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ABSTRACT 25 

In the South Pacific, interdecadal-decadal oceanic and atmospheric variability, 26 

referred to as the Interdecadal Pacific Oscillation (IPO), is most pronounced in the South 27 

Pacific Convergence Zone (SPCZ) salinity front region. Here we have used annual 28 

average oxygen isotope (δ18O) time series from five coral cores collected from Fiji and 29 

Tonga in this region to construct a Fiji-Tonga Interdecadal-Decadal Pacific Oscillation 30 

(F-T IDPO) index of low frequency (>9yr and <55yr) climate variability back to 1650 31 

A.D. We first demonstrate the consistency between this F-T IDPO index and a mean sea 32 

level (MSL) pressure-based SPCZ Position Index (SPI) (1891-2000), thus verifying the 33 

ability of coral δ18O to record past interdecadal-decadal climatic variations in this region 34 

back to 1891. The F-T IDPO index is then shown to be synchronous with the IPO index 35 

(1856-2000), suggesting that this coral-based index effectively represents the 36 

interdecadal-decadal scale climate variance back to 1650. The regularity of the F-T IDPO 37 

Index indicates that interdecadal-decadal variability in the SPCZ region has been 38 

relatively constant over the past 350 years with a mean frequency of ~20 years (variance 39 

peaks near 11 and 35yrs). There is a consistent anti-phase correlation of the F-T IDPO 40 

index and the interdecadal-decadal components in equatorial Pacific coral δ18O series 41 

from Maiana and Palmyra. This observation indicates that the eastward expansion 42 

(westward contraction) of the eastern salinity front of the Western Pacific Warm Pool 43 

(WPWP) occurs simultaneously (± <1yr) with the westward (eastward) shift of the SPCZ 44 

salinity front during positive IPO (negative IPO) phases. This is the same relationship 45 
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observed during the phases of the El Niño Southern Oscillation. 46 

 47 

1. Introduction 48 

The South Pacific Convergence Zone (SPCZ) is a reverse-oriented monsoonal 49 

low-pressure trough stretching from the Intertropical Convergence Zone (ITCZ) near 50 

the Solomon Islands to Fiji, Samoa, Tonga and farther southeast to French Polynesia 51 

(Figure 1). This region features a large sea surface temperature (SST) gradient and 52 

active low-level convergence. The low-level convergence of moisture leads to a 53 

persistent cloud band as well as showers and thunderstorms. Precipitation and 54 

convection within the band is seasonally dependent. Its equatorial portion, where it is 55 

connected to the ITCZ, is most active in the Southern Hemisphere summer, and the 56 

more southeasterly portion is most active during transition seasons of fall and spring. 57 

On interannual timescales, displacements of the SPCZ are relatively well known. 58 

During La Niña phases the SPCZ shifts southwestward and during El Niño phases the 59 

SPCZ shifts northeast toward Samoa [Folland et al., 2002; Gouriou and Delcroix, 2002]. 60 

However, lower-frequency displacements are less well understood due to the lack of 61 

long-term instrumental records. Folland et al. [2002] have developed a SPCZ position 62 

index (SPI) from the monthly instrumental mean sea level (MSL) pressure differences 63 

between Suva, Fiji (18°9’S, 178°26’E) and Apia, Samoa (13°48’S, 171°47’W) from 64 

November to April during the period 1891-2000 (see Figure 2). The SPI was found to 65 

be closely correlated with the phase of the Interdecadal Pacific Oscillation (IPO), with 66 
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the SPCZ displaced towards Fiji during negative phases of the IPO and towards Samoa 67 

during positive phases of the IPO [Folland et al., 2002]. At lower frequencies, Linsley et 68 

al. [2006] have interpreted the secular trends in replicated coral oxygen isotope (δ18O) 69 

records from Fiji and Rarotonga as evidence that the SPCZ has been expanding 70 

southeast since the mid 1800s.  71 

At the southeastern edge of the SPCZ, oceanic circulation around the feature in 72 

conjunction with a positive precipitation-evaporation (P-E) balance in the SPCZ creates 73 

a salinity gradient in the ocean, with fresher and warmer waters of the western Pacific 74 

lying to the west of the salinity front and cooler, saltier waters lying to the east 75 

[Gouriou and Delcroix, 2002](see Figures 1 and 2). On interannual scales, when the 76 

SPCZ migrates northeastward (southwestward) during El Niño (La Niña) events, the 77 

salinity front simultaneously shifts northwestward (southeastward) [Gouriou and 78 

Delcroix, 2002; Juillet-Leclerc et al., 2006; Linsley et al., 2006]. On interdecadal 79 

time-scales the SPCZ salinity front also migrates northwestward (southeastward) during 80 

the negative (positive) phase of the Interdecadal Pacific Oscillation (IPO) (see Figure 1), 81 

e.g., westward during the late 1940s to mid 1970s and eastward after the mid 1970s 82 

[Delcroix et al., 2007].  83 

In many studies, δ18O series in corals have been shown to provide a unique record 84 

of past climatic variability due to: 1) the precise dating provided by annual growth 85 

bands combined with δ18O annual cycles and 2) the ability of coral skeletal δ18O to 86 

record environmental changes [e.g., Wellington et al., 1996]. However, limitations of 87 
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using the coral δ18O proxy include uncertainties both in the combined effects of SST 88 

and the δ18O of seawater and in the effects of poorly understood potential biological 89 

artifacts such as inconsistent annual skeletal extension rates and calcification rates 90 

[Lough, 2004]. Skeletal diagenesis either via secondary calcification or dissolution can 91 

also be hard to detect [Mueller et al., 2001; Hendy et al., 2007]. 92 

Here we use a regional multi-coral δ18O series approach in an attempt to minimize 93 

potential biological or diagenetic artifacts and to increase the climate signal to noise 94 

ratio of the interdecadal-decadal δ18O variability.  The climatic significance of 95 

interdecadal-decadal modes in coral δ18O time-series is still under debate [e.g., Jones et 96 

al., 1998; Crowley et al., 1999; Evans et al., 2000; Linsley et al., 2004, 2006]. To 97 

examine the reliability of the coral-based δ18O proxy in reconstructing interdecadal and 98 

decadal climate variability in the past, we isolated the interdecadal-decadal modes in 99 

five coral δ18O time-series in the SPCZ region (two from Fiji and three from Tonga) 100 

(Figure 2). Both island chains lie in an area of the South Pacific where the IPO is most 101 

pronounced (see Figure 1). Folland et al. [2002] demonstrated the equivalence of the IPO 102 

and the North Pacific derived Pacific Decadal Oscillation (PDO) index. In the South 103 

Pacific the IPO amplitude appears to be of similar magnitude to the El Niño Southern 104 

Oscillation (ENSO). Large uncertainties remain regarding the temporal and spatial 105 

coherence of this interdecadal-decadal variability prior to ~1950 when instrumental data 106 

were less complete in coverage and are generally thought to be less reliable. Here we will 107 

show that the interdecadal-decadal variability extracted from the δ18O series of five corals 108 
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from Fiji and Tonga correlates with the SPI and IPO indices.  This demonstrates the 109 

reliability of coral δ18O from Fiji and Tonga as a climate proxy at interdecadal-decadal 110 

frequencies and establishes that a five-coral δ18O composite Interdecadal-Decadal 111 

Pacific Oscillation (IDPO) Index back to 1650 A.D. documents past 112 

interdecadal-decadal climate oscillations.  113 

 114 

2. Methods 115 

2.1 Sampling and Chronology 116 

In November 2004 three Porites lutea coral colonies were drilled at Tonga on the 117 

islands of Ha’afera, Malinoa and Nomuka Iki (Figure 2). At Ha’afera (19°56’S, 118 

174°43’W), a large colony with a dead flat top but with live sides was cored (see Table 119 

1). The colony was ~4 m high with ~1 m of water covering the top at low tide. Two 120 

coral cores TH1 Hole 4 (TH1-H4 hereafter) and TH1 Hole 5 (TH1-H5 hereafter) were 121 

collected from this colony. The 3.28-m -long core TH1-H4 was drilled from the dead 122 

top of the colony and the 67-cm-long core TH1-H5 was collected from the live side of 123 

the colony. As discussed below, TH1-H4 and TH1-H5 were spliced together using the 124 

timing of known El Niño events. At Malinoa (21°02’S, 175°08’W), just north of 125 

Nuku’alofa in southern-most Tonga, a 1.63-m-long core (TM1) was collected from a 126 

living colony in 6 m of water. At Nomuka Iki (20°16’S; 174°49’W) two useable cores 127 

were collected from a large living colony in 3.5 m of water (TNI2-H1, 4.03m useable 128 

length; and TNI2-H3, 1.8m useable length). Due to a bio-eroded zone from ~1m to 129 
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1.68m in TNI2-H1, TNI2-H3 was drilled to allow sampling around the bio-eroded zone 130 

by splicing the δ18O record from H3 onto H1.  131 

The δ18O data from the two Fiji Porites lutea cores (Fiji 1F and Fiji AB) used in 132 

this study were originally discussed in Linsley et al. [2004, 2006]. It should be noted 133 

that subsequent to publishing the Fiji core AB chronology in Linsley et al. [2006], we 134 

determined that a 2-year gap existed in this core (missing years 1727 and 1728) at a 135 

core break. For this current work we have inserted two years by calculating the average 136 

of each decade on either side of the gap. Bagnato et al. [2004] evaluated the variability 137 

in a δ18O time-series (2001-1776 A.D.) generated from a Diploastrea coral core 138 

collected in the same bay as Fiji cores 1F and AB. Diploastrea skeletons extend at a 139 

rate that is 2-3 times slower than Porites in the same setting. Given the possible 140 

biological effects of this slower growth on skeletal geochemistry [Pätzold, 1984; 141 

Bagnato et al., 2004] we have elected not to include this Diploastrea time-series in our 142 

Porites δ18O composite.  In addition, if any non-climatic (biological and/or digenetic) 143 

effects on skeletal δ18O in each coral record used in the composite are independent and 144 

not related to each other, this non-climatic signal will be minimized or canceled out by 145 

averaging multiple coral records, assuming the climatic signal preserved is the same for 146 

all corals used in the average. Since, in slow-growing corals like Diploastrea, the 147 

climatic vs. non-climatic components are not as well understood as they are in Porites, 148 

we decided not to include cores of any species of coral other than Porites lutea. 149 

All of the Tonga coral cores were cut into ~7-mm-thick slabs in the laboratory with 150 
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a modified tile saw, cleaned and air-dried. The slabs were X-rayed (35kV for 90 151 

seconds) to reveal the density bands. All of the Tonga coral slabs were then cleaned 152 

with a high-energy (500W, 20kHz) probe sonicator in a deionized water bath for 153 

approximately 6 minutes and air-dried. As previously described [Linsley et al., 2004, 154 

2006] the Fiji coral core 1F and AB slabs were cut to a thickness of 6 mm and then 155 

cleaned in a 160W ultrasonic bath prior to sampling and analysis. Dry slabs were 156 

sampled using a low-speed micro-drill with a 1-mm-diameter diamond drill bit parallel 157 

to corallite traces along growth axes (as identified in the X-radiographs). Each Tonga 158 

core was sampled at 1-mm intervals through the top ~30 years, by excavating a 159 

4-5-mm-wide (perpendicular to the growth axis) and 2-3-mm-deep groove in the coral 160 

slabs. Below the top ~30 years of growth in the Tonga cores a technique of annual-scale 161 

sampling was used (described below). In order to sample continuously along the growth 162 

axes, the sampling track was purposely shifted from one growing axis to another as 163 

sampling progressed downcore.  Shifting the sampling track was also necessary to 164 

bypass possible gaps caused by irregular core breaks (see example X-ray collage in 165 

supplemental Figure 1). In these cases, all of the shifts were made along a distinct 166 

density band to avoid any temporal hiatus in our data. The Fiji cores were sampled at 167 

1-mm intervals from the top to the bottom of each core. 168 

 Approximately 100 µg of coral powder in each sample was dissolved in 100% 169 

H3PO4 at 90°C in a MultiPrep sample preparation device and the generated CO2 gas was 170 

analyzed by a Micromass Optima gas-source triple-collector mass spectrometer at the 171 
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University at Albany, State University of New York Stable Isotope Ratio Mass 172 

Spectrometry Laboratory. Table 2 lists the number of samples analyzed from each 173 

Tonga core, the average difference between replicate samples and the average 174 

difference of the NBS-19 standards run by week. Approximately 13% of the 3,300 175 

Tonga coral samples were analyzed in duplicate. All data are expressed in the 176 

conventional delta notation as per mil deviations relative to Vienna Peedee Belemnite 177 

(VPDB). 178 

For the most recent three decades of cores TH1-H4, TH1-H5, TM1, and TNI2-H3, 179 

the chronologies are based on the reconstructed annual cycles in millimeter-scale δ13C 180 

and δ18O data with the warmest time set as March. The 1974-1975 La Niña, 1971-1972 181 

La Niña，1964-1965 El Niño, and 1955-1957 La Niña events were set as control points 182 

to determine the age of TH1-H4 (the same colony as TH1-H5, but dead on the top). La 183 

Niña events result in warmer and lower salinity conditions in Fiji and Tonga (opposite 184 

from the equatorial Pacific) that lower coral δ18O, while during El Niño phases, locally 185 

cooler and saltier conditions result in higher coral δ18O values. Figure 3 shows the 186 

mm-scale δ18O results from cores TH1-H4, TH1-H5 and TNI2-H3 to illustrate the 187 

match of the interannual δ18O changes with known ENSO events. We added TH1-H5 188 

on top of TH1-H4 (the overlapping part was averaged) and named the combined time 189 

series dataset spanning 1794-2004 TH1.  190 

Below the millimeter-scale sampling, we have utilized an annual-average sampling 191 

method, which is based on the annual density cycles identified by using X-ray 192 
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radiographs and ultraviolet light. Sampling was done along the maximum growth axis 193 

as with the mm-scale sampling, but only one continuous sample was drilled through 194 

each density band (~8-17 mm long, depending on the coral extension rates). Powder 195 

from each annual accretion drilling was well mixed and its δ18O value was taken as a 196 

one-year average value of the corresponding year. Millimeter sampling was applied in 197 

intervals where the density bands were not clear enough to identify the annual growth 198 

increments.  Unlike the millimeter-scale sampled Fiji cores (Fiji 1F [Linsley et al., 199 

2004] and Fiji AB [Linsley et al., 2006]), whose annual average δ18O values were 200 

derived from all the data points between the two most negative δ18O values of each year 201 

(March), the annual average δ18O values from the annual-scale drilling of the Tonga 202 

cores are not necessarily 12-month averages. In the Tonga cores, although most of the 203 

dense bands appear right before the warmest time in each year (January/February), there 204 

are exceptions that cause differences in time spans of some years. Instead of an 205 

integrated one-year cycle, several months could be missed and added to the year before 206 

or after. However, as discussed below, the similarity of the resulting modes in different 207 

frequencies among the five coral cores confirms the practical reliability of our sampling 208 

technique. 209 

2.2 Statistical Analysis 210 

Following the approach of Vautard and Ghil [1989] and Vautard et al. [1992] we 211 

performed Singular Spectrum Analysis (SSA) of the annually averaged coral δ18O 212 

time-series.  We used an SSA program written by E. Cook (Lamont-Doherty Earth 213 
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Observatory) for this analysis. SSA has been previously applied to coral time series 214 

[e.g.; Dunbar et al., 1994; Linsley et al., 1994, 2000; Charles et al., 1997]. SSA is a 215 

fully nonparametric analysis technique based on principal component analysis that 216 

decomposes time series into several significant frequency components. It uses M-lagged 217 

copies of a centered time series to calculate eigenvalues and eigenvectors of their 218 

covariance matrix. The sampled time series X of length N is used to fill in a (N-M+1)×219 

M matrix by taking as state vectors the consecutive sequences Zn= ( Xn, Xn+1…  Xn+m-1) 220 

from n=1 to N-M+1. Variable M is called the embedding dimension or window width. 221 

Frequency separation increases as M increases, whereas statistical significance of 222 

correlations decreases. The value of M should not exceed N/3 [Vautard et al., 1992]. 223 

Reconstructed components (RC’s) are then calculated which allow a unique expansion 224 

of the signal into a sum of the different components.  A detailed description of this 225 

technique and its paleoclimate application is given by Vautard and Ghil [1989] and 226 

Vautard et al. [1992]. 227 

Varying window widths were applied over a reasonable range to the annually 228 

averaged δ18O time series data of each core. The stable features of the eigenvectors were 229 

evaluated and an appropriate M value was selected to resolve the IPO band (~9-55 years) 230 

which was the focus of this research. Since the time series are of different lengths, M 231 

varied between cores. The SSA results presented here are based on the following M 232 

settings: Fiji 1F with M=40 (N=216), Fiji AB with M=55 (N=384), Tonga TH1 with 233 

M=30 (N=212), TNI2 with M=50 (N=355) and TM1 with M=40 (N=168).  234 
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 235 

3. Results 236 

An offset in mean δ18O value previously observed for several other replicated coral 237 

records [Tudhope et. al, 1995; Linsley et al., 1999, 2004, 2006; Cobb et al., 2003] also 238 

exists in some of the five corals studied here. The 20th century mean values for annually 239 

averaged δ18O are -4.64‰ for core AB, -5.06‰ for core 1F, -4.88‰ for core TH1, 240 

-4.70‰ for core TNI2, and -4.43‰ for core TM1. In the three Tonga corals, the offsets 241 

could be due to mean SST or sea surface salinity (SSS) differences between sites TH1, 242 

TNI2 and TM1. In the case of the two Fiji cores, the offset is 0.42‰. These Porites 243 

colonies are growing in the same setting at the same water depth within 200 m of each 244 

other in Savusavu Bay and this difference in mean δ18O could be due to a difference in 245 

the disequilibrium δ18O offset. Given the uncertainty of the significance of this offset 246 

from equilibrium δ18O, we have “centered” each of the five coral δ18O series by 247 

subtracting the twentieth century mean δ18O value of each core in order to facilitate 248 

comparison of the δ18O time series. Centered δ18O series for the five cores are shown in 249 

Figure 4. Since all five colonies are composed of the same species of coral and are from 250 

a relatively small area, they should contain common variance due to regional climatic 251 

variability.  252 

Because these are annual averaged δ18O time-series, we expect to see small 253 

differences between the amplitude of δ18O “events” within any given year.  For 254 

example, the 1982-83 El Niño event (marked by arrows on Figure 4) resulted in a 255 
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simultaneous increase in coral δ18O values in all five corals. The difference in δ18O 256 

amplitude of this El Niño event (and other events) in each core may be in part related to 257 

uncertainties associated with measuring δ18O in one-year increments.  These include 258 

analytical uncertainties (at least ±0.045‰, see table 2) and errors produced by the 259 

inevitable mismatches between the length of the sample increment and the actual length 260 

of the annual cycle (probably at least ±0.1‰ based on amplitude of SST annual cycle). 261 

The total uncertainty could easily be ±0.15‰. There is also the possibility of biological 262 

effects, such as short-term bleaching affecting one coral colony but not others. This may 263 

be the case for the 1982-83 El Niño that resulted in a ~0.15‰ increase in δ18O in the 264 

Tonga cores TH1 and TNI2 and in the Fiji cores 1F and AB, but which caused an even 265 

more pronounced 0.5‰ increase in δ18O in Tonga core TM1.  266 

Four out of the five corals show a clear, gradual trend toward warmer and fresher 267 

conditions since the late 1800s (Figure 4), which probably indicates a southeastward 268 

shift of SPCZ and associated SSS front [Linsley et al., 2006]. The only exception is 269 

TNI2 which records a less obvious trend that is partly obscured by an abrupt 0.3‰ 270 

decrease in δ18O between 1915 and 1916. We believe this “jump” is the result of an 271 

unknown biological or diagenetic effect and/or the possible tectonic shifting of water 272 

depth at the coral site (the active Tonga trench is nearby), since the synchronous δ13C 273 

values are normal and there did not exist any known climatic event that could change 274 

the temperature and/or salinity to cause a 0.3‰ drop in δ18O. 275 

We performed SSA to quantify the variance in the annual-averaged coral δ18O 276 
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time series from each core. For the coral δ18O series analyzed in this study, we 277 

separated the oscillatory components into three groups: trend, interdecadal-decadal, and 278 

ENSO.  The ENSO band was set to frequencies ranging between 3-8 years. This 279 

frequency cut-off for ENSO has been widely applied and is based on the recurrence 280 

interval of recent El Niño events. The SSA results for Core TH1 also show biennial 281 

components that we did not include in the ENSO band. The mean frequencies of 282 

interdecadal-decadal band were set between ~9 and ~55 years. Below, we will refer to 283 

this band as the Interdecadal-Decadal Pacific Oscillation (IDPO). Since the IDPO actual 284 

frequency in the Pacific is still under debate and has previously been defined as the 285 

quasi-decadal oscillation [Mann and Park, 1994], the bidecadal oscillation [Minobe et 286 

al., 2002], and the PDO/IPO, we took a conservative approach and elected not to 287 

subdivide this component. Thus the IDPO-band includes all oscillations with 288 

frequencies lower than ENSO and higher than the secular trend. Here we defined the 289 

secular trend as frequencies >75 years. We note that in the five coral δ18O time series no 290 

oscillatory components have mean frequencies between 55 and 75 years, thus 75 years 291 

appears to be a logical frequency cutoff to separate the interdecadal variability from the 292 

secular trend.     293 

 SSA of the Tonga and Fiji coral δ18O records indicates that between 13%-38% of 294 

the variance in each annual-averaged time series is in the IDPO band with mean periods 295 

between ~9 and ~55 years. The percent variance of IDPO or ENSO bands varies in each 296 
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core with core TM1 having the most pronounced IDPO variance at 38.4%, which is 297 

about twice as large as in the other cores. Besides the exceptionally large variance, the 298 

IDPO of TM1 exhibits a perceptibly different amplitude pattern from the other four 299 

cores. A possible explanation is that TM1 (near Nuku’alofa, in southern Tonga) lies at 300 

the boundary between two climate regions [Salinger et al., 1995] and is not only 301 

influenced by southeast trade winds but also by southern westerlies in the anticyclonic 302 

belt, while the four other corals are mainly affected by southeast trade winds. This coral 303 

is also the only one to contain significant fungal pigments [Priess et al., 2000]. 304 

 305 

4. Discussion 306 

4.1  Temperature vs. Salinity Contribution to δ18O Variability 307 

Analysis of instrumental SST, sea surface salinity (SSS), and precipitation records in 308 

the SPCZ - SSS front region beginning in 1976 indicate that each contains an interannual 309 

signal that correlates with the Southern Oscillation Index (SOI) and ENSO [Gouriou and 310 

Delcroix, 2002].  In this region the amplitudes of the interannual signals in SST and 311 

precipitation are an order of magnitude less than the amplitude of the seasonal cycle, 312 

whereas for SSS, the interannual signal of 1 to 1.5 p.s.u. is double the amplitude of the 313 

seasonal signal [Gouriou and Delcroix, 2002]. At both Fiji and Tonga instrumental 2° x 314 

2° latitude-longitude gridded SST [Reynolds and Smith, 1994] and 2° x 10° 315 

latitude-longitude gridded SSS [Gouriou and Delcroix, 2002] records reveal that each site 316 
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has a pronounced seasonal SST cycle of 4° to 5°C and a weak seasonal SSS cycle. On 317 

interannual time scales the opposite takes place, a weak SST signal of 1° to 2°C and a 318 

larger 1 to 1.5 p.s.u. SSS signal (Figure 5).  319 

Since it is known that coral skeletal δ18O is primarily related to water temperature 320 

and δ18O of seawater, we expected to see influences of both parameters in these coral 321 

δ18O series.  Linsley et al. [2006] showed that when analyzed at a resolution of ~10 322 

samples per year, the Fiji coral δ18O signal is strongly modulated by the 4-5°C annual 323 

SST cycle, with interannual variability predominantly driven by SSS.  For both Fiji and 324 

Tonga the seasonal δ18O range of  325 

0.8 –1.0‰ is close to that expected for the 4°-5°C annual SST cycle [Epstein et al., 1953; 326 

Dunbar et al., 1994; Wellington et al., 1996]. Interannual coral δ18O variability appears to 327 

be largely the result of the 1-1.5 p.s.u. irregular interannual SSS cycle and the advection 328 

of the SSS front in response to ENSO. 329 

Figure 5 compares Tonga cores TH1, TNI2, and TM1 and Fiji cores 1F and AB 330 

annual-averaged δ18O data to annual-averaged SSS from Gouriou and Delcroix [2002] 331 

and annual SST anomaly from the Hadley Center Sea Ice and Sea Surface temperature 332 

database (HadISST1). Correlation coefficients (r-value) between annual-averaged coral 333 

δ18O and SSS over the interval from 1976 to 2000 are 0.61 for Tonga core TH1, 0.52 334 

for Tonga core TNI2, 0.62 for Tonga core TM1, 0.66 for Fiji core 1F and 0.71 for Fiji 335 

core AB (average 5 coral vs. SSS r-value = 0.62). Correlation coefficients between 336 

annual averaged δ18O and SST during 1870 to 1996 are -0.44 for Tonga core TH1, 337 
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-0.46 for Tonga core TNI2, -0.41 for Tonga core TM1, -0.54 for Fiji core 1F and -0.64 338 

for Fiji core AB (average 5 coral vs. SSTa r-value =-0.50). Assuming that the 339 

relationship between coral δ18O and SST is -0.21‰/°C  (-0.17 to -0.23‰/°C is the 340 

common range of coral δ18O-SST calibrations [Epstein et al., 1953; Dunbar et al., 1994; 341 

Gagan et al., 1994; Wellington et al., 1996]), the 1°C interannual range of annual SST 342 

of both Tonga and Fiji from the HadISST1 during 1976-2000 contributes ~0.21‰ to the 343 

change in coral δ18O in this time interval. Subtracting this 0.21‰ SST portion from the 344 

total coral δ18O range (~0.5‰) during the same period of time results in a residual of 345 

~0.3‰.  The magnitude of the “residual” is in accord with the interannual 1-1.2 p.s.u. 346 

range based on the 0.27 to 0.45‰/p.s.u. range between δ18Oseawater and SSS found for 347 

the equatorial western Pacific and South Pacific [Fairbanks et al., 1997; Morimoto et al., 348 

2002; LeGrande and Schmidt, 2006]. We realize that the 0.27‰/p.s.u. relationship 349 

derived from the equatorial Pacific by Fairbanks et al. [1997] may be conservative and 350 

underestimate the amplitude of SSS variability for a given coral δ18O change in this 351 

region.  In the South Pacific, a 0.45‰/p.s.u relationship was derived from limited data 352 

[LeGrande and Schmidt, 2006]. Using this relationship the residual ~0.3‰ coral δ18O 353 

signal would reflect a 1.5 p.s.u. SSS change which is supported by the instrumental 354 

salinity data (see Figure 5). 355 

 ENSO event and IPO phase effects on SST and δ18Oseawater in this region result in 356 

additive effects on coral δ18O. For example, during El Niño events and/or positive 357 
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phases of the IPO index, locally cooler and saltier conditions increase coral δ18O at Fiji 358 

and Tonga. The opposite occurs during La Niña events or negative IPO intervals. Since 359 

greater precipitation, advection of lower salinity water, and warmer temperatures (or 360 

drier/saltier conditions with cooler temperatures) occur together in the study area 361 

[Folland et al., 2002], their effects should be additive on coral δ18O.  Thus, we 362 

interpret coral δ18O variability in this region as an index of ENSO or the IPO/PDO 363 

without separating the effects of SST and SSS. 364 

 365 

4.2  Fiji-Tonga Interdecadal-Decadal Pacific Oscillation Index 366 

Although the five coral cores were collected from a relatively small area (5°-6° 367 

latitude-longitude) along the salinity front at the southeast boundary of the SPCZ, the 368 

colonies grew in water of different depths in different lagoon/fore-reef settings. TH1 369 

was collected in an isolated lagoon in 1 m water. TNI2 was collected from a colony in 370 

3.5 m of water in a well-flushed passage. TM1 grew more slowly (~4-12 mm/yr) than 371 

the other cores (~7-15 mm/yr) and contained residue pigments along the density bands 372 

from fungal growth [Priess et al., 2000]. Fiji Core AB [Linsley et al., 2006] and Fiji 373 

core 1F [Linsley et al., 2004] were collected at 10 m depth within 200 m of each other in 374 

Savusavu Bay.  375 

Despite various biological and unknown effects in these diverse settings that could 376 

potentially influence the skeletal δ18O, we find that once the δ18O series are corrected 377 
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for differences in disequilibrium offset (as in Linsley et al., 1999), the annually 378 

averaged δ18O series contain common variance that can be attributed predominantly to 379 

climate variability. The IDPO variance (periods between ~9 and ~55 years) isolated 380 

from the δ18O data of these five corals by SSA align reasonably well with each other 381 

back to 1650 (Figure 6). We argue that the reproducibility of the timing of the summed 382 

interdecadal and decadal components in the multi-coral δ18O series demonstrates an 383 

environmental origin for this mode of δ18O variability despite the variations in 384 

amplitude observed in some intervals. The five-coral Fiji-Tonga δ18O series are from a 385 

region with a common climatic forcing related to the SPCZ and associated changes in 386 

SST and SSS (e.g., Salinger et al., 1995; Folland et al., 2002). Folland et al. [2002] 387 

identified this region of the southwest Pacific as a “center of action” for the PDO/IPO. 388 

Therefore we developed a Fiji-Tonga IDPO index from the five-coral δ18O series we 389 

have generated.  390 

To obtain the index we calculated an average of interdecadal-decadal variability 391 

from all 5 corals and the one-sigma error (see below and Figure 6) and term the result 392 

the Fiji-Tonga interdecadal-decadal Pacific Oscillation (F-T IDPO) index. The 393 

calculation of the index and its one-sigma standard error was performed as follows.  394 

At each year t there are n(t) records x1(t), x2(t)…..xn(t) (t) available. 395 
  396 
The index itself is computed as their mean: 397 

(1) 

! 

x (t) =
1

n(t)
x

i

(t)
i=1

n( t )

"
 398 

While it’s standard error is computed as: 399 



Pacific interdecadal-decadal climate variability 

 20 
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! 
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"(t)

n(t)  400 
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! 

"(t)  is unbiased estimate of the standard deviation of all records available for the 401 
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! 
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 403 

 404 

The correlation coefficients of the IDPOs for all of the five cores are listed in 405 

Table 3. TM1 is least correlated with other cores. This could be due to its more 406 

southerly location between two different climatic zones [Salinger et al., 1995] as 407 

previously mentioned and may mean that TM1 contains climatic information from both 408 

regions. However, we note that removing TM1 from the index does not modify our 409 

composite average significantly.  410 

Potential chronological errors (1-2 years) in the δ18O series may reduce the 411 

alignment (and R values), but chronological error is not likely to occur in all five cores 412 

in the same period of time and would not modify the five-coral composite greatly. 413 

Furthermore, ENSO-band (~3-8 years) variability in each coral δ18O series was used to 414 

double-check the accuracy of the chronologies (not shown here), and the alignment of 415 

the ENSO band between the five corals supports the reliability of our chronologies back 416 

to at least 1715 A.D. We do note ENSO-band offsets between Fiji AB and Tonga TNI2 417 

from 1715 to 1700 A.D. and from 1650-1660 A.D. (not shown), which probably are 418 

related to variations in interannual-scale chronology. One motivation for developing a 419 

Fiji-Tonga IDPO index from multiple coral cores is to minimize the potential 420 
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chronological errors and to reduce potential biological or diagenetic artifacts that can 421 

affect individual δ18O series, e.g., the variations in disequilibrium effect over time 422 

between coral colonies [Lough, 2004; Juillet-Leclerc et al., 2005; Hendy et al., 2007]. 423 

We expect the F-T IDPO index to be more representative of interdecadal-decadal 424 

climatic variability in this region than any one of the five δ18O series alone. 425 

In dendroclimatology, the expressed population statistic (EPS) is used to determine 426 

the number of records (N) required to produce an average (composite) with an 427 

acceptable signal to noise ratio for the calculated mean interseries correlation 428 

coefficient. Wigley et al. [1984] described the EPS. For dendroclimatology, the 429 

acceptable EPS is often set subjectively to >0.85 [Wigley et al., 1984, Briffa 1995]. 430 

Delong et al. [2007] described the application of the EPS approach to multiple 431 

sub-annual resolution coral Sr/Ca records from New Caledonia. They found an 432 

interseries correlation coefficient of 0.66 for annual averaged Sr/Ca data and concluded 433 

that for their data an N=3 generates an EPS >0.85. For the more regionally spread 434 

Fiji-Tonga corals, annual averaged δ18O has a mean interseries correlation coefficient of 435 

0.43 with all 5 corals, and 0.49 if we exclude core TM1 (Table 3). This indicates an 436 

EPS of ~0.7 to 0.75. Using the EPS approach this would suggest that we need ~2 more 437 

annual averaged δ18O records from this region to generate an EPS > 0.85. Using our 438 

approach described above we find an average unbiased estimate of the standard 439 

deviation of the 5 coral δ18O series is ±0.022‰ and that adding 2 more 200+ year δ18O 440 

series to our index would reduce the error in the IDPO index by 441 
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(sqrt(7/5)-1)*100%=18%.  Thus, although additional δ18O series would improve the 442 

index, the current 5 coral composite index has significantly increased the signal to noise 443 

ratio for the interdecadal-decadal band and allows us evaluate this low-amplitude but 444 

important climate mode over time. 445 

The coherence between this five-coral δ18O IDPO composite and the SPI [Folland 446 

et al., 2002] supports the reliability of this coral δ18O-based IDPO index and the method 447 

of SSA de-convolution to reconstruct interdecadal to decadal-scale climate changes in 448 

this region (Figure 7A). The correlation coefficient between the 3-year smoothed SPI 449 

and F-T IDPO is 0.39. Note that the SPI combines both ENSO and IDPO variances 450 

[Folland et al., 2002]. The anti-phase correlation of the SPI (Figure 7A), but not of the 451 

IPO (Figure 7B) in the most recent 10 years may be due to the anomalous El Niño 452 

activity during this time period (J. Salinger, personal communication). The relatively 453 

low R-value may be caused by the ENSO component in the SPI that is excluded from 454 

the F-T IDPO index. Positive SPI values indicate a northeast displacement of SPCZ 455 

towards Apia (Samoa), creating cooler and saltier conditions in the study area (Fiji and 456 

Tonga) as the SSS front shifts to the west. This is in accord with times of more positive 457 

coral δ18O in the F-T IDPO index. The consistency between the two indices, one 458 

oceanic and one atmospheric, confirms the climatic origin of the IDPO signal isolated 459 

in our five-coral composite index and the synchronous IDPO-scale oceanic and 460 

atmospheric changes in this area.  461 
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To evaluate the five-coral composite IDPO index further, we also compare it with 462 

the IPO index of Folland et al. [2002], which is defined as the third Empirical 463 

Orthogonal Function (EOF) of 13-year low-pass filtered Pacific SST over the period 464 

1911-1995. The IPO is highly correlated with the PDO Index for the North Pacific, and 465 

Folland et al. [2002] suggested that the IPO could be regarded as the Pacific-wide 466 

manifestation of the PDO. The consistency between the F-T IDPO index and the IPO 467 

(Figure 7B) indicates that the interdecadal to decadal-scale displacement of SPCZ 468 

shown by F-T IDPO is also related to the IPO. 469 

4. 3  Time Evolution of the IDPO 470 

The interdecadal-decadal Pacific climate oscillation is relatively well recognized 471 

after 1860 A.D. [e.g., Mantua et al., 1997; Power et al., 1999; Hare and Mantua, 2000; 472 

Folland et al. 2002]. However, prior to this time, little is known about 473 

interdecadal-decadal scale variability. Before 1860 A.D., our F-T IDPO index shows a 474 

regular progression of positive and negative IPO phases (Table 4).  The IDPO 475 

oscillation appears to have been muted during ~1740 to mid-1750s and also during 476 

mid-1680s to mid-1700s. These amplitude changes are observed in both of the coral 477 

records that span these intervals (AB and TNI2) (Figure 6) and were abrupt with 478 

pronounced IDPO variation before and after each period. This coral δ18O-based IDPO 479 

index extends the existing instrumentally derived interdecadal-decadal oscillation 480 

indices, e.g., the IPO and the PDO, back to 1650 A.D., providing a reliable reference for 481 

the future study of lower frequency climatic oscillations. 482 



Pacific interdecadal-decadal climate variability 

 24 
 

The regularity of the F-T IDPO Index indicates that interdecadal-decadal variability 483 

in the SPCZ region has been relatively constant over the past 350 years with a mean 484 

frequency of ~20 years (variance peaks near 11 and 35yrs). This implies some degree of 485 

predictability of the IPO/PDO.  Following the very strong El Niño of 1997-1998 both 486 

the F-T IDPO Index and the IPO index began a transition to a negative phase during 487 

which the central and eastern equatorial Pacific should be experiencing cooler then 488 

average conditions and the subtropics should be warmer than usual. Thus, based on the 489 

F-T IDPO regularity and assuming the continued anticorrelation between the F-T IDPO 490 

Index and the IPO/PDO, the Pacific should be in a La Niña-like mode (negative IPO 491 

phase) for next ~5-10 years then should transition back to a positive IPO phase and more 492 

El Niño-like conditions similar to the El Niño-dominated conditions that persisted during 493 

the last positive phase of the IPO from ~1976 to the late 1990s. The very strong 494 

(1982-1983 and 1997-1998) and prolonged (1990-1994) El Niño events that occurred 495 

during this period probably were enhanced by this positive IPO phase. Ignoring changes 496 

in the mean state of the Pacific, we suggest that future La Niña events in the next 5-10 497 

years will be stronger due to the additive effects of the IPO phase while the strength of El 498 

Niño events will be weakened due to the phase of the IPO.  499 

 500 

4. 4  F-T IDPO in-phase in SPCZ and WPWP 501 

Comparison of the IDPO signal at Fiji and Tonga with the IDPO signal in two 502 

equatorial Pacific coral δ18O records at Palmyra [Cobb et al., 2001] and Maiana [Urban 503 
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et al., 2000] yields a high anti-phase correlation (Figure 7C, R= -0.51 between Palmyra 504 

and F-T IDPO; R= -0.41 between Maiana and F-T IDPO). This anti-phase correlation is 505 

expected because Palmyra and Maiana are both located in an area where SST variability 506 

is positively correlated to the IPO while SST in the Fiji and Tonga region is negatively 507 

correlated with the IPO (Figure 1) [Folland et al., 2002]. Palmyra (5.9°N, 162.1°W) is 508 

located in the center of the tropical Pacific but outside of the WPWP and 1° north of the 509 

Niño 3.4 region (shaded box in Figure 1), where ENSO has a larger amplitude than the 510 

interdecadal-decadal oscillation [Cobb et al., 2001]. If the coral δ18O 511 

interdecadal-decadal changes at Palmyra are interpreted strictly as temperature (using a 512 

range of published coral temperature-δ18O regressions (0.17-0.23‰/°C) [e.g., Epstein et 513 

al., 1953; Dunbar et al., 1994; Gagan et al., 1994; Wellington et al., 1996]), the total 514 

range of the Palmyra interdecadal-decadal variability (~0.2‰) during 1886-1998 515 

corresponds to ~1°C. This is the same order of magnitude as the interdecadal-decadal 516 

variability derived from Niño 3.4 SST anomalies separated by SSA [Kaplan et al., 517 

1998]. This match suggests that the SST variability is the dominant factor affecting the 518 

coral δ18O values in Palmyra over interdecadal-decadal time scales.  519 

In contrast to Palmyra, the δ18O signal in Maiana records both SST and the 520 

δ18Oseawater (directly related to salinity) [Urban et al., 2000]. Maiana (01°N, 173°E) is 521 

located 25° west of Palmyra and is near the position of the salinity front on the eastern 522 

edge of WPWP [Donguy, 1994; Picaut et al., 1996]. Maiana δ18O interdecadal-decadal 523 

variability contains a similar pattern as that at Palmyra and in an opposite phase with 524 
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F-T IDPO. When a southwest shift of the SPCZ creates locally warmer and fresher 525 

conditions (more negative δ18O value) at Fiji and Tonga, it is accompanied by cooler 526 

and saltier conditions at Maiana caused by less rainfall and/or a westward retreat of the 527 

equatorial SSS front associated with the WPWP.  528 

The eastward (westward) migration of the warm pool during the El Niño (La Niña) 529 

phase of ENSO is well characterized by instrumental data [Fu et al., 1986; Picaut et al., 530 

1996; Delcroix and McPhaden, 2002]. Due to the scarcity of long-term instrumental 531 

data, the interdecadal-decadal scale displacement of the WPWP eastern salinity front is 532 

less well understood. Recently, Delcroix et al. [2007] observed the presence of a 533 

PDO-like SSS signal in the WPWP, the SPCZ and the Equatorial Cold Tongue during 534 

1970-2003. Figure 8 shows the regression pattern (R values) of precipitation over the 535 

interval from 1979 to 2000 [Xie and Arkin 1996] and SST over the interval from 1981 to 536 

2000 [Reynolds et al, 2001] on the SPCZ position index (SPI) [Folland et al., 2002]. 537 

Negative correlations (dashed contours) in Figure 8 reflect below average precipitation 538 

and SST during positive SPI (and positive phase of the IPO) and positive correlations 539 

(thin solid contours) indicate above average precipitation and SST during this positive 540 

SPI and IPO phase. From Figure 8, it is clear that precipitation and SST regimes in the 541 

Fiji-Tonga (SPCZ) area are reversed from those within the Maiana-Palmyra area of the 542 

central equatorial Pacific. This observation agrees with the negative correlation between 543 

the five-coral composite F-T IDPO index and Maiana-Palmyra, as discussed above.  544 

The precipitation changes at Maiana and Palmyra during a positive phase of the 545 
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IPO are correlated to the same degree with the SPI (both sites are located between the 546 

+0.4 and +0.6 contours in Figure 8). The same result was shown by Delcroix et al. 547 

[2007; their Figure 5] which showed the regression of a 25-month filtered precipitation 548 

product on the PDO index. In other words, the precipitation variance on 549 

interdecadal-decadal time-scales appears to be comparable in these two places. If we 550 

assume a near-linear relationship between δ18Oseawater, SSS and precipitation in this 551 

region, the similar variability of Maiana and Palmyra rainfall on interdecadal-decadal 552 

timescales is interesting since variability in coralline δ18O at Maiana is due to both SST 553 

and SSS while at Palmyra it is due mostly to SST. Presently, Maiana is located on the 554 

WPWP eastern salinity front while Palmyra is in the center of the equatorial Pacific in a 555 

region without a pronounced east-west SSS gradient and away from the WPWP. The 556 

migration of the WPWP salinity front will modify SSS near Maiana, but not at Palmyra. 557 

An implication of this is that the SSS changes at Maiana are mainly the result of zonal 558 

and/or meridional advection, and not precipitation. This is the same conclusion reached 559 

by Delcroix and Picaut [1998] and Gouriou and Delcroix [2002].  560 

Displacements of the SPCZ salinity front can result from local variations in P-E 561 

budget or zonal/vertical advection [Gouriou and Delcroix, 2002; Delcroix et al., 2007]. 562 

In a positive phase of IPO, the westward shift of the SPCZ salinity front could result 563 

from a local precipitation shortage or intensified South Equatorial Current. However, 564 

when the precipitation deficit increases SSS during a positive IPO, lower SSTs will 565 

reduce evaporation, which tend to offset the SSS increase caused by the precipitation 566 
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shortage. The opposite happens in a negative IPO phase. This increases our confidence 567 

that zonal advection is the main contributor to the local SSS change in the SPCZ SSS 568 

front region. Gouriou and Delcroix [2002] identified westward geostrophic surface 569 

current velocity anomalies during El Niño years along 17ºS when the SPCZ salinity 570 

front shifts westward, and eastward anomalies during La Niña years when the salinity 571 

front shifts eastward. This strongly suggests an important role for surface zonal currents 572 

in the east-west movement of the SPCZ salinity front on interannual time-scales. Due to 573 

the lack of long-term instrumental record, we are not able to verify the strengths or 574 

velocities of surface ocean current changes and their relationship with IPO, nor can we 575 

conclude if the P-E budget or the zonal advection is the dominant factor controlling the 576 

SPCZ salinity front shift. If there does exist a local westward surface current anomaly 577 

from the cooler and saltier central Pacific Ocean in a positive IPO, it will push the 578 

SPCZ salinity front westward and decrease local SST, which agrees with the IPO index 579 

(derived from SST data [Folland et al., 2002]) showing cooler-than-average conditions 580 

in a positive IPO. The opposite will occur during negative IPOs, if there exists an 581 

eastward surface current anomaly locally that will create warmer and fresher conditions 582 

in SPCZ area. 583 

Regardless of the exact mechanism, the opposite displacements of the eastern 584 

WPWP and SPCZ salinity fronts are nearly synchronous on interdecadal-decadal 585 

time-scales, with an average offset between interdecadal-decadal maxima-minima in 586 

Maiana and corresponding minima-maxima in the F-T IDPO index of 0.8 years (stdev 587 
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=1.3 years)(see Figure 7). For Palmyra and the F-T IDPO index, the offset between 588 

corresponding interdecadal-decadal minima and maxima, is 0.6 years (stdev = 1.1 589 

years). The “propagating signal” hypothesis is one of the proposed mechanisms for 590 

decadal-interdecadal variability (e.g., Gu and Philander, 1997; Schneider et al., 1999; 591 

Luo and Yamagata, 2001). These authors argued that water masses subducted in the 592 

eastern subtropical south Pacific would travel equator-ward and/or westward along the 593 

pycnocline and then upwell along the equator once entrained in the swift equatorial 594 

undercurrent. However, the synchronicity of the IDPOs of Maiana and Palmyra 595 

(separated by 25º of longitude) indicates little or no time-lag for any IDPO signal 596 

traveling along the equator. No time lag also appears between the IDPOs in the 597 

equatorial Pacific and in the sub-tropical Fiji-Tonga region, thus neither region 598 

(extratropical or tropical) appears to be leading. Any ocean or ocean-atmosphere 599 

coupled models that simulate IPO variation should reflect this opposed yet simultaneous 600 

process.   601 

Burgman et al. [2008] described the atmospheric processes in the tropical and 602 

subtropical Pacific during the 1990s IPO-PDO phase shift. This shift was observed in 603 

our five-coral composite IDPO index and is the result of the correlation fields shown in 604 

Figure 8. Their results suggested an increase in the east-west sea level pressure (SLP) 605 

gradient on the equator and intensified Pacific atmospheric circulation during this 606 

transition from positive IPO to negative IPO. The same response is also observed on 607 

interannual time scales during the transition from El Niño (warm phase of ENSO) to La 608 
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Niña (cold phase). This could be the reason why we observe similar salinity front 609 

movements on both interannual and interdecadal-decadal time scales on the eastern 610 

edge of the WPWP and the SPCZ. 611 
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5. Conclusions 612 

We have developed a coral δ18O Fiji-Tonga Interdecadal-Decadal Pacific 613 

Oscillation (F-T IDPO) index based on annually averaged δ18O time series from five 614 

corals collected in Fiji and Tonga (16°49’S-21°02’S; 179°14’E-174°43’W). The F-T 615 

IDPO index spans the period 1650-2004 A.D. and has been shown to closely track the 616 

IPO and SPI indices. Thus, this index effectively extends our knowledge of 617 

interdecadal-decadal ocean-climate variability for ~250 years prior to the instrumental 618 

record. The regularity of the F-T IDPO index indicates that interdecadal-decadal 619 

variability in the SPCZ region has been relatively constant over the past 350 years with 620 

a mean frequency of ~20 years (variance peaks near 11 and 35yrs). We note that during 621 

~1740 to the mid-1750s and during the mid-1680s to the mid-1700s the amplitude of 622 

the interdecadal-decadal variability diminished sharply. We also observe an 623 

anti-correlation with coral δ18O interdecadal-decadal components isolated from other 624 

equatorial Pacific coral records at Maiana and Palmyra. This suggests the simultaneous 625 

but opposite behavior between the SPCZ and western equatorial Pacific regions. By 626 

examining the pattern of precipitation response in Maiana and Palmyra during the last 627 

IPO positive phase, we conclude that at interdecadal-decadal time-scales, it is the 628 

displacement of the salinity front on the eastern edge of WPWP, instead of precipitation 629 

changes, that contributes to the SSS variance recorded by coralline δ18O series at 630 

Maiana.  631 

Our observations support the results of Delcroix et al. [2007] and suggests that the 632 
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anti-phase interdecadal-decadal variations between the equatorial Pacific and the SPCZ 633 

region result from the opposing movements of the eastern WPWP and SPCZ salinity 634 

fronts. In other words, the interdecadal-decadal eastward expansion (westward 635 

contraction) of the WPWP salinity front occurs at the same time as the westward 636 

(eastward) shift of the SPCZ salinity front. This anti-phase relationship between the 637 

SPCZ and eastern WPWP is also observed on seasonal and ENSO time scales [Gouriou 638 

and Delcroix, 2002]. The WPWP expands eastward during the South Hemisphere winter 639 

when the SPCZ retracts; the opposite situation occurs in the South Hemisphere summer 640 

when the SPCZ expands southeastward and eastern WPWP retreats westward. In the 641 

warm phase of ENSO (El Niño), the eastern WPWP expands while SPCZ contracts and 642 

in the cold phase (La Niña), the eastern WPWP retreats westward and SPCZ expands. 643 

The synchronous changes of WPWP and SPCZ salinity fronts on interdecadal-decadal 644 

time-scales could be evidence that atmospheric processes are involved as Burgman et al. 645 

[2008] conclude. Finally, the regularity of the IPO/PDO over the last several centuries 646 

suggests that La Niña events in the next 5-10 years will be stronger due to the additive 647 

effects of the IPO phase while the strength of El Niño events will be weakened due to the 648 

phase of the IPO.  649 

 650 

651 
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Figure Captions:  891 
 892 
Figure 1. Location of Fiji, Tonga, Maiana, Palmyra and the Nino 3.4 area (shaded box, 5°N-5°S, 893 
120°-170°W) in relation to the South Pacific Convergence Zone salinity front near Fiji and Tonga, to 894 
the West Pacific Warm Pool salinity front near Maiana, and to the spatial pattern of the IPO [Folland 895 
et al., 2002]. Background contours show the IPO as a covariance map of the 3rd EOF of low-pass 896 
filtered SST anomalies for 1911-1995. The contour interval is 0.04°C, negative contours are dashed, 897 
values < -0.12°C sparsely stippled, and those > +0.12°C densely stippled. The maximum rainfall axis 898 
of the SPCZ for 1958-1998 is also shown as a thick black line. Figure modified from Folland et al. 899 
[2002]. 900 
 901 
Figure 2: Study sites in Fiji and Tonga (black outlined circles) in relationship to  902 
annually-averaged sea surface salinity [data from Boyer et al., 2002; Conkright and Boyer, 903 
2002](contours in p.s.u).  The SPCZ-related sea surface salinity front can be seen aligned 904 
northeast-southwest across the study area. Crosses (+) mark Apia, Samoa and Suva, Fiji.  The 905 
difference in mean sea level pressure between this sites was used to define the SPCZ position Index 906 
(SPI)[Folland et al., 2002]. 907 
 908 
Figure 3. The plots of TH1-H5 (top), TH1-H4 (middle) and TNI2-H1 (bottom) over the period of 909 
1950-2004 illustrate the match of the annual cycles during El Niño events highlighted in brown and 910 
La Niña events highlighted in blue. The δ18O data from TH1-H5 was spliced onto the top of 911 
TH1-H4 (with dead top) based on cross-dating with data from core TNI2 and by aligning El Niño 912 
and La Niña events (also see Supplemental Figure 1 for X-ray collage of the TH1 cores). 913 
  914 
Figure 4. Annually averaged δ18O data of the five corals from Fiji and Tonga with the twentieth 915 
century mean values removed. The black arrows show the 1982-1983 El Niño event. The δ18O (‰) 916 
scale is the same for all five corals. 917 
 918 
Figure 5.  The relative contribution of SST and SSS changes to the coralline δ18O variance in Fiji 919 
(top) and Tonga (bottom). The annual SST data back to 1900 is from the HadISST1. Note that there 920 
are data from two regions in Tonga (northern Tonga and southern Tonga). Regional SSS data back 921 
to 1976 is from Gouriou and Delcroix [2002]. The SST (°C) and δ18O (‰) were plotted on a 922 
0.2‰/°C scale and the SSS (p.s.u) and δ18O (‰) were plotted on a 0.3‰/p.s.u. scale so that the 923 
relative contributions to δ18O variability can be assessed (see text). 924 
 925 
Figure 6. (Top) IDPO signals of the five coral δ18O series from Fiji and Tonga (thin colored lines) 926 
filtered by SSA, from which the average F-T IDPO index was created (thick black line). Labeled 927 
arrows indicate the number of corals whose spectra were included in the average IDPO index during 928 
various time intervals. (Bottom) The F-T IDPO index shown with 1-sigma unbiased uncertainty 929 
envelop (see text). 930 
 931 
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Figure 7. A.) The alignment between the F-T IDPO index and SPI [Folland et al.,2002]. B.) The F-T 932 
IDPO index compared with the IPO Index [Folland et al, 2002]. The colored areas show the IPO 933 
phases revealed by the F-T IDPO index back to 1650 A.D.  “+” indicates positive IPO phases and 934 
“-“ indicates negative IPO phases. The IDPO phase changes are coherent with the instrumentally 935 
derived IPO and SPI indices. C.) F-T IDPO with two coral δ18O series from the equatorial Pacific, 936 
both filtered by SSA to isolate the IDPO band. Note that the scale of the right-hand y-axis of the 937 
Maiana [Urban et al., 2000] and Palmyra [Cobb et al., 2001] δ18O series have been reversed for easier 938 
comparison with the left-hand y-axis of the F-T IDPO index.  939 
 940 
Figure 8. A.) Correlation of SPCZ position index (SPI) [from Folland et al., 2002] against 941 
precipitation over the interval from 1979 to 2000 (R-values). Note that the SPI is based on the air 942 
pressure difference between Apia (Samoa) and Suva (Fiji). B.) Correlation of SPCZ position index 943 
(SPI) [from Folland et al., 2002] against SST over interval from 1981 to 2000 (R-values). August to 944 
July annual means of precipitation and SST are computed from monthly analyses by Xie and Arkin 945 
[1996] and Reynolds et al [2001], respectively. The red and orange areas in both panels indicate 946 
regions with a positive correlation during this time of a positive phase of the IPO index when the 947 
equatorial central and eastern Pacific is warmer with enhanced rainfall and the SPCZ region is 948 
cooler and saltier. Note the location of our study sites at Fiji and Tonga and that of the coral-climate 949 
study sites at Maiana [Urban et al., 2000] and Palmyra [Cobb et al., 2001]. 950 
 951 

952 
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 952 
Core  

ID 

Years δ18O Sampling Water 
Depth 

Location Latitude and 
Longitude 

1F 1997-1780 Millimeter-scale 10 m Savusavu Bay, Fiji 16°49’S 
179°14’E 

AB 2001-1617 Millimeter-scale 10 m Savusavu Bay, Fiji 16°49’S 
179°14’E 

TH1 2004-1794 Millimeter-scale 
and annually 

1 m Ha’afera, Tonga 19°56’S 
174°43’W 

TNI2 2004-1650 Millimeter-scale 
and annually 

3.5 m Nomuka Iki, Tonga 20°16’S 
174°49’W 

TM1 2004-1837 Millimeter-scale 
and annually 

6 m Malinoa, Tonga 21°02’S 
175°08’W 

 953 
Table 1. List of five Porites lutea coral cores used to develop the composite Interdecadal-Decadal 954 
Pacific Oscillation (IDPO) index. Description of Fiji cores (designated 1F and AB) were given by 955 
Linsley et al. [2004] and Linsley et al. [2006]. 956 

 957 
 958 

Core ID Number of 
Samples 
Analyzed 

Average 
Difference of 
Replicates 

Average δ18O value of NBS-19 
standard analyzed daily. 
(n=number analyzed) 

TH1-H4 522 0.036 
TH1-H5 192 0.039 

-2.199±0.031 (n=135) 

TM1 391 0.037 -2.195±0.030 (n=76) 
TNI2-H1 889 0.056 -2.206±0.034 (n=152) 
TNI2-H3 1306 0.047 -2.200±0.038 (n=218) 

 959 
 960 
Table 2. The number of δ18O measurement for each Tonga core studied here and the average 961 
difference of replicate δ18O measurement by core. The δ18O results for the two Fiji cores have been 962 
previously reported [Linsley et al., 2004; 2006]. 963 
 964 
 965 

Correlation 
Coefficient 

Tonga, TNI2 Tonga, TM1 Fiji, 1F Fiji, AB 

Tonga, TH1 0.67 0.35 0.47 0.55 
Tonga, TNI2  0.23 0.49 0.37 
Tonga, TM1   0.24 0.53 
Fiji, 1F    0.45 

Table 3. The correlation coefficients (R values) between the Fiji and Tonga coral δ18O IDPO indices. 966 
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The low correlation between TNI2 and AB may be due to their inconsistency during ~1750-1760 967 
and ~1700-1720.968 
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 969 
Time Interval IPO and IPDO 

phase (+) or (-) 
Present to ~2000 Negative (-) 
~2000 to early 1980s Positive (+) 
early1980s to early 1970s Negative (-) 
early 1970s to early 1960s Positive (+) 
early 1960s  to mid 1940s Negative (-) 
mid 1940s to early 1920s Positive (+) 
early 1920s to ~1910 Negative (-) 
~1910 to late 1890s Positive (+) 
late 1890s to early 1890s Negative (-) 
~1890 to mid 1870s Positive (+) 
mid 1870s to mid 1840s Negative (-) 
mid 1840s to early 1830s Positive (+) 
early 1830s to early ~1800s Negative (-) 
early 1800s to early 1780s Positive (+) 
early 1780s to ~1770 Negative (-) 
~1770 to early 1740s Positive (+) 
Early 1740s to 1720s Negative (-) 
1720s to 1680s Positive (+) 
1680s to late 1660s Negative (-) 
Late 1660s to mid 1650s Positive (+) 
Table 4: Positive and negative phases of the IPO and IDPO Index back to 1650 A.D. Note that during 970 
a positive phase the equatorial central and eastern Pacific is warmer and the SPCZ region is cooler and 971 
saltier.  During a negative phase the equatorial central and eastern Pacific is cooler and the SPCZ 972 
region is warmer and fresher. 973 
 974 
 975 
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A; SPCZ Position Index Correlated Against Precipitation B; SPCZ Position Index Correlated Against SST
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