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ABSTRACT

In the South Pacific, interdecadal-decadal oceanic and atmospheric variability,
referred to as the Interdecadal Pacific Oscillation (IPO), is most pronounced in the South
Pacific Convergence Zone (SPCZ) salinity front region. Here we have used annual
average oxygen isotope (8'°0) time series from five coral cores collected from Fiji and
Tonga in this region to construct a Fiji-Tonga Interdecadal-Decadal Pacific Oscillation
(F-T IDPO) index of low frequency (>9yr and <55yr) climate variability back to 1650
A.D. We first demonstrate the consistency between this F-T IDPO index and a mean sea
level (MSL) pressure-based SPCZ Position Index (SPI) (1891-2000), thus verifying the
ability of coral 'O to record past interdecadal-decadal climatic variations in this region
back to 1891. The F-T IDPO index is then shown to be synchronous with the IPO index
(1856-2000), suggesting that this coral-based index effectively represents the
interdecadal-decadal scale climate variance back to 1650. The regularity of the F-T IDPO
Index indicates that interdecadal-decadal variability in the SPCZ region has been
relatively constant over the past 350 years with a mean frequency of ~20 years (variance
peaks near 11 and 35yrs). There is a consistent anti-phase correlation of the F-T IDPO
index and the interdecadal-decadal components in equatorial Pacific coral §'°O series
from Maiana and Palmyra. This observation indicates that the eastward expansion
(westward contraction) of the eastern salinity front of the Western Pacific Warm Pool
(WPWP) occurs simultaneously (£ <lyr) with the westward (eastward) shift of the SPCZ

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

1. Introduction

The South Pacific Convergence Zone (SPCZ) is a reverse-oriented monsoonal
low-pressure trough stretching from the Intertropical Convergence Zone (ITCZ) near
the Solomon Islands to Fiji, Samoa, Tonga and farther southeast to French Polynesia
(Figure 1). This region features a large sea surface temperature (SST) gradient and
active low-level convergence. The low-level convergence of moisture leads to a
persistent cloud band as well as showers and thunderstorms. Precipitation and
convection within the band is seasonally dependent. Its equatorial portion, where it is
connected to the ITCZ, is most active in the Southern Hemisphere summer, and the
more southeasterly portion is most active during transition seasons of fall and spring.
On interannual timescales, displacements of the SPCZ are relatively well known.
During La Nifa phases the SPCZ shifts southwestward and during El Nifio phases the
SPCZ shifts northeast toward Samoa [Folland et al., 2002; Gouriou and Delcroix, 2002].
However, lower-frequency displacements are less well understood due to the lack of
long-term instrumental records. Folland et al. [2002] have developed a SPCZ position
index (SPI) from the monthly instrumental mean sea level (MSL) pressure differences
between Suva, Fiji (18°9°S, 178°26’E) and Apia, Samoa (13°48’S, 171°47°W) from
November to April during the period 1891-2000 (see Figure 2). The SPI was found to

be closely correlated with the phase of the Interdecadal Pacific Oscillation (IPO), with



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

&3

84

85

86

87

Pacific interdecadal-decadal climate variability

the SPCZ displaced towards Fiji during negative phases of the IPO and towards Samoa
during positive phases of the IPO [Folland et al., 2002]. At lower frequencies, Linsley et
al. [2006] have interpreted the secular trends in replicated coral oxygen isotope (8'°0)
records from Fiji and Rarotonga as evidence that the SPCZ has been expanding
southeast since the mid 1800s.

At the southeastern edge of the SPCZ, oceanic circulation around the feature in
conjunction with a positive precipitation-evaporation (P-E) balance in the SPCZ creates
a salinity gradient in the ocean, with fresher and warmer waters of the western Pacific
lying to the west of the salinity front and cooler, saltier waters lying to the east
[Gouriou and Delcroix, 2002](see Figures 1 and 2). On interannual scales, when the
SPCZ migrates northeastward (southwestward) during El Nifio (La Nifa) events, the
salinity front simultaneously shifts northwestward (southeastward) [Gouriou and
Delcroix, 2002; Juillet-Leclerc et al., 2006; Linsley et al., 2006]. On interdecadal
time-scales the SPCZ salinity front also migrates northwestward (southeastward) during
the negative (positive) phase of the Interdecadal Pacific Oscillation (IPO) (see Figure 1),
e.g., westward during the late 1940s to mid 1970s and eastward after the mid 1970s
[Delcroix et al., 2007].

In many studies, 8'*O series in corals have been shown to provide a unique record
of past climatic variability due to: 1) the precise dating provided by annual growth
bands combined with 8'*0 annual cycles and 2) the ability of coral skeletal '*0 to

record environmental changes [e.g., Wellington et al., 1996]. However, limitations of
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using the coral 8'"0 proxy include uncertainties both in the combined effects of SST
and the 8'0 of seawater and in the effects of poorly understood potential biological
artifacts such as inconsistent annual skeletal extension rates and calcification rates
[Lough, 2004]. Skeletal diagenesis either via secondary calcification or dissolution can
also be hard to detect [Mueller et al., 2001, Hendy et al., 2007].

Here we use a regional multi-coral 8'*O series approach in an attempt to minimize
potential biological or diagenetic artifacts and to increase the climate signal to noise
ratio of the interdecadal-decadal §'O variability. The climatic significance of
interdecadal-decadal modes in coral 8'%0 time-series is still under debate [e.g., Jones et
al., 1998; Crowley et al., 1999; Evans et al., 2000; Linsley et al., 2004, 2006]. To
examine the reliability of the coral-based 8'*O proxy in reconstructing interdecadal and
decadal climate variability in the past, we isolated the interdecadal-decadal modes in
five coral 8'0 time-series in the SPCZ region (two from Fiji and three from Tonga)
(Figure 2). Both island chains lie in an area of the South Pacific where the IPO is most
pronounced (see Figure 1). Folland et al. [2002] demonstrated the equivalence of the IPO
and the North Pacific derived Pacific Decadal Oscillation (PDO) index. In the South
Pacific the IPO amplitude appears to be of similar magnitude to the El Nifio Southern
Oscillation (ENSO). Large uncertainties remain regarding the temporal and spatial
coherence of this interdecadal-decadal variability prior to ~1950 when instrumental data
were less complete in coverage and are generally thought to be less reliable. Here we will

show that the interdecadal-decadal variability extracted from the §'®O series of five corals



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

Pacific interdecadal-decadal climate variability

from Fiji and Tonga correlates with the SPI and IPO indices. This demonstrates the
reliability of coral §'*0 from Fiji and Tonga as a climate proxy at interdecadal-decadal
frequencies and establishes that a five-coral 8'*0 composite Interdecadal-Decadal
Pacific Oscillation (IDPO) Index back to 1650 A.D. documents past

interdecadal-decadal climate oscillations.

2. Methods
2.1 Sampling and Chronology

In November 2004 three Porites lutea coral colonies were drilled at Tonga on the
islands of Ha’afera, Malinoa and Nomuka Iki (Figure 2). At Ha’afera (19°56’S,
174°43°W), a large colony with a dead flat top but with live sides was cored (see Table
1). The colony was ~4 m high with ~1 m of water covering the top at low tide. Two
coral cores TH1 Hole 4 (TH1-H4 hereafter) and TH1 Hole 5 (THI1-HS5 hereafter) were
collected from this colony. The 3.28-m -long core TH1-H4 was drilled from the dead
top of the colony and the 67-cm-long core TH1-H5 was collected from the live side of
the colony. As discussed below, TH1-H4 and TH1-H5 were spliced together using the
timing of known EIl Nifio events. At Malinoa (21°02°S, 175°08°W), just north of
Nuku’alofa in southern-most Tonga, a 1.63-m-long core (TM1) was collected from a
living colony in 6 m of water. At Nomuka Iki (20°16°S; 174°49°W) two useable cores
were collected from a large living colony in 3.5 m of water (TNI2-H1, 4.03m useable

length; and TNI2-H3, 1.8m useable length). Due to a bio-eroded zone from ~1m to
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1.68m in TNI2-H1, TNI2-H3 was drilled to allow sampling around the bio-eroded zone
by splicing the 8'*0 record from H3 onto HI.

The "0 data from the two Fiji Porites lutea cores (Fiji 1F and Fiji AB) used in
this study were originally discussed in Linsley et al. [2004, 2006]. It should be noted
that subsequent to publishing the Fiji core AB chronology in Linsley et al. [2006], we
determined that a 2-year gap existed in this core (missing years 1727 and 1728) at a
core break. For this current work we have inserted two years by calculating the average
of each decade on either side of the gap. Bagnato et al. [2004] evaluated the variability
in a 80 time-series (2001-1776 A.D.) generated from a Diploastrea coral core
collected in the same bay as Fiji cores 1F and AB. Diploastrea skeletons extend at a
rate that is 2-3 times slower than Porites in the same setting. Given the possible
biological effects of this slower growth on skeletal geochemistry [Pdtzold, 1984;
Bagnato et al., 2004] we have elected not to include this Diploastrea time-series in our
Porites 80 composite. In addition, if any non-climatic (biological and/or digenetic)
effects on skeletal §'*0 in each coral record used in the composite are independent and
not related to each other, this non-climatic signal will be minimized or canceled out by
averaging multiple coral records, assuming the climatic signal preserved is the same for
all corals used in the average. Since, in slow-growing corals like Diploastrea, the
climatic vs. non-climatic components are not as well understood as they are in Porites,
we decided not to include cores of any species of coral other than Porites lutea.

All of the Tonga coral cores were cut into ~7-mm-thick slabs in the laboratory with
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a modified tile saw, cleaned and air-dried. The slabs were X-rayed (35kV for 90
seconds) to reveal the density bands. All of the Tonga coral slabs were then cleaned
with a high-energy (500W, 20kHz) probe sonicator in a deionized water bath for
approximately 6 minutes and air-dried. As previously described [Linsley et al., 2004,
2006] the Fiji coral core 1F and AB slabs were cut to a thickness of 6 mm and then
cleaned in a 160W ultrasonic bath prior to sampling and analysis. Dry slabs were
sampled using a low-speed micro-drill with a 1-mm-diameter diamond drill bit parallel
to corallite traces along growth axes (as identified in the X-radiographs). Each Tonga
core was sampled at 1-mm intervals through the top ~30 years, by excavating a
4-5-mm-wide (perpendicular to the growth axis) and 2-3-mm-deep groove in the coral
slabs. Below the top ~30 years of growth in the Tonga cores a technique of annual-scale
sampling was used (described below). In order to sample continuously along the growth
axes, the sampling track was purposely shifted from one growing axis to another as
sampling progressed downcore. Shifting the sampling track was also necessary to
bypass possible gaps caused by irregular core breaks (see example X-ray collage in
supplemental Figure 1). In these cases, all of the shifts were made along a distinct
density band to avoid any temporal hiatus in our data. The Fiji cores were sampled at
I-mm intervals from the top to the bottom of each core.

Approximately 100 ug of coral powder in each sample was dissolved in 100%
H;POy4 at 90°C in a MultiPrep sample preparation device and the generated CO, gas was

analyzed by a Micromass Optima gas-source triple-collector mass spectrometer at the
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University at Albany, State University of New York Stable Isotope Ratio Mass
Spectrometry Laboratory. Table 2 lists the number of samples analyzed from each
Tonga core, the average difference between replicate samples and the average
difference of the NBS-19 standards run by week. Approximately 13% of the 3,300
Tonga coral samples were analyzed in duplicate. All data are expressed in the
conventional delta notation as per mil deviations relative to Vienna Peedee Belemnite
(VPDB).

For the most recent three decades of cores TH1-H4, TH1-HS, TM1, and TNI2-H3,
the chronologies are based on the reconstructed annual cycles in millimeter-scale 8'°C
and 830 data with the warmest time set as March. The 1974-1975 La Nifa, 1971-1972
La Nifia, 1964-1965 El Nifo, and 1955-1957 La Nifia events were set as control points
to determine the age of THI1-H4 (the same colony as TH1-HS, but dead on the top). La
Nifia events result in warmer and lower salinity conditions in Fiji and Tonga (opposite
from the equatorial Pacific) that lower coral §'*0, while during El Nifio phases, locally
cooler and saltier conditions result in higher coral 8'®0 values. Figure 3 shows the
mm-scale 8'%0 results from cores THI1-H4, TH1-H5 and TNI2-H3 to illustrate the
match of the interannual 8'°0 changes with known ENSO events. We added TH1-H5
on top of THI-H4 (the overlapping part was averaged) and named the combined time
series dataset spanning 1794-2004 TH1.

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

method, which is based on the annual density cycles identified by using X-ray
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radiographs and ultraviolet light. Sampling was done along the maximum growth axis
as with the mm-scale sampling, but only one continuous sample was drilled through
each density band (~8-17 mm long, depending on the coral extension rates). Powder
from each annual accretion drilling was well mixed and its §'*0 value was taken as a
one-year average value of the corresponding year. Millimeter sampling was applied in
intervals where the density bands were not clear enough to identify the annual growth
increments. Unlike the millimeter-scale sampled Fiji cores (Fiji 1F [Linsley et al.,
2004] and Fiji AB [Linsley et al., 2006]), whose annual average 8'°O values were
derived from all the data points between the two most negative 8'*O values of each year
(March), the annual average 8'*0 values from the annual-scale drilling of the Tonga
cores are not necessarily 12-month averages. In the Tonga cores, although most of the
dense bands appear right before the warmest time in each year (January/February), there
are exceptions that cause differences in time spans of some years. Instead of an
integrated one-year cycle, several months could be missed and added to the year before
or after. However, as discussed below, the similarity of the resulting modes in different
frequencies among the five coral cores confirms the practical reliability of our sampling
technique.
2.2 Statistical Analysis

Following the approach of Vautard and Ghil [1989] and Vautard et al. [1992] we
performed Singular Spectrum Analysis (SSA) of the annually averaged coral §'*0

time-series. We used an SSA program written by E. Cook (Lamont-Doherty Earth

10
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Observatory) for this analysis. SSA has been previously applied to coral time series

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

fully nonparametric analysis technique based on principal component analysis that
decomposes time series into several significant frequency components. It uses M-lagged
copies of a centered time series to calculate eigenvalues and eigenvectors of their
covariance matrix. The sampled time series X of length N is used to fill in a (N-M+1) X

M matrix by taking as state vectors the consecutive sequences Z,= ( Xyn, Xn+1... Xnim-1)
from n=1 to N-M+1. Variable M is called the embedding dimension or window width.

Frequency separation increases as M increases, whereas statistical significance of
correlations decreases. The value of M should not exceed N/3 [Vautard et al., 1992].

Reconstructed components (RC’s) are then calculated which allow a unique expansion
of the signal into a sum of the different components. A detailed description of this
technique and its paleoclimate application is given by Vautard and Ghil [1989] and
Vautard et al. [1992].

Varying window widths were applied over a reasonable range to the annually
averaged 8'°0 time series data of each core. The stable features of the eigenvectors were
evaluated and an appropriate M value was selected to resolve the IPO band (~9-55 years)
which was the focus of this research. Since the time series are of different lengths, M
varied between cores. The SSA results presented here are based on the following M
settings: Fiji 1F with M=40 (N=216), Fiji AB with M=55 (N=384), Tonga TH1 with

M=30 (N=212), TNI2 with M=50 (N=355) and TM 1 with M=40 (N=168).

11
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3. Results

An offset in mean 8'*O value previously observed for several other replicated coral
records [ Tudhope et. al, 1995, Linsley et al., 1999, 2004, 2006; Cobb et al., 2003] also
exists in some of the five corals studied here. The 20" century mean values for annually
averaged 8'%0 are -4.64%o for core AB, -5.06%o for core 1F, -4.88%o for core THI,
-4.70%o for core TNI2, and -4.43%o for core TM1. In the three Tonga corals, the offsets
could be due to mean SST or sea surface salinity (SSS) differences between sites TH1,
TNI2 and TM1. In the case of the two Fiji cores, the offset is 0.42%o. These Porites
colonies are growing in the same setting at the same water depth within 200 m of each
other in Savusavu Bay and this difference in mean 8'*O could be due to a difference in
the disequilibrium 8'*0 offset. Given the uncertainty of the significance of this offset
from equilibrium 8'*0, we have “centered” each of the five coral '*O series by
subtracting the twentieth century mean 8'*O value of each core in order to facilitate
comparison of the 8'*0 time series. Centered 8'*O series for the five cores are shown in
Figure 4. Since all five colonies are composed of the same species of coral and are from
a relatively small area, they should contain common variance due to regional climatic
variability.

Because these are annual averaged 8'°O time-series, we expect to see small
differences between the amplitude of 8'*0 “events” within any given year. For

example, the 1982-83 El Nifio event (marked by arrows on Figure 4) resulted in a

12
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simultaneous increase in coral 8O values in all five corals. The difference in 8'*0
amplitude of this El Nifio event (and other events) in each core may be in part related to
uncertainties associated with measuring 8'®O in one-year increments. These include
analytical uncertainties (at least +0.045%o, see table 2) and errors produced by the
inevitable mismatches between the length of the sample increment and the actual length
of the annual cycle (probably at least +0.1%o based on amplitude of SST annual cycle).
The total uncertainty could easily be £0.15%o. There is also the possibility of biological
effects, such as short-term bleaching affecting one coral colony but not others. This may
be the case for the 1982-83 El Nifio that resulted in a ~0.15%o increase in 8'*0 in the
Tonga cores TH1 and TNI2 and in the Fiji cores 1F and AB, but which caused an even
more pronounced 0.5%o increase in 8'*0 in Tonga core TMI.

Four out of the five corals show a clear, gradual trend toward warmer and fresher
conditions since the late 1800s (Figure 4), which probably indicates a southeastward
shift of SPCZ and associated SSS front [Linsley et al., 2006]. The only exception is
TNI2 which records a less obvious trend that is partly obscured by an abrupt 0.3%o
decrease in 8'°0 between 1915 and 1916. We believe this “jump” is the result of an
unknown biological or diagenetic effect and/or the possible tectonic shifting of water
depth at the coral site (the active Tonga trench is nearby), since the synchronous 8"°C
values are normal and there did not exist any known climatic event that could change
the temperature and/or salinity to cause a 0.3%o drop in 8'*O.

We performed SSA to quantify the variance in the annual-averaged coral 8'°0

13
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time series from each core. For the coral 8'®O series analyzed in this study, we
separated the oscillatory components into three groups: trend, interdecadal-decadal, and
ENSO. The ENSO band was set to frequencies ranging between 3-8 years. This
frequency cut-off for ENSO has been widely applied and is based on the recurrence
interval of recent El Nifio events. The SSA results for Core TH1 also show biennial
components that we did not include in the ENSO band. The mean frequencies of
interdecadal-decadal band were set between ~9 and ~55 years. Below, we will refer to
this band as the Interdecadal-Decadal Pacific Oscillation (IDPO). Since the IDPO actual
frequency in the Pacific is still under debate and has previously been defined as the
quasi-decadal oscillation [Mann and Park, 1994], the bidecadal oscillation [Minobe et
al., 2002], and the PDO/IPO, we took a conservative approach and elected not to
subdivide this component. Thus the IDPO-band includes all oscillations with
frequencies lower than ENSO and higher than the secular trend. Here we defined the
secular trend as frequencies >75 years. We note that in the five coral 8'*0 time series no
oscillatory components have mean frequencies between 55 and 75 years, thus 75 years
appears to be a logical frequency cutoff to separate the interdecadal variability from the

secular trend.

SSA of the Tonga and Fiji coral 8O records indicates that between 13%-38% of
the variance in each annual-averaged time series is in the IDPO band with mean periods

between ~9 and ~55 years. The percent variance of IDPO or ENSO bands varies in each

14
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core with core TM1 having the most pronounced IDPO variance at 38.4%, which is
about twice as large as in the other cores. Besides the exceptionally large variance, the
IDPO of TM1 exhibits a perceptibly different amplitude pattern from the other four
cores. A possible explanation is that TM1 (near Nuku’alofa, in southern Tonga) lies at
the boundary between two climate regions [Salinger et al., 1995] and is not only
influenced by southeast trade winds but also by southern westerlies in the anticyclonic
belt, while the four other corals are mainly affected by southeast trade winds. This coral

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

4. Discussion
4.1 Temperature vs. Salinity Contribution to 30 Variability

Analysis of instrumental SST, sea surface salinity (SSS), and precipitation records in
the SPCZ - SSS front region beginning in 1976 indicate that each contains an interannual
signal that correlates with the Southern Oscillation Index (SOI) and ENSO [Gouriou and
Delcroix, 2002]. In this region the amplitudes of the interannual signals in SST and
precipitation are an order of magnitude less than the amplitude of the seasonal cycle,
whereas for SSS, the interannual signal of 1 to 1.5 p.s.u. is double the amplitude of the
seasonal signal [Gouriou and Delcroix, 2002]. At both Fiji and Tonga instrumental 2° x
2¢ latitude-longitude gridded SST [Reynolds and Smith, 1994] and 2° x 10°

latitude-longitude gridded SSS [Gouriou and Delcroix, 2002] records reveal that each site

15
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has a pronounced seasonal SST cycle of 4° to 5°C and a weak seasonal SSS cycle. On
interannual time scales the opposite takes place, a weak SST signal of 1° to 2°C and a
larger 1 to 1.5 p.s.u. SSS signal (Figure 5).

Since it is known that coral skeletal 'O is primarily related to water temperature
and 8'%0 of seawater, we expected to see influences of both parameters in these coral
8'%0 series. Linsley et al. [2006] showed that when analyzed at a resolution of ~10
samples per year, the Fiji coral 8'°0 signal is strongly modulated by the 4-5°C annual
SST cycle, with interannual variability predominantly driven by SSS. For both Fiji and
Tonga the seasonal 8'*O range of
0.8 —1.0%o is close to that expected for the 4°-5°C annual SST cycle [Epstein et al., 1953;
Dunbar et al., 1994; Wellington et al., 1996]. Interannual coral 8'*O variability appears to
be largely the result of the 1-1.5 p.s.u. irregular interannual SSS cycle and the advection
of the SSS front in response to ENSO.

Figure 5 compares Tonga cores TH1, TNI2, and TM1 and Fiji cores 1F and AB
annual-averaged 8'*O data to annual-averaged SSS from Gouriou and Delcroix [2002]
and annual SST anomaly from the Hadley Center Sea Ice and Sea Surface temperature
database (HadISST1). Correlation coefficients (r-value) between annual-averaged coral
8'®0 and SSS over the interval from 1976 to 2000 are 0.61 for Tonga core THI, 0.52
for Tonga core TNI2, 0.62 for Tonga core TM1, 0.66 for Fiji core 1F and 0.71 for Fiji
core AB (average 5 coral vs. SSS r-value = 0.62). Correlation coefficients between

annual averaged 8'°0 and SST during 1870 to 1996 are -0.44 for Tonga core THI,
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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
for Fiji core AB (average 5 coral vs. SSTa r-value =-0.50). Assuming that the
relationship between coral 8'°0 and SST is -0.21%0/°C  (-0.17 to -0.23%0/°C is the
common range of coral 8'80-SST calibrations [Epstein et al., 1953, Dunbar et al., 1994;
Gagan et al., 1994; Wellington et al., 1996]), the 1°C interannual range of annual SST
of both Tonga and Fiji from the HadISST1 during 1976-2000 contributes ~0.21%eo to the
change in coral 8'0 in this time interval. Subtracting this 0.21%o SST portion from the
total coral 'O range (~0.5%o) during the same period of time results in a residual of
~0.3%0. The magnitude of the “residual” is in accord with the interannual 1-1.2 p.s.u.
range based on the 0.27 to 0.45%o/p.s.u. range between algoseawater and SSS found for
the equatorial western Pacific and South Pacific [Fairbanks et al., 1997, Morimoto et al.,
2002, LeGrande and Schmidt, 2006]. We realize that the 0.27%o/p.s.u. relationship
derived from the equatorial Pacific by Fairbanks et al. [1997] may be conservative and
underestimate the amplitude of SSS variability for a given coral 80 change in this
region. In the South Pacific, a 0.45%o/p.s.u relationship was derived from limited data
[LeGrande and Schmidt, 2006]. Using this relationship the residual ~0.3%o coral 8'°0
signal would reflect a 1.5 p.s.u. SSS change which is supported by the instrumental

salinity data (see Figure 5).

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

additive effects on coral 8'°0. For example, during El Nifio events and/or positive
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phases of the IPO index, locally cooler and saltier conditions increase coral 8'*O at Fiji
and Tonga. The opposite occurs during La Nifia events or negative PO intervals. Since
greater precipitation, advection of lower salinity water, and warmer temperatures (or
drier/saltier conditions with cooler temperatures) occur together in the study area
[Folland et al., 2002], their effects should be additive on coral 0. Thus, we
interpret coral 8'*0 variability in this region as an index of ENSO or the IPO/PDO

without separating the effects of SST and SSS.

4.2 Fiji-Tonga Interdecadal-Decadal Pacific Oscillation Index

Although the five coral cores were collected from a relatively small area (5°-6°
latitude-longitude) along the salinity front at the southeast boundary of the SPCZ, the
colonies grew in water of different depths in different lagoon/fore-reef settings. TH1
was collected in an isolated lagoon in 1 m water. TNI2 was collected from a colony in
3.5 m of water in a well-flushed passage. TM1 grew more slowly (~4-12 mm/yr) than
the other cores (~7-15 mm/yr) and contained residue pigments along the density bands
from fungal growth [Priess et al., 2000]. Fiji Core AB [Linsley et al., 2006] and Fiji
core 1F [Linsley et al., 2004] were collected at 10 m depth within 200 m of each other in
Savusavu Bay.

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

potentially influence the skeletal §'®0, we find that once the 8'*O series are corrected
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for differences in disequilibrium offset (as in Linsley et al., 1999), the annually
averaged 8'*O series contain common variance that can be attributed predominantly to
climate variability. The IDPO variance (periods between ~9 and ~55 years) isolated
from the 8'°0 data of these five corals by SSA align reasonably well with each other
back to 1650 (Figure 6). We argue that the reproducibility of the timing of the summed
interdecadal and decadal components in the multi-coral 8'*0 series demonstrates an
environmental origin for this mode of 8'*0 variability despite the variations in
amplitude observed in some intervals. The five-coral Fiji-Tonga 8'°O series are from a
region with a common climatic forcing related to the SPCZ and associated changes in
SST and SSS (e.g., Salinger et al., 1995; Folland et al., 2002). Folland et al. [2002]
identified this region of the southwest Pacific as a “center of action” for the PDO/IPO.
Therefore we developed a Fiji-Tonga IDPO index from the five-coral '*O series we
have generated.

To obtain the index we calculated an average of interdecadal-decadal variability
from all 5 corals and the one-sigma error (see below and Figure 6) and term the result
the Fiji-Tonga interdecadal-decadal Pacific Oscillation (F-T IDPO) index. The

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

At each year ¢ there are n(z) records x(¢), x2(?).....xq (f) available.

The index itself is computed as their mean:

n(t)
() =—— Y x (1)

() i

While it’s standard error is computed as:
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o(1)

) O

where O(%) is unbiased estimate of the standard deviation of all records available for the
year t, computed from:
n(t)

o (1) = (; IE(x () - x(t))

3)

The correlation coefficients of the IDPOs for all of the five cores are listed in
Table 3. TM1 is least correlated with other cores. This could be due to its more
southerly location between two different climatic zones [Salinger et al., 1995] as
previously mentioned and may mean that TM1 contains climatic information from both
regions. However, we note that removing TM1 from the index does not modify our
composite average significantly.

Potential chronological errors (1-2 years) in the 8'*O series may reduce the
alignment (and R values), but chronological error is not likely to occur in all five cores
in the same period of time and would not modify the five-coral composite greatly.
Furthermore, ENSO-band (~3-8 years) variability in each coral 'O series was used to
double-check the accuracy of the chronologies (not shown here), and the alignment of
the ENSO band between the five corals supports the reliability of our chronologies back
to at least 1715 A.D. We do note ENSO-band offsets between Fiji AB and Tonga TNI2
from 1715 to 1700 A.D. and from 1650-1660 A.D. (not shown), which probably are
related to variations in interannual-scale chronology. One motivation for developing a

Fiji-Tonga IDPO index from multiple coral cores is to minimize the potential
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chronological errors and to reduce potential biological or diagenetic artifacts that can
affect individual 8'*O series, e.g., the variations in disequilibrium effect over time
between coral colonies [Lough, 2004; Juillet-Leclerc et al., 2005; Hendy et al., 2007].
We expect the F-T IDPO index to be more representative of interdecadal-decadal
climatic variability in this region than any one of the five 8'°0 series alone.

In dendroclimatology, the expressed population statistic (EPS) is used to determine
the number of records (N) required to produce an average (composite) with an
acceptable signal to noise ratio for the calculated mean interseries correlation
coefficient. Wigley et al. [1984] described the EPS. For dendroclimatology, the
acceptable EPS is often set subjectively to >0.85 [Wigley et al., 1984, Briffa 1995].
Delong et al. [2007] described the application of the EPS approach to multiple
sub-annual resolution coral Sr/Ca records from New Caledonia. They found an
interseries correlation coefficient of 0.66 for annual averaged Sr/Ca data and concluded
that for their data an N=3 generates an EPS >0.85. For the more regionally spread
Fiji-Tonga corals, annual averaged 8'*O has a mean interseries correlation coefficient of
0.43 with all 5 corals, and 0.49 if we exclude core TM1 (Table 3). This indicates an
EPS of ~0.7 to 0.75. Using the EPS approach this would suggest that we need ~2 more
annual averaged §'®O records from this region to generate an EPS > 0.85. Using our
approach described above we find an average unbiased estimate of the standard
deviation of the 5 coral 8'*0 series is +0.022%o and that adding 2 more 200+ year 8'*0

series to our index would reduce the error in the IDPO index by
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(sqrt(7/5)-1)*100%=18%. Thus, although additional 8'O series would improve the
index, the current 5 coral composite index has significantly increased the signal to noise
ratio for the interdecadal-decadal band and allows us evaluate this low-amplitude but

important climate mode over time.

The coherence between this five-coral 8'*0 IDPO composite and the SPI [Folland
et al., 2002] supports the reliability of this coral 8'*0-based IDPO index and the method
of SSA de-convolution to reconstruct interdecadal to decadal-scale climate changes in
this region (Figure 7A). The correlation coefficient between the 3-year smoothed SPI
and F-T IDPO is 0.39. Note that the SPI combines both ENSO and IDPO variances
[Folland et al., 2002]. The anti-phase correlation of the SPI (Figure 7A), but not of the
IPO (Figure 7B) in the most recent 10 years may be due to the anomalous El Nifio
activity during this time period (J. Salinger, personal communication). The relatively
low R-value may be caused by the ENSO component in the SPI that is excluded from
the F-T IDPO index. Positive SPI values indicate a northeast displacement of SPCZ
towards Apia (Samoa), creating cooler and saltier conditions in the study area (Fiji and
Tonga) as the SSS front shifts to the west. This is in accord with times of more positive
coral 80 in the F-T IDPO index. The consistency between the two indices, one
oceanic and one atmospheric, confirms the climatic origin of the IDPO signal isolated
in our five-coral composite index and the synchronous IDPO-scale oceanic and

atmospheric changes in this area.
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To evaluate the five-coral composite IDPO index further, we also compare it with
the IPO index of Folland et al. [2002], which is defined as the third Empirical
Orthogonal Function (EOF) of 13-year low-pass filtered Pacific SST over the period
1911-1995. The IPO is highly correlated with the PDO Index for the North Pacific, and
Folland et al. [2002] suggested that the [PO could be regarded as the Pacific-wide
manifestation of the PDO. The consistency between the F-T IDPO index and the IPO
(Figure 7B) indicates that the interdecadal to decadal-scale displacement of SPCZ
shown by F-T IDPO is also related to the IPO.

4.3 Time Evolution of the IDPO

The interdecadal-decadal Pacific climate oscillation is relatively well recognized
after 1860 A.D. [e.g., Mantua et al., 1997, Power et al., 1999, Hare and Mantua, 2000;
Folland et al. 2002]. However, prior to this time, little is known about
interdecadal-decadal scale variability. Before 1860 A.D., our F-T IDPO index shows a
regular progression of positive and negative IPO phases (Table 4). The IDPO
oscillation appears to have been muted during ~1740 to mid-1750s and also during
mid-1680s to mid-1700s. These amplitude changes are observed in both of the coral
records that span these intervals (AB and TNI2) (Figure 6) and were abrupt with
pronounced IDPO variation before and after each period. This coral §'*0O-based IDPO
index extends the existing instrumentally derived interdecadal-decadal oscillation
indices, e.g., the IPO and the PDO, back to 1650 A.D., providing a reliable reference for

the future study of lower frequency climatic oscillations.
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The regularity of the F-T IDPO Index indicates that interdecadal-decadal variability
in the SPCZ region has been relatively constant over the past 350 years with a mean
frequency of ~20 years (variance peaks near 11 and 35yrs). This implies some degree of
predictability of the IPO/PDO. Following the very strong El Nifio of 1997-1998 both
the F-T IDPO Index and the IPO index began a transition to a negative phase during
which the central and eastern equatorial Pacific should be experiencing cooler then
average conditions and the subtropics should be warmer than usual. Thus, based on the
F-T IDPO regularity and assuming the continued anticorrelation between the F-T IDPO
Index and the IPO/PDO, the Pacific should be in a La Nina-like mode (negative IPO
phase) for next ~5-10 years then should transition back to a positive IPO phase and more
El Nino-like conditions similar to the El Nifio-dominated conditions that persisted during
the last positive phase of the IPO from ~1976 to the late 1990s. The very strong
(1982-1983 and 1997-1998) and prolonged (1990-1994) El Nifio events that occurred
during this period probably were enhanced by this positive IPO phase. Ignoring changes
in the mean state of the Pacific, we suggest that future La Nifia events in the next 5-10
years will be stronger due to the additive effects of the IPO phase while the strength of El

Nifio events will be weakened due to the phase of the [PO.

4.4 F-T IDPO in-phase in SPCZ and WPWP
Comparison of the IDPO signal at Fiji and Tonga with the IDPO signal in two

equatorial Pacific coral 880 records at Palmyra [Cobb et al., 2001] and Maiana [Urban
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et al., 2000] yields a high anti-phase correlation (Figure 7C, R=-0.51 between Palmyra
and F-T IDPO; R= -0.41 between Maiana and F-T IDPO). This anti-phase correlation is
expected because Palmyra and Maiana are both located in an area where SST variability
is positively correlated to the IPO while SST in the Fiji and Tonga region is negatively
correlated with the PO (Figure 1) [Folland et al., 2002]. Palmyra (5.9°N, 162.1°W) is
located in the center of the tropical Pacific but outside of the WPWP and 1° north of the
Nifio 3.4 region (shaded box in Figure 1), where ENSO has a larger amplitude than the
interdecadal-decadal oscillation [Cobb et al., 2001]. If the coral 8'*0
interdecadal-decadal changes at Palmyra are interpreted strictly as temperature (using a
range of published coral temperature-d'*O regressions (0.17-0.23%0/°C) [e.g., Epstein et
al., 1953; Dunbar et al., 1994; Gagan et al., 1994; Wellington et al., 1996]), the total
range of the Palmyra interdecadal-decadal variability (~0.2%o) during 1886-1998
corresponds to ~1°C. This is the same order of magnitude as the interdecadal-decadal
variability derived from Nifio 3.4 SST anomalies separated by SSA [Kaplan et al.,
1998]. This match suggests that the SST variability is the dominant factor affecting the
coral "0 values in Palmyra over interdecadal-decadal time scales.

In contrast to Palmyra, the 80 signal in Maiana records both SST and the
algoseawater (directly related to salinity) [Urban et al., 2000]. Maiana (01°N, 173°E) is
located 25° west of Palmyra and is near the position of the salinity front on the eastern
edge of WPWP [Donguy, 1994; Picaut et al., 1996]. Maiana 8'*0 interdecadal-decadal

variability contains a similar pattern as that at Palmyra and in an opposite phase with
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F-T IDPO. When a southwest shift of the SPCZ creates locally warmer and fresher
conditions (more negative 8'°0 value) at Fiji and Tonga, it is accompanied by cooler
and saltier conditions at Maiana caused by less rainfall and/or a westward retreat of the
equatorial SSS front associated with the WPWP.

The eastward (westward) migration of the warm pool during the El Nifio (La Nifa)
phase of ENSO is well characterized by instrumental data [Fu et al., 1986; Picaut et al.,
1996; Delcroix and McPhaden, 2002]. Due to the scarcity of long-term instrumental
data, the interdecadal-decadal scale displacement of the WPWP eastern salinity front is
less well understood. Recently, Delcroix et al. [2007] observed the presence of a
PDO-like SSS signal in the WPWP, the SPCZ and the Equatorial Cold Tongue during
1970-2003. Figure 8 shows the regression pattern (R values) of precipitation over the
interval from 1979 to 2000 [Xie and Arkin 1996] and SST over the interval from 1981 to
2000 [Reynolds et al, 2001] on the SPCZ position index (SPI) [Folland et al., 2002].
Negative correlations (dashed contours) in Figure 8 reflect below average precipitation
and SST during positive SPI (and positive phase of the IPO) and positive correlations
(thin solid contours) indicate above average precipitation and SST during this positive
SPI and IPO phase. From Figure 8, it is clear that precipitation and SST regimes in the
Fiji-Tonga (SPCZ) area are reversed from those within the Maiana-Palmyra area of the
central equatorial Pacific. This observation agrees with the negative correlation between
the five-coral composite F-T IDPO index and Maiana-Palmyra, as discussed above.

The precipitation changes at Maiana and Palmyra during a positive phase of the
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IPO are correlated to the same degree with the SPI (both sites are located between the
+0.4 and +0.6 contours in Figure 8). The same result was shown by Delcroix et al.
[2007; their Figure 5] which showed the regression of a 25-month filtered precipitation
product on the PDO index. In other words, the precipitation variance on
interdecadal-decadal time-scales appears to be comparable in these two places. If we
assume a near-linear relationship between 618056awater, SSS and precipitation in this
region, the similar variability of Maiana and Palmyra rainfall on interdecadal-decadal
timescales is interesting since variability in coralline 8'*0 at Maiana is due to both SST
and SSS while at Palmyra it is due mostly to SST. Presently, Maiana is located on the
WPWP eastern salinity front while Palmyra is in the center of the equatorial Pacific in a
region without a pronounced east-west SSS gradient and away from the WPWP. The
migration of the WPWP salinity front will modify SSS near Maiana, but not at Palmyra.
An implication of this is that the SSS changes at Maiana are mainly the result of zonal
and/or meridional advection, and not precipitation. This is the same conclusion reached
by Delcroix and Picaut [1998] and Gouriou and Delcroix [2002].

Displacements of the SPCZ salinity front can result from local variations in P-E
budget or zonal/vertical advection [Gouriou and Delcroix, 2002; Delcroix et al., 2007].
In a positive phase of PO, the westward shift of the SPCZ salinity front could result
from a local precipitation shortage or intensified South Equatorial Current. However,
when the precipitation deficit increases SSS during a positive IPO, lower SSTs will

reduce evaporation, which tend to offset the SSS increase caused by the precipitation
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shortage. The opposite happens in a negative IPO phase. This increases our confidence
that zonal advection is the main contributor to the local SSS change in the SPCZ SSS
front region. Gouriou and Delcroix [2002] identified westward geostrophic surface
current velocity anomalies during El Nifio years along 17°S when the SPCZ salinity
front shifts westward, and eastward anomalies during La Nifa years when the salinity
front shifts eastward. This strongly suggests an important role for surface zonal currents
in the east-west movement of the SPCZ salinity front on interannual time-scales. Due to
the lack of long-term instrumental record, we are not able to verify the strengths or
velocities of surface ocean current changes and their relationship with IPO, nor can we
conclude if the P-E budget or the zonal advection is the dominant factor controlling the
SPCZ salinity front shift. If there does exist a local westward surface current anomaly
from the cooler and saltier central Pacific Ocean in a positive IPO, it will push the
SPCZ salinity front westward and decrease local SST, which agrees with the IPO index
(derived from SST data [Folland et al., 2002]) showing cooler-than-average conditions
in a positive IPO. The opposite will occur during negative IPOs, if there exists an
eastward surface current anomaly locally that will create warmer and fresher conditions
in SPCZ area.

Regardless of the exact mechanism, the opposite displacements of the eastern
WPWP and SPCZ salinity fronts are nearly synchronous on interdecadal-decadal
time-scales, with an average offset between interdecadal-decadal maxima-minima in

Maiana and corresponding minima-maxima in the F-T IDPO index of 0.8 years (stdev
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=1.3 years)(see Figure 7). For Palmyra and the F-T IDPO index, the offset between
corresponding interdecadal-decadal minima and maxima, is 0.6 years (stdev = 1.1
years). The “propagating signal” hypothesis is one of the proposed mechanisms for
decadal-interdecadal variability (e.g., Gu and Philander, 1997; Schneider et al., 1999;
Luo and Yamagata, 2001). These authors argued that water masses subducted in the
eastern subtropical south Pacific would travel equator-ward and/or westward along the
pycnocline and then upwell along the equator once entrained in the swift equatorial
undercurrent. However, the synchronicity of the IDPOs of Maiana and Palmyra
(separated by 25° of longitude) indicates little or no time-lag for any IDPO signal
traveling along the equator. No time lag also appears between the IDPOs in the
equatorial Pacific and in the sub-tropical Fiji-Tonga region, thus neither region
(extratropical or tropical) appears to be leading. Any ocean or ocean-atmosphere
coupled models that simulate IPO variation should reflect this opposed yet simultaneous
process.

Burgman et al. [2008] described the atmospheric processes in the tropical and
subtropical Pacific during the 1990s IPO-PDO phase shift. This shift was observed in
our five-coral composite IDPO index and is the result of the correlation fields shown in
Figure 8. Their results suggested an increase in the east-west sea level pressure (SLP)
gradient on the equator and intensified Pacific atmospheric circulation during this
transition from positive [PO to negative IPO. The same response is also observed on

interannual time scales during the transition from ElI Nifio (warm phase of ENSO) to La
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609  Nina (cold phase). This could be the reason why we observe similar salinity front
610 movements on both interannual and interdecadal-decadal time scales on the eastern

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

613 We have developed a coral 8'®0O Fiji-Tonga Interdecadal-Decadal Pacific
614  Oscillation (F-T IDPO) index based on annually averaged 8'O time series from five
615  corals collected in Fiji and Tonga (16°49°S-21°02’S; 179°14’E-174°43°W). The F-T
616  IDPO index spans the period 1650-2004 A.D. and has been shown to closely track the
617 IPO and SPI indices. Thus, this index effectively extends our knowledge of
618  interdecadal-decadal ocean-climate variability for ~250 years prior to the instrumental
619  record. The regularity of the F-T IDPO index indicates that interdecadal-decadal
620  variability in the SPCZ region has been relatively constant over the past 350 years with
621  amean frequency of ~20 years (variance peaks near 11 and 35yrs). We note that during
622  ~1740 to the mid-1750s and during the mid-1680s to the mid-1700s the amplitude of
623  the interdecadal-decadal variability diminished sharply. We also observe an
624  anti-correlation with coral 80 interdecadal-decadal components isolated from other
625  equatorial Pacific coral records at Maiana and Palmyra. This suggests the simultaneous
626  but opposite behavior between the SPCZ and western equatorial Pacific regions. By
627  examining the pattern of precipitation response in Maiana and Palmyra during the last
628  IPO positive phase, we conclude that at interdecadal-decadal time-scales, it is the
629  displacement of the salinity front on the eastern edge of WPWP, instead of precipitation
630  changes, that contributes to the SSS variance recorded by coralline 8O series at
631  Maiana.

632 Our observations support the results of Delcroix et al. [2007] and suggests that the
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anti-phase interdecadal-decadal variations between the equatorial Pacific and the SPCZ
region result from the opposing movements of the eastern WPWP and SPCZ salinity
fronts. In other words, the interdecadal-decadal eastward expansion (westward
contraction) of the WPWP salinity front occurs at the same time as the westward
(eastward) shift of the SPCZ salinity front. This anti-phase relationship between the
SPCZ and eastern WPWP is also observed on seasonal and ENSO time scales [ Gouriou
and Delcroix, 2002]. The WPWP expands eastward during the South Hemisphere winter
when the SPCZ retracts; the opposite situation occurs in the South Hemisphere summer
when the SPCZ expands southeastward and eastern WPWP retreats westward. In the
warm phase of ENSO (EI Nifio), the eastern WPWP expands while SPCZ contracts and
in the cold phase (La Nifa), the eastern WPWP retreats westward and SPCZ expands.
The synchronous changes of WPWP and SPCZ salinity fronts on interdecadal-decadal
time-scales could be evidence that atmospheric processes are involved as Burgman et al.
[2008] conclude. Finally, the regularity of the IPO/PDO over the last several centuries
suggests that La Nifia events in the next 5-10 years will be stronger due to the additive
effects of the IPO phase while the strength of El Nifio events will be weakened due to the

phase of the IPO.
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Figure Captions:

Figure 1. Location of Fiji, Tonga, Maiana, Palmyra and the Nino 3.4 area (shaded box, 5°N-5°S,
120°-170°W) in relation to the South Pacific Convergence Zone salinity front near Fiji and Tonga, to
the West Pacific Warm Pool salinity front near Maiana, and to the spatial pattern of the IPO [Folland
et al., 2002]. Background contours show the IPO as a covariance map of the 3 EOF of low-pass
filtered SST anomalies for 1911-1995. The contour interval is 0.04°C, negative contours are dashed,
values < -0.12°C sparsely stippled, and those > +0.12°C densely stippled. The maximum rainfall axis
of the SPCZ for 1958-1998 is also shown as a thick black line. Figure modified from Folland et al.
[2002].

Figure 2: Study sites in Fiji and Tonga (black outlined circles) in relationship to

annually-averaged sea surface salinity [data from Boyer et al., 2002; Conkright and Boyer,
2002](contours in p.s.u). The SPCZ-related sea surface salinity front can be seen aligned
northeast-southwest across the study area. Crosses (+) mark Apia, Samoa and Suva, Fiji. The
difference in mean sea level pressure between this sites was used to define the SPCZ position Index
(SPI)[Folland et al., 2002].

Figure 3. The plots of TH1-HS5 (top), TH1-H4 (middle) and TNI2-H1 (bottom) over the period of
1950-2004 illustrate the match of the annual cycles during El Nifio events highlighted in brown and
La Nifia events highlighted in blue. The 80 data from THI-H5 was spliced onto the top of
TH1-H4 (with dead top) based on cross-dating with data from core TNI2 and by aligning El Nifo

and La Nifia events (also see Supplemental Figure 1 for X-ray collage of the TH1 cores).

Figure 4. Annually averaged 8'%0 data of the five corals from Fiji and Tonga with the twentieth
century mean values removed. The black arrows show the 1982-1983 El Nifio event. The 8'"*0 (%o0)

scale is the same for all five corals.

Figure 5. The relative contribution of SST and SSS changes to the coralline 8'%0 variance in Fiji
(top) and Tonga (bottom). The annual SST data back to 1900 is from the HadISST1. Note that there
are data from two regions in Tonga (northern Tonga and southern Tonga). Regional SSS data back
to 1976 is from Gouriou and Delcroix [2002]. The SST (°C) and 8'"*0 (%0) were plotted on a
0.2%0/°C scale and the SSS (p.s.u) and 8'"*0 (%0) were plotted on a 0.3%o/p.s.u. scale so that the

relative contributions to 8'*0 variability can be assessed (see text).

Figure 6. (Top) IDPO signals of the five coral 8'%0 series from Fiji and Tonga (thin colored lines)
filtered by SSA, from which the average F-T IDPO index was created (thick black line). Labeled
arrows indicate the number of corals whose spectra were included in the average IDPO index during
various time intervals. (Bottom) The F-T IDPO index shown with 1-sigma unbiased uncertainty

envelop (see text).
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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
IDPO index compared with the IPO Index [Folland et al, 2002]. The colored areas show the IPO
phases revealed by the F-T IDPO index back to 1650 A.D. “+” indicates positive IPO phases and

11313

indicates negative IPO phases. The IDPO phase changes are coherent with the instrumentally
derived IPO and SPI indices. C.) F-T IDPO with two coral 8'%0 series from the equatorial Pacific,
both filtered by SSA to isolate the IDPO band. Note that the scale of the right-hand y-axis of the
Maiana [Urban et al., 2000] and Palmyra [Cobb et al., 2001] 8'%0 series have been reversed for easier
comparison with the left-hand y-axis of the F-T IDPO index.

Figure 8. A.) Correlation of SPCZ position index (SPI) [from Folland et al., 2002] against
precipitation over the interval from 1979 to 2000 (R-values). Note that the SPI is based on the air
pressure difference between Apia (Samoa) and Suva (Fiji). B.) Correlation of SPCZ position index
(SPI) [from Folland et al., 2002] against SST over interval from 1981 to 2000 (R-values). August to
July annual means of precipitation and SST are computed from monthly analyses by Xie and Arkin
[1996] and Reynolds et al [2001], respectively. The red and orange areas in both panels indicate
regions with a positive correlation during this time of a positive phase of the IPO index when the
equatorial central and eastern Pacific is warmer with enhanced rainfall and the SPCZ region is
cooler and saltier. Note the location of our study sites at Fiji and Tonga and that of the coral-climate
study sites at Maiana [Urban et al., 2000] and Palmyra [Cobb et al., 2001].
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952
Core Years 8'"*0 Sampling Water Location Latitude and
ID Depth Longitude
IF 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
THI1 2004-1794 Millimeter-scale I m Ha’afera, Tonga 19°56°S
and annually 174°43°W
TNI2 2004-1650 Millimeter-scale 3.5m Nomuka Iki, Tonga 20°16°S
and annually 174°49°W
T™1 2004-1837 Millimeter-scale 6 m Malinoa, Tonga 21°02°S
and annually 175°08°W
953

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

957
958
Core ID Number of Average Average 8'°0 value of NBS-19
Samples Difference of standard analyzed daily.
Analyzed Replicates (n=number analyzed)
THI-H4 522 0.036 -2.1990.031 (n=135)
TH1-H5 (192 0.039
T™M1 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

961 Table 2. The number of 80 measurement for each Tonga core studied here and the average
962 difference of replicate 8'*0 measurement by core. The 8'%0 results for the two Fiji cores have been
963 previously reported [Linsley et al., 2004, 2006].

964

965
Correlation Tonga, TNI2 Tonga, TM1 Fiji, 1F Fiji, AB
Coefficient
Tonga, THI 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

966  Table 3. The correlation coefficients (R values) between the Fiji and Tonga coral 8'°0 IDPO indices.
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967  The low correlation between TNI2 and AB may be due to their inconsistency during ~1750-1760
968  and ~1700-1720.
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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 (+)

970  Table 4: Positive and negative phases of the IPO and IDPO Index back to 1650 A.D. Note that during
971 a positive phase the equatorial central and eastern Pacific is warmer and the SPCZ region is cooler and
972 saltier.
973 region is warmer and fresher.
974
975

During a negative phase the equatorial central and eastern Pacific is cooler and the SPCZ
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Fiji SST anomaly

Oxygen Isotopes (per mil, centered)

Tonga SST anomaly
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Oxygen Isotopes (per mil)
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Latitude

A; SPCZ Position Index Correlated Against Precipitation  B; SPCZ Position Index Correlated Against SST
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