of varying strength. 
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5.4.1 SOI vs. ONI 
Figure 14 shows the 3-month running mean of ONI (gray line) and SOI (black line) (r = -.75, p = 

.17).   To demonstrate the similarity between the two indices, SOI was inverted (dashed black line).   The 
two indices differ in the month to month values but follow significantly similar annual trends, as shown in 
figure 15 (r = -.92, p = .72).   Each multi-colored dot in figure 14 and 15 represents an ENSO event of 
varying strength, typically corresponding to a summer season spanning two years.  For example, the 
magenta dot hovering between 1972 and 1973 indicates a strong warm ENSO phase that lasted from about 
July 1972 to March 1973.  The strength of an ENSO event was determined by a series of ONI thresholds.  
Although the 3-month running mean ONI threshold for an ENSO event is ± .5°C, it was determined that a 
weak ENSO event lies between .5 to .9°C, a moderate event between 1 to 1.4°C, a strong event between 
1.5 to 1.9°C, and a very strong event when ONI is greater than 2°C.  
5.4.2 Reconstructed Sr/Ca-SST 

The temperature signature of each southwest Pacific site is unique (figure 11).  While correlation 
between sites was mostly significant, the detrended reconstructed Sr/Ca-SST annual anomalies are not 
identical.  TABLE 3 and 4 displays the correlation coefficients and p-values of inter-site comparisons using 
unstandardized data from two time periods of interest.  The correlation coefficient, r, remained the same 
for each inter-site comparison regardless of whether the data were standardized or not.  While most 
correlations were positive, Fiji was negatively correlated to Rarotonga from 1885-1920 CE (r = -0.17).   
Excluding Aitutaki data, correlation between the remaining sites was higher for 1952-1987 CE (r = 0.4- 
0.56) than for 1885-1920 CE (r = -0.17- 0.20).  The p-values remained well above the 0.05 significance 
level despite the time period.  FIGURE 16 shows the 30-year moving correlation between New Caledonia 
and Rarotonga (black); New Caledonia and Fiji (green); and Fiji and Rarotonga (red).  The value 
corresponding to a particular year is the correlation coefficient for a 30 year period centered on that year.  
Prior to 1910 CE, New Caledonia and Fiji individual correlations with Rarotonga fluctuated between 
positive and negative, and after, their correlation with Rarotonga became progressively more positive.  The 
correlation between New Caledonia and Fiji is consistently positive but varies in strength throughout the 
decades.  Correlations only began to coalesce around 1945 CE, when all inter-site correlations became 
increasingly positive.  This coordinated increase suggests that regional SST anomalies are becoming more 
homogenous. 

Whenever another site was compared to Aitutaki, the p-value plummeted to well below the 0.05 
significance level.  The 0.05 significance level represents a 5% probability the result is random and if a p-
value fails to exceed this threshold, then the null hypothesis that the two data series are the same is rejected.   
The correlation coefficients from inter-site comparisons with Aitutaki are not significantly different from 
other coefficients for 1885-1920 CE.   

When New Caledonia, Rarotonga, and Fiji were compared to SOI, their p-values were well above 
the 0.05 significance level and their correlation coefficients were positive. Because of these significant 
correlation; the standardized, reconstructed Sr/Ca-SST annual anomalies from New Caledonia, Fiji, and 
Rarotonga were used to identify ENSO events.  Typically, an ENSO event is a consecutive time period of 
the same ENSO phase above a certain magnitude, such as the 1973-1976 CE La Niña (cold phase event).  
A cold phase event was identified when all three sites experienced a localized maximum within one year 
of each other, with at least two peaks occurring in the same year or a peak intersecting a high plateau of 
another site.  A plateau formed when a year was similar in value before or after a localized maximum or 
minimum. A warm phase event was identified similarly but involved a localized minimum in the Sr/Ca-
SST.   

During the late 20th century (1952-1987 CE), 8 warm and 8 cold phase events were identified using 
the above method verses the 9 warm and 6 cold phase events identified using ONI (table 5).  In general, the 
data-based ENSO events fell within ± 1 year of the ENSO events determined by ONI.  The two extra  
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Figure 14: The 3 month running average for ONI (gray) and SOI (black).  The inverted version of 
SOI is shown as the dashed black line.  The multi-color dots correspond to ENSO phases of varying 
strength. 

Figure 15: The annual average for ONI (gray) and SOI (black).  The inverted version of SOI is shown 
as the dashed black line.  The multi-color dots correspond to ENSO phases of varying strength. 
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Figure 16: The change in the correlation coefficient over time for the Sr/Ca-SST of New Caledonia 
(black), Rarotonga (red), and Fiji (green). 

Figure 17: The 
change in the 
correlation 
coefficient 
over time for 
the d18O-SSS 
of New 
Caledonia 
(black), 
Rarotonga 
(red), and Fiji 
(green). 
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cold phase events, 1961 and 1980 CE, identified by data-based criteria were disregarded by the 
ONI criteria because the 3 month running ONI average did not exceed the ± 0.5°C threshold for five 
consecutive months.  The data-based criteria missed a weak, warm event that occurred in 1979-80 CE, one 
year after another weak, warm event in 1976-1978 CE.  During 1980 CE, the data-based criteria identified 
a cold-phase event instead of a warm-phase event because of the predominance of positive Sr/Ca-SST 
values.   

From 1885-1920 CE, 5 warm phase and 6 cold phase events were identified using the data-based 
criteria whereas the SOI identified 6 warm and 7 cold phase events (table 6).  SOI was used instead of ONI 
because the ONI data series does not extend past 1950 CE.  Using SOI, an ENSO event was determined 
when the SOI 3-month running average exceeded ± 0.5 for five consecutive months. Once again, most data-
based ENSO events fell within ± 1 year of the SOI determined years; however, there were some 
discrepancies.  SOI identified cold phase events in 1887 and 1890 CE; during these years, the sign of 
Rarotonga and Fiji Sr/Ca-SST anomalies were opposite to that of Fiji.  The data-based criteria also missed 
the 1896 CE warm event identified by SOI, because the local Sr/Ca-SST minimum of each site was too 
dispersed.  Despite its poor correlation, most Aitutaki local minimums and maximums occured within ± 1 
year of the data-based ENSO events.   

Standardized, reconstructed Sr/Ca-SST annual anomalies were used to identify ENSO events rather 
than δ18O-SSS because southwest Pacific sites share a similar SST anomaly pattern during ENSO events. 
The relationship between SST and ENSO is fairly simple; a negative SST anomaly corresponds to an ENSO 
warm phase event and a positive SST anomaly corresponds an ENSO cold phase event.  The relationship 
between ENSO and SSS cannot be simplified as easily and must be examined on a site-to-site basis. 

 
5.4.3 Reconstructed δ18O-SSS 

Most sites correlated positively with one another, expect for three occasions (table 9 and 10).  
Regardless of the time period, New Caledonia and Rarotonga were negatively correlated, as were Fiji and 
Aitutaki.  The other negative correlation occurred between New Caledonia and Fiji during the late 20th 
century, but they correlated positively for 1885-1920 CE.  From 1885-1920 CE, most δ18O-SSS correlations 
were higher than Sr/Ca-SST correlations, but the opposite was true for 1952-1987 CE.  Depending on which 
two sites were compared; some correlations rose with time, while others fell.  When correlation coefficients 
were calculated over a 30-year moving period, there was significant variance between 30 year periods and 
between sites (figure 17).  Correlation between New Caledonia and Rarotonga consistently fluctuated 
between positive and negative values, ranging from –0.2 to 0.2.  Comparing New Caledonia and Rarotonga 
with Fiji produce correlation coefficients that range between -0.4 to nearly 0.6.  These correlations with Fiji 
take a longer time to vary between positive and negative values than the correlation coefficients for the 
comparison between New Caledonia and Rarotonga.   

Expect for comparisons with Aitutaki, the p-values of inter-site comparisons were significantly 
higher than the .05 significance level.  The δ18O-SSS p-values were higher than Sr/Ca-SST for 1885-1920 
CE and 1952-1987 CE.  Similar to Sr/Ca-SST comparisons made with Aitutaki, Aitutaki δ18O-SSS data 
were insignificantly correlated to other southwest Pacific sites, with p-values well below the 0.05 
significance level.  Nevertheless when compared with SOI, Aitutaki had a p-value of 0.06.  For the other 
sites, p-values for the SOI comparisons were very high, although slightly lower than the Sr/Ca-SST 
comparisons. 

To investigate how SSS behaves for different southwest Pacific sites depending during each type 
of ENSO phase, the δ18O-SSS anomaly and trend was examined from each ENSO event identified using 
Sr/Ca-SST (table 7).  As with the change in correlation coefficients (figure 17), the relationships between 
sites are not consistent over time, nor is the behavior of an individual δ18O-SSS data series consistent with 
a phase of ENSO.  Table 8 display the annual anomalies rounded to the nearest quarter (0.25 intervals) of 
δ18O-SSS for 1885-1920 CE and 1952-1987 CE for both phases of ENSO.  The blue or orange highlight 
signifies a negative or positive value, respectively.  At first glance, it is difficult to discern a pattern in δ18O-
SSS values.  The change from a positive to a negative anomaly for a particular site for a particular ENSO 
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phase may be related to a change in the magnitude of the ENSO phase.  For example, Rarotonga values are 
generally positive for cold phase events and negative for warm-phase events.  And yet, for the strong 1982-
83 CE warm-phase event, Rarotonga experienced a positive SSS anomaly according to the data, a result 
possible if the SPCZ moved to far eastward.  When looking at the magnitude and signs of various sites in 
comparison to one another and between ENSO phases, there is no apparent significant relationship.  For 
the 1952-1987 CE period, the δ18O-SSS trend was also analyzed by examining the change in annual 
anomalies from the year before to the year after an identified ENSO event.  The trends of δ18O-SSS did not 
elucidate any particular patterns either for an ENSO phase.   

 
6. Discussion  
6.1 Aitutaki 

The poor correlation of Aitutaki data with other southwest Pacific sites and SOI may be attributed to 
the coral head selected to sample, how the coral sample was aged, and/or where Aitutaki is located in the 
southwest Pacific.  When considering the core ATC13019B, the coral head is not the likely cause of the 
poor correlation.  When choosing a coral head to sample, the head must be pristine and come from an 
environmental setting that reflects the hydrological variables being studied.  The ATC13019B core was 
collected by Dr. Evans and PhD candidate Lopatka from a Porites coral head deposited on an eastern 
Aitutaki beach (Evans, 2011)).  They speculated that a storm tore the coral head from nearby shallow water 
and deposited it on the beach.  This is the most likely scenario, because the bulk and weight of a coral 
makes it difficult to transport, even under the force of a storm (Appendix for calculation of approximate 
force needed to move the coral head and further discussion).  Also, Porites corals prefer to grow in shallow, 
warm waters, environmental conditions that match the shallow marine shelf fringing Aitutaki.  As discussed 
in section 5.1.1 (Aitutaki Uncertainty), the results of diagenetic testing revealed ATC13019B to be 100% 
aragonite. 

The age modeling of ATC13019B is also eliminated as a source of poor correlation, because the 
uncertainty associated with the age modeling is 0.12% of the data series total error (previously discussed 
in section 5.1.1).  Consequently, Aitutaki’s location is the most likely cause for the poor correlation. 
Aitutaki lies at 18.85°S, 159.79°W, at the eastern edge of the SPCZ, the boundary between two opposing 
climate systems.  The SPCZ’s eastern edge is defined by the South Pacific Gyre, a counter-clockwise ocean 
circulation driven by the surface Trade Winds circling the South Pacific high pressure zone (Wildansky et 
al., 2010;).  The sinking air in the South Pacific high pressure zone suppresses precipitation and the 
formation of clouds.  In contrast, the low pressure trough that dictates the diagonal orientation of the SPCZ 
is a center for low-level convergence, an area where rising moist air condenses into clouds and precipitation 
(Vincent, 1993; Wildansky et al., 2010).   

The climate signal recorded by Aitutaki coral may reflect a mixture of dry and saturated conditions as 
determined by the strength of the Trade Winds positioning the SPCZ.  Table __ and __ display the rounded 
reconstructed δ18O-SSS annual anomalies associated with ENSO events identified by the reconstructed 
Sr/Ca-SST anomalies for 1885-1920 CE.  Regardless of the ENSO phase, Aitutaki δ18O-SSS anomalies for 
a given ENSO event are typically lower than ± 0.25.  The lack of divergence from the norm suggests that 
changes to the SPCZ induced by ENSO does not impact Aitutaki as significantly as other southwest Pacific 
sites.  As shown in previous sections, the p-value analysis reveals that Aitutaki is statistically different from 
the other sites.  With further analysis however, this difference may be used to advantage.  Aitutaki sits on 
a climate node, which may or may not shift depending on the phase and strength of ENSO. When studying 
ENSO in the southwest Pacific, it is crucial to interpret the spatial variations in SSS to determine the 
position of the SPCZ.  Aitutaki serves as a unique point of reference for comparisons to determine the 
ENSO phase and strength, and adds robustness to the analysis.   
 
6.2 Hypothesis 1: Climatological averages and anomalies of SSS and SST from the Southwest Pacific have 

no statistical difference between the late 19th century and the 20th century. 
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The change in the southwest Pacific’s climatology is subtle.  Neither the Sr/Ca and δ18O averages nor 
the average reconstructed δ18O-SSS and Sr/Ca-SST anomalies for individual sites were not statistically 
different between 1885-1920 CE and 1952-1987 CE.  The Sr/Ca and δ18O averages for the two time periods 
remained within 2 standard deviations of each other.  The slight decrease in values may indicate warming 
SST in the tropical Pacific.  The Tropics in general have a small annual range in SST, but the IPCC’s Fifth 
Assessment Report noted an increase in surface temperatures of .4-.8°C from 1901-2012 CE (Stocker et 
al., 2013).  When examining the changes in the average reconstructed δ18O-SSS anomalies, New Caledonia 
and Fiji data show a decrease in the average positive and negative anomaly, suggesting more wet conditions 
over time.  Rarotonga anomalies shift towards more positive, indicating that 1952-1987 was drier than 
1885-1920.  

 
6.3 Hypothesis 2: There is no significant difference in the frequency of ENSO warm phases and cold phases 

between late 19th century and the late 20th century. 
All the southwest Pacific sites, considered in this paper, lie within a narrow range of latitudes (-16° to 

-23°N) with New Caledonia located furthest west at 166.5°E, Rarotonga and Aitutaki located furthest east 
at -159.8°E, and Fiji positioned in between at 179.2°E.  The SPCZ cuts diagonally across the meridional 
distribution of sites, with Fiji in the position most susceptible to the SPCZ’s influence.  When considering 
the change in the interannual signal’s frequency and period (as discussed in section 5.3), Fiji reconstructed 
anomalies have the largest frequency range but the least variance in range over time.  The frequency of Fiji 
reconstructed anomalies takes the longest time to vary from its highest value to its lowest.  This behavior 
may indicate that the SPCZ interaction with ENSO, which is responsible for the interannual variance in the 
region, has a predictable pattern.  

Similarly, the frequency for Rarotonga δ18O-SSS anomalies seems to also range widely during the 
entire time series (1744-1976 CE), but only from 1676-1770 CE for New Caledonia.  If a large range in 
δ18O-SSS anomalies indicates the SPCZ’s presence, then these results may imply that the SPCZ has shifted 
eastward. The narrow range in New Caledonia SSS anomalies suggests a decrease in the influence of 
SPCZ’s interannual variance over the island’s local area.   

Although there is little change in the frequency of Fiji Sr/Ca-SST, there appears to be a shift in the 
average interannual frequency for Rarotonga and New Caledonia.  Both data series show an increase in the 
frequency, which may correspond to a decrease in the range of SST.  A decrease SST range would correlate 
well with an increase in global temperatures and a decrease in the zonal SST gradient.  As mentioned in 
section 5.3, the average period for when Rarotonga Sr/Ca-SST anomalies fall above zero or when δ18O-
SSS anomalies fall below zero shows a significant decrease.  Sr/Ca-SST anomalies above zero indicate 
warmer than average conditions and δ18O-SSS anomalies below zero indicate conditions wetter than 
normal.  A decrease in the period of the Sr/Ca-SST above threshold scenario and the δ18O-SSS below 
threshold scenario could indicate conditions, that were at one time anomalously warm or wet, are becoming 
the new norm.  This scenario could indicate an increased presence of the SPCZ and warmer waters in the 
vicinity of Rarotonga. 

The results presented here seem to agree with other studies that the SPCZ is expanding eastward 
(Linsley et al, 2006; Wu et al., 2013).  Warmer global temperatures decrease the strength of the zonal 
temperature gradient in the Pacific, and weaken the mid-latitude circulation that controls the diagonal 
position of the SPCZ.  With a weakened diagonal orientation, the SPCZ may reorient itself to become more 
aligned with the Equator.  This shift in the SPCZ is similar to its behavior observed during an ENSO warm 
phase event.  The frequency of ENSO events does not appear to have changed significantly from its natural 
variability as observed in the interannual signal for Fiji δ18O-SST annual anomalies.  During the warming 
of the past 100 to 150 years, the potential for either ENSO phase has become more equal. 

6.4 Future Work 
This research addresses the frequency of ENSO phase events, but not the magnitude or intensity.  Future 

work should concentrate on the inter-relations between the SSS anomalies of the southwest Pacific sites to 
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track the orientation of the SPCZ.  The position of the SPCZ infers the phase of ENSO, and how far the 
position has shifted may be used to determine the intensity of ENSO.  Observations should be compared to 
model simulations because if the model output is significantly similar to observations, the model will 
provide a better spatial resolution for analyzing the distribution SSS anomalies in the southwest Pacific.  
Models bring addition climatic variables to an analysis.  Examining pressure and wind anomalies of the 
region may better explain observations and the variability of the SPCZ during ENSO phases.  Most 
importantly, further sampling of the southwest Pacific should be pursued as more observations provide a 
stronger foundation for analysis and the validation of models. The Aitutaki data presented in this paper only 
spans 36 years, too short a time period to fully make use of its location on the node between the SPCZ and 
the South Pacific high pressure zone.  
 

7. Conclusion 
The scarcity of oceanic observations limits the scientific understanding of ENSO’s natural 

variability.  ENSO is a source of prominent interannual variability and it is unknown how its behavior may 
change with increasing global temperatures (Stocker et al., 2013).  This research studied the interannual 
variability in reconstructed SST and SSS anomalies based on detrended Sr/Ca and δ18O anomalies inputted 
into equation from Ren et al. (2002).  New data from Aitutaki was examined along with pre-existing data 
from Rarotonga, Fiji, and New Caledonia.  The Aitutaki data was found to be statistically different from 
the other sites, with p-values below the 0.05 significance level.  The interannual frequency and period of 
New Caledonia, Fiji, and Rarotonga was chosen to be investigated in depth because those sites 
significantly correlated with SOI, an index used to ENSO phase events.  Over a moving centered 30-year 
period, the measurements calculated were the number occurrences in which a data series fell above or 
below zero and the average period of those occurrences.  The analysis found that the natural interannual 
frequency of the SPCZ, which is significantly correlated to ENSO, has not varied significantly over time, 
ranging between 4-9 occurrences of below/above zero periods in a 30-year period.  The average Sr/Ca, 
δ18O, Sr/Ca-SST, and δ18O-SSS had not changed significantly between the late 19th century and the late 
20th century.  Based on the interannual analysis, there is evidence that suggests the SPCZ has expanded 
eastward, agreeing with previous studies (Linsley et al, 2006; Wu et al., 2013).  Based on the frequency 
of times that fell above or below zero, the analysis determined the potential for either ENSO phase has 
become more equal over time.  Although this study examined the natural frequency of ENSO, further 
research is needed to investigate the inter-site relationships in SSS anomalies across the southwest Pacific 
to better understand variations in ENSO’s intensity. 
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Table 3: Reconstructed Sr/Ca-SST anomalies statistical comparisons amongst sites 1885-1920 CE 
(unstandardized) 

Site New Caledonia Fiji Rarotonga Aitutaki 
r p r p r p r p 

New Caledonia   0.19 0.70 0.03 0.65 0.19 0.02 
Fiji 0.20 0.70   -0.17 0.88 0.12 0.02 
Rarotonga 0.03 0.65 -0.17 0.88   0.17 0.03 
Aitutaki 0.19 0.02 0.12 0.02 0.17 0.03   
SOI 0.56 0.95 0.23 0.93 0.24 0.87 0.38 0.03 
 

Table 4: Reconstructed Sr/Ca-SST anomalies statistical comparisons amongst sites 1952-1987 CE 
(unstandardized) 

Site New Caledonia Fiji Rarotonga Aitutaki 
r p r p r p r p 

New Caledonia   0.42 0.86 0.40 0.90   
Fiji 0.42 0.86   0.56 0.78   
Rarotonga 0.40 0.90 0.56 0.78     
Aitutaki         
SOI 0.61 0.94 0.58 0.88 0.66 0.99   
 
Table  5: Reconstructed d18O-SSS anomalies for years identified as ENSO events by Sr/Ca-SST 

Cold phase (1952-1987) 
Year New Caledonia Fiji Rarotonga 
1956 ~ 0.0 (-) ~ 0.25  (-) ~ 1 
1961 (-) ~ 1 (-) ~ 1 (+) ~ 1.5 
1964 ~ 0.0 (+) ~ 1.75 (+) ~ 1 
1968 (-) ~ 0.75 (-) ~ 0.75 (+) ~ 0.0 
1971 (+) ~ 0.5  (-) ~ 1.75 (-) ~ 1.25 
1975 (-) ~ 0.75 (+) ~ 0.25 (+) ~ 1.75 
1980 (+) ~ 0.5 (+) ~ 0.25 (-) ~ 1.25 
1985 (+) ~ 2 (+) 0.25 (-) ~ 1.25 
 
 
 
 
 
 
 
 
Table  6: Reconstructed d18O-SSS anomalies for years identified as ENSO events by Sr/Ca-SST 

Cold phase (1952-1987) 
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Year New Caledonia Fiji Rarotonga 
1956 ~ 0.0 (-) ~ 0.25  (-) ~ 1 
1961 (-) ~ 1 (-) ~ 1 (+) ~ 1.5 
1964 ~ 0.0 (+) ~ 1.75 (+) ~ 1 
1968 (-) ~ 0.75 (-) ~ 0.75 (+) ~ 0.0 
1971 (+) ~ 0.5  (-) ~ 1.75 (-) ~ 1.25 
1975 (-) ~ 0.75 (+) ~ 0.25 (+) ~ 1.75 
1980 (+) ~ 0.5 (+) ~ 0.25 (-) ~ 1.25 
1985 (+) ~ 2 (+) 0.25 (-) ~ 1.25 
 
Table  7: Reconstructed d18O-SSS anomalies for years identified as ENSO events by Sr/Ca-SST 

Warm phase (1885-1920) 
Year New Caledonia Fiji Rarotonga Aitutaki 
1888 (-) ~ 0.75 ~ 0.0 (+) ~ 1.5 ~ 0.0 
1901 ~ 0.0 (-) ~ 0.75 (-) ~ 1.25 (+) ~ 0.25 
1904 (-) ~ 0.25 ~ 0.0 (+) ~ 0.5 (-) ~ 0.5 
1913 (-) ~ 0.25 (+) ~ 1.25 (+) ~ 0.75 (+) ~ 0.25 
1919 (-) ~ 1.5 (+) ~ 1 (+) ~ 1 (-) ~ 1 
 
Table  8: Reconstructed d18O-SSS anomalies for years identified as ENSO events by Sr/Ca-SST 

Cold phase (1885-1920) 
Year New Caledonia Fiji Rarotonga Aitutaki 
1893 (-) ~0.5 (-) ~ 1 (-) ~ 0.5 (-) ~ 0.25 
1899 (+) ~ 1 (-) ~ 0.5 (-) ~ 0.25  ~ 0.0 
1903 (-) ~ 0.5 (-) ~ 0.25 (+) ~ 1.5 (-) ~ 0.0 
1906 (+) ~ 0.75 (+) ~ 1.25 (+) ~ 1.75 ~ 0.0 
1910 0.0 (-) ~ 1.5 (-) ~ 0.75 (-) ~ 2 
1917 (+) ~ 0.75 (-) ~ 1.75 (-) ~ 0.75 (+) ~ 3.5 
 

Table 9: d18O-SSS anomalies statistical comparisons amongst sites 1885-1920 CE (standardized) 

Site New Caledonia Fiji Rarotonga Aitutaki 
r p r  r p r p 

New Caledonia   0.23 1.0 -0.13 1.0 0.10 1.0 
Fiji 0.23 1.0   0.48 1.0 -0.32 1.0 
Rarotonga -0.13 1.0 0.48 1.0   0.0013 1.0 
Aitutaki 0.10 1.0 -0.32 1.0 0.0013 1.0   
 
 
 
 
 

Table 10: Reconstructed d18O-SSS anomalies statistical comparisons amongst sites 1952-1987 CE 
(standardized) 
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Site New Caledonia Fiji Rarotonga Aitutaki 
r p r p r p r p 

New Caledonia   -0.11 1.0 -0.27 1.0   
Fiji -0.11 1.0   0.21 1.0   
Rarotonga -.027 1.0 0.21 1.0     
Aitutaki         
 

10. Appendix 

Table 1: Equations used to detrend annual Sr/Ca data series (y = Sr/Ca, x = year) 

Site Long-term trend equations 
New Caledonia y = -1E-06x2 + 0.0048x + 4.8468 and then, y = -0.0011x + 1.0046 

Fiji y = -4E-06x2 + 0.0134x - 3.1612 and then, y = 0.0014x - 1.3033 

Rarotonga y = -5E-06x2 + 0.0174x - 7.2107 and then, y = 0.0017x - 1.5428 

Aitutaki y = -7E-05x2 + 0.282x - 257.25 and then, y = -0.0179x + 16.979 

 

Table 2: Equations used to detrend annual d18O data series (y = d18O, x = year) 

Site Long-term trend equations 
New Caledonia y = -6E-06x2 + 0.0211x - 22.683 and then, y = -6E-05x + 0.097 

Fiji y = -9E-06x2 + 0.0301x - 31.434 and then, y = 0.0019x - 1.7552 

Rarotonga y = -2E-06x2 + 0.0075x - 9.7151 and then, y = -0.0017x + 1.5997 

Aitutaki y = 0.0002x2 - 0.5913x + 560.51 and then, y = -0.1724x + 163.98 

 
 
 
Calculation of force to move ATC13019B coral head 
The cross-section of sample ATC13019B’s coral head is approximately 36 ft2 (calculated using the Rite in 
the Rain field book in FIGURE as reference) and a approximate bulk density of 1-2.2 g/cm3 (Hopley, 2011).  
A 36 ft2 x 1 ft cross-sectional volume is 3.34 x 106 cm3 and when multiplied by 1 g/cm3, the product is 3.34 
x 106 g.  This weight is equivalent to 3.68 tons, which would require about 3.6 x 107 N to move.  The wind 
 Even though cyclone winds would be strong enough to move this weight, the bulk of the coral head would 
limit how far it is transported. The other factor to consider is the water depth of the coastal shelf next to the 
beach on which the coral head was found.  The width of the shelf is about 1360 meters and slowly slopes 
downward up to a depth of about 40 meters before the seafloor drops 100 meters in the less than 400 meters 
(measured from Google earth).  Because a Porites’ growth is limited by the availability of sunlight, the 
coral head cannot have originated much farther past the shelf. 

 


