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[1] In the South Pacific Convergence Zone (SPCZ), the variability in a sub-seasonally resolved microatoll
Porites colony Sr/Ca record from Tonga and a previously published high-resolution record from Fiji are
strongly influenced by sea surface temperature (SST) over the calibration period from 1981 to 2004
(R2 = 0.67–0.68). However, the Sr/Ca-derived SST correlation to instrumental SST decreases back in time.
The lower frequency secular trend (~1!C) and decadal-scale (~2–3!C) modes in Sr/Ca-derived SST are
almost two times larger than that observed in instrumental SST. The coral Sr/Ca records suggest that local effects
on SST generate larger amplitude variability than gridded SST products indicate. Reconstructed d18O of seawater
(d18Osw) at these sites correlate with instrumental sea surface salinity (SSS; r=0.64–0.67) but not local precipi-
tation (r="0.10 to "0.22) demonstrating that the advection and mixing of different salinity water masses may
be the predominant control on d18Osw in this region. The Sr/Ca records indicate SST warming over the last
100 years and appears to be related to the expansion of the western Pacific warm pool (WPWP) including an in-
creasing rate of expansion in the last ~20 years. The reconstructed d18Osw over the last 100 years also shows sur-
face water freshening across the SPCZ. The warming and freshening of the surface ocean in our study area
suggests that the SPCZ has been shifting (expanding) southeast, possibly related to the southward shift and inten-
sification of the South Pacific gyre over the last 50 years in response to strengthened westerly winds.
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1. Introduction

[2] Tropical sea surface temperature (SST) is an
important parameter influencing the global mois-
ture budget through its impact on the position of the
convective Intertropical Convergence Zone (ITCZ)
and its effect on ocean atmosphere interactions. In
the southwestern Pacific basin, the South Pacific
Convergence Zone (SPCZ) is the largest spur of the
main ITCZ extending from the equator southeast
from ~160!E to 140!W in the southwestern Pacific
[Kiladis et al., 1989; Vincent, 1994]. The SPCZ is
also the only permanent ITCZ feature in the Southern
Hemisphere. Seasonally, the SPCZ rainfall maxi-
mum shifts north during winter and south during
austral summer [Vincent, 1994] (Figures 1A and 1B).
Located at the southeastern edge of the SPCZ, the
waters of the Republic of Fiji and Kingdom of Tonga
(~15!S to ~21!S and ~174!W to ~177!E) are not
only influenced by changes in the position of the
SPCZ but also affected by the seasonally shifting
surface ocean salinity front (Figures 1C and 1D) that
separates the warm/fresher waters in the northwest
from the cool/saline waters in the southeast and east
[Halpert and Ropelewski, 1992; Yan et al., 1992;
Delcroix and McPhaden, 2002].

[3] Interannual changes in the western Pacific warm
pool (WPWP) position are directly tied to the phase
of El Niño/Southern Oscillation (ENSO) [Trenberth,
1976; Folland et al., 2002]. In the SPCZ region, the
axis of maximum rainfall is known to shift northeast
during El Niño (EN) events and southwest during
La Niña (LN) events [Salinger et al., 2001; Folland
et al., 2002; Gouriou and Delcroix, 2002; Cravatte
et al., 2009; Vincent et al., 2009; Cai et al., 2012].
Depending on the phase of ENSO, the position of
the surface ocean salinity front on the southeastern
edge of the SPCZ generally changes; during an EN
event, it will shift to the west, while during a LN
event, it will shift back to the east. The southeastern
edge of the SPCZ is also subjected to large-scale
decadal-interdecadal variability [Trenberth and
Hurrell, 1994; McPhaden and Zhang, 2002; Linsley
et al., 2000, 2004, 2008; Cai et al., 2012]. The Inter-
decadal Pacific Oscillation (IPO) is the Pacific-wide
recurring pattern of ocean-atmospheric variability in
which the central gyres of the Pacific cool (warm)
and the eastern margin warms (cools), during the

positive (negative) phases [Folland et al., 2002;
Delcroix et al., 2007]. The alternating phases of the
IPO can last for multiple decades with IPO positive
(negative) phases often coinciding with an increase
in the relative frequency of EN (LN) events [Salinger
et al., 2001].

[4] One of the least well-understood modes of
oceanographic variability is centennial-scale change
in SST, sea surface salinity (SSS), and ocean circula-
tion. Massive hermatypic Porites sp. corals are
uniquely suited to potentially evaluate these secular
trends in the tropics and subtropics over the last sev-
eral hundred years. Porites sp. corals offer precise
sub-seasonal scale chronologic age control and
well-calibrated tracers of temperature and salinity in
their skeletons [e.g., Druffel, 1997; Gagan et al.,
2000; Corrège, 2006]. In particular, Porites sp. coral
skeletal Sr/Ca has been shown to correlate well with
SST in many oceanic settings [e.g., Smith et al.,
1979; Beck et al., 1992; Linsley et al., 2000; Nurhati
et al., 2009; and many others].

[5] However, various issues and effects such as the
seasonal variability of seawater Sr/Ca [Shen et al.,
1996] and coral growth-related effects on Sr/Ca
have been reported [de Villiers et al., 1994; 1995;
Cohen et al., 2001; Alibert and Kinsley, 2008].
Recently described temperature dependencies and
variations of Sr/Ca in coral skeleton over daily,
seasonal, and interannual timescales [Gaetani et al.,
2011] further explain why calibration equations to
SST are highly variable among individual corals. In
addition, Gagan et al. [2012] reported significant
bio-smoothing of geochemical tracers in Porites
that lead to underestimates of the true amplitude of
water temperature and/or salinity variability over
time. This effect could explain reported issues of
muted regression slopes between monthly SST and
near-monthly Sr/Ca over the modern calibration
interval. These lower Sr/Ca-SST slopes result in
unrealistically large SST secular trends [Linsley
et al., 2006; Alibert and Kinsley, 2008]. Furthermore,
post depositional skeletal changes such as the for-
mation of secondary aragonite and skeletal micro-
dissolution can affect Sr/Ca records [Enmar et al.,
2000; Mueller et al., 2001; McGregor and Gagan,
2003; Quinn and Taylor, 2006; Allison et al., 2007;
Hendy et al., 2007; Nothdurft et al., 2007;McGregor
and Abram, 2008]. To further complicate inter-colony
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Sr/Ca comparisons across sites and regions, inter-
laboratory differences due to differences in instru-
mentation, internal calibration, and methodology have
also been described [Corrège, 2006].

[6] To document past lower frequency oceano-
graphic variability in the western South Pacific,
we have been analyzing cores from massive corals
with the goal of replicating the down-core geo-
chemical variability. In this contribution, we pres-
ent a bimonthly resolved Sr/Ca record of a Porites
lutea microatoll colony from Tonga (1792–2004)
as part of a unique regional network of coral Sr/Ca
time series arrayed along a northwest-southeast
transect at the edge of the SPCZ. In this region, the
South Equatorial Current (SEC) is broken up into
a series of westward flowing jets as it passes through
the archipelagos of Tonga and Fiji (Figure 1A). Our
goals are as follows: (a) to assess the utility and
reproducibility of Porites Sr/Ca in a relatively small
region of the southwestern Pacific including a
microatoll as proxy of SST, (b) to compare these
Sr/Ca time series to other Porites Sr/Ca records
from the SPCZ, (c) to use gridded instrumental sea
surface salinity (SSS) time series from the SPCZ
[Delcroix et al., 2011] to evaluate how well d18O
of seawater (d18Osw) calculated from coral skeletal
d18O and Sr/Ca correlates with SSS and rainfall, and

finally (d) to evaluate the significance of longer-term
lower frequency variability (decadal-scale patterns)
and secular trends in reconstructed SST and d18Osw
in this region over the last two centuries.

2. Materials and Methods

[7] Sequential coral skeletal samples were micro-
drilled from two cores collected in November
2004 from a single P. lutea microatoll colony
(TH1) growing near the island of Ha’afera in
central Tonga (19!56!S, 174!43!W; Figure 1). The
colony was 4m high and growing at ~1m below
the surface at low tide. The morphology of this col-
ony makes it a microatoll due to its discoid-shaped
outward growth resulting from the shallow water
depth that restricts its vertical extension [Stoddart
and Scoffin, 1979]. A 3.28m long core extending
from the dead top surface along the central growth
axis and a 67 cm long core from the live lateral surface
of the colony were collected [Linsley et al., 2008].
Linsley et al. [2008] spliced together a continuous
skeletal d18O (d18Oc) record of the TH1 cores using
the timing of known EN events that both confirmed
the methodology and agreed with other studies’ usage
of Porites microatolls [Woodroffe and Gagan, 2000;
McGregor et al., 2011].

Figure 1. The microatoll Porites lutea coral sampling location (Kingdom of Tonga; 19.5!S, 174.4!W) of this study in
the South Pacific Convergence Zone (SPCZ) in relation to previously published SPCZ Porites sp. coral Sr/Ca records
(Republic of Fiji core 1 F (16.5!S, 179.14!E) [Linsley et al., 2006] and Rarotonga core 2R (21.14!S, 159.47!W) [Linsley
et al., 2000, 2004]). The top panels (A and B) depict sea surface temperature (!C), and the bottom panels (C and D) are sea
surface salinity (Sp) from the World Ocean Atlas 2009 [Antonov et al., 2010; Locarnini et al., 2010]. The mean surface
conditions of austral summer (January–March) are the left panels, and the mean surface conditions of austral winter
(July–September) are the right panels. The major currents and jets affecting the region (South Equatorial Current, SEC;
Subtropical Counter Current, STCC; North Fiji Jet, NFJ; and South Fiji Jet, SFJ) are depicted in panel A as well as the
position of the seasonally shifting salinity front between Fiji and Tonga marked on panels C and D.
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[8] TH1 coral cores were cut into ~7mm thick slabs
along the major growth axis using a tile saw, cleaned
in deionized water in an ultrasonic bath (15min) and
with a probe sonicator (500W, 20kHz) for 6min per
side, and air-dried at room temperature. X-radiographs
of the slabs reveal the density banding and growth ge-
ometry (Figure 2). Sampling tracks along themaximum
growth axes were determined using the X-radiograph
images, and powder sub-samples were taken at 1-mm
intervals for the entire core using a micro-drill with a
1-mm round diamond drill bit (Figure 2).

[9] Coral skeletal Sr/Ca ratios were measured on
samples at every other 1mm resolution or ~5–7
samples per year based on a mean annual extension
rate of 15.29# 2.78mmyear"1. Sr/Ca measure-
ments from 1944 to 2004 were determined on the
same sample powders analyzed by Linsley et al.
[2008] for d18Oc. Sr/Ca measurements before
1944 are from new coral powder samples collected
by re-drilling the same sampling transects used in
Linsley et al. [2008] for annual d18Oc samples.
The transects were made slightly deeper and wider
to collect enough powder for replicate analysis
(Figure 2). Approximately, 500# 20mg of homog-
enized coral powder of each sample was dissolved
in 2mL Optima Grade HNO3 in acid-cleaned
microcentrifuge tubes to achieve 100 ppm of Ca
concentration. The analyses were performed at
Lamont-Doherty Earth Observatory using an induc-
tively coupled plasma-optical emission spectrome-
ter (ICP-OES), following the technique described
in detail by Schrag [1999] and modified for the
Lamont-Doherty ICP-OES [Wu, 2010]. Replicate
coral sample measurements (n= 115) indicate pre-
cision better than #0.041mmol/mol (relative stan-
dard deviation of 0.45%). Repeat measurements of
laboratory consistency standards (n = 193) demon-
strated analytical precision better than #0.047
mmol/mol (relative standard deviation of 0.48%).

[10] The TH1 coral chronology was completed in two
parts. For post-1970 samples, the chronology was
based on the depths of annual skeletal density bands
(high-density banding secreted in the warmest times
of each year (February/March) coinciding with maxi-
mum SST) and the timing of sub-seasonal Sr/Ca vari-
ability tuned to instrumental SST. For samples prior to

1970, the chronology was based on annual density
banding and by setting annual minimum Sr/Ca to
February (average month of maximum SST) and an-
nual maximum Sr/Ca value to August (average month
of minimum SST). The final age model for core TH1
Sr/Ca from 1791 to 2004 is identical to that developed
using the annual d18Oc record by Linsley et al. [2008].
Sub-seasonal age estimates were linearly interpolated
to six points per year (bimonthly) based on the new
Sr/Ca results using the ARAND software package
TIMER program [Howell et al., 2006].

[11] Coral Sr/Ca-SST calibration is first established
at bimonthly resolution using the 1! latitude by 1!

longitude gridded Reynolds-Smith Optimum Inter-
polated SST version 2 (Reynolds-Smith OI-SST)
from 1981 to 2004 [Reynolds et al., 2002]. We
applied Least Square Linear Regression calibration
to facilitate comparison to the many published
Porites Sr/Ca-SST relationship slopes [Corrège,
2006]. Additionally, an annualized Sr/Ca calibration
to annual average Reynolds-Smith OI-SST is estab-
lished to test the two different Sr/Ca-SST calibra-
tions. Making the assumptions that coral Sr/Ca vari-
ability is entirely due to SST variability and that
d18Oc variability is due to SST and d18Osw variabil-
ity, we calculated d18Osw using Sr/Ca and d18Oc
based on the method of Ren et al. [2002].

3. Results and Discussion

3.1. Intra-colony Sr/Ca Variability
of a Porites Microatoll From Tonga
[12] Despite a very shallow water depth habitat,
Porites microatolls have been utilized to recon-
struct past sea levels and also to generate high-
resolution regional paleoclimate records [Woodroffe
and McLean, 1990; Woodroffe and Gagan, 2000;
McGregor et al., 2011]. The Tonga TH1 colony
had a dead, flat, bio-eroded top with live tissue on
the lateral edges and down the sides. Linsley et al.
[2008] showed that colony TH1 did not exhibit dif-
fering degrees of oxygen isotopic disequilibrium
between the d18Oc records of the distal (top maxi-
mum growth axis) and lateral growing surfaces
[McConnaughey, 1989]. Linsley et al. [2008]

Figure 2. X-ray collage of the Tonga microatoll colony with cores TH1-H4 (dead top surface) and TH1-H5 (live
lateral surface). Oxygen isotopic (d18O) from this coral core was originally presented in Linsley et al. [2008] at
millimeter scale from 1944 to 2004A.D. and at annual average resolution below. For this new study, we re-sampled
the core at 1mm intervals below 1944A.D. The original annual-scale sampling transect was re-sampled at every 1mm
by deepening and widening the sampling transect for the every other 1mm Sr/Ca analysis of this study. The chronol-
ogy is based on the combination of the stable isotope data [Linsley et al., 2008], density banding, and the new Sr/Ca
data. The data from TH1-H5 are spliced together with data from TH1-H4.
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generated a continuous d18Oc record spanning
1790–2004 (near-monthly from 1945 to 2004 and
annual average from 1790 to 1944) by splicing data
from a short core collected on the live growing lateral
edge onto the floating time series generated from a
core collected from the dead central growth axis.
TH1 Sr/Ca record developed from the two cores
was spliced together with the year of calcification
of the dead surface determined to be 1982 and over-
lapped from 1977 to 1982 (Figures 2 and 3). Our new
Sr/Ca results reinforces the use of Poritesmicroatolls
for SST reconstructions as the intra-colony mean Sr/
Ca values from the overlapping lateral and central
axis surfaces are almost identical (mean= 9.015 #
0.102mmol/mol and 9.019# 0.100mmol/mol). The
intra-colony overlap of the five annual cycles highly
correlates (r=0.71, p< 0.001) and shows no signifi-
cant offset (Figure 3) demonstrating the accuracy and
usefulness of this type of Porites coral to splice to-
gether long time series paleoclimate reconstructions.

3.2. Comparison of Different Sr/Ca
Analytical Resolutions in Porites Corals
[13] One often-invoked criticism of every other
1mm analysis is the possible aliasing effect on SST
(or other seasonally varying climate parameter) cali-
bration. This effect can potentially underestimate
the entire magnitude of annual SST variability com-
pared to the 1mm analysis. The Tonga TH1 bimonthly
Sr/Ca record (every other 1mm) actually contains
larger seasonal amplitudes (0.29mmol/mol) than that
of monthly Fiji 1F (0.19mmol/mol, analyzed every
1mm; Figure 4). This difference is in part due to the
fact that Fiji lies closer to the edge of theWPWP than
Tonga causing it to experience smaller amplitude
annual SST fluctuations (Figure 1).

[14] For comparing the bimonthly Sr/Ca records
from Tonga to the monthly record from Fiji, we
interpolated the latter into a bimonthly resolved
time series (Figure 4A). This procedure produces
a departure (0.02mmol/mol) of the maximum Sr/
Ca during winter and spring, with higher values
for the monthly record. Since the departure is within
the average measurement error (#0.04mmol/mol)
and average standard deviation (#0.05mmol/mol),
it is unlikely that the conversion aliases the recon-
struction. Correlation between bimonthly Fiji 1F
and bimonthly Tonga TH1 was high (r= 0.70) with
a significant relationship ( p< 0.001). This compar-
ison between Tonga TH1 and Fiji 1F indicates that
there is no significant loss in the skill of capturing
the entire annual cycle or aliasing the annual signal
when analyzing every other 1mm samples in
Porites corals growing at ~1.0 to 1.5 cmyr"1.

3.3. Coral Sr/Ca Reproducibility
and Calibrations to SST
[15] Some high-resolution coral Sr/Ca results from dif-
ferent coral colonies living in the same location have
indicated inter-colony offsets in mean Sr/Ca [Alibert
and McCulloch, 1997; Bagnato et al., 2004; Corrège,
2006; DeLong et al., 2007]. These differences have
been attributed to growth rate differences, species/
subspecies effects, inter-laboratory differences, and
water depth differences [e.g.,Weber, 1973;Marshall
and McCulloch, 2002; Bagnato et al., 2004; Cohen
and Hart, 2004; Corrège, 2006; DeLong et al.,
2007; Saenger et al., 2008]. In this study, mean
TH1 Sr/Ca (1792–2004) equals 9.06mmol/mol (stan-
dard deviation, SD=#0.123) with a mean offset
of 0.06mmol/mol from Fiji 1F (1792–1997; mean
Sr/Ca = 9.12mmol/mol, SD = #0.081; Figure 5A).

Figure 3. Two separate coral cores collected at Ha’fera, Tonga, from a microatoll P. lutea colony, sub-sampled at every
millimeter, and analyzed at every other millimeter by ICP-OES. The intra-colony Sr/Ca records through the overlapping
period of 1977–1982 display no significant difference in mean (Sr/Ca=9.01" 9.02# 0.10mmol/mol) and in agreement
(r=0.71; p< 0.001) between lateral/live surface (dash) and distal/top dead surface (solid). The procedure enabled us to
merge and integrate the two separate cores’ (one live with growth tissue and another with dead central growth axis with
a floating time window) geochemical records by splicing it together into a single continuous record designated Tonga
TH1. This splicing agreed with the previously splicing done with only coral d18O data [Linsley et al., 2008].
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[16] The difference between Tonga TH1 and Fiji
1 F mean Sr/Ca cannot be due to analytical resolu-
tion (discussed in section 3.2) or inter-laboratory
offsets (Linsley et al., 2006). This inter-colony
offset is peculiar because Tonga located at ~20!S
generally experiences cooler SST conditions than
Fiji (Figures 1A and 1B). Thus, the corals of Tonga
should contain higher Sr/Ca values. However, the
higher Sr/Ca values were recorded in the Fiji 1F
coral instead of Tonga TH1 (Figure 5A). Possible
explanation for this includes the water depth differ-
ence of coral collection sites with the top of colony
TH1 near ~1m at low tide and Fiji 1F at 10m water
depth. Although we lack in situ water temperature
measurements at Fiji and Tonga, the amplitude of
the annual cycle recorded by in situ temperature

measurements made at Rarotonga by a temperature
logger placed into an exposed reef front at 18m
depth is identical to gridded weekly Reynolds-
Smith OI-SST (Figure 5B). This provides more con-
fidence that the first 20m of the water column
at these open-water locations in the SPCZ are well
mixed and that water depth difference is likely not
the reason for the Sr/Ca offset between Fiji
1F and Tonga TH1. It is highly possible that growth
mechanisms and effects [Cohen et al., 2004;
Goodkin et al., 2007] contributed to the inter-
colony offset even though both corals appear to be
P. lutea. Cryptic genetic differences of the same
species [Forsman et al., 2009] could also have
caused this offset, but this issue is beyond the scope
of this study.

[17] The calibration of bimonthly Tonga TH1 Sr/Ca
to bimonthly Reynolds-Smith OI-SST (centered on
19.5!S, 174.5!W over the period of November/
December 1981 to September/October 2004) has
an R2 = 0.68. A similar degree of correlation
(R2 = 0.67) is found between bimonthly Fiji 1F Sr/
Ca to bimonthly Reynolds-Smith OI-SST (centered
on 16.5!S, 179.5!E over the period of November/
December 1981 to January/February 1997). The
calculated sensitivities of "0.062mmol/mol!C"1

for Tonga TH1 and "0.058mmol/mol!C"1 for Fiji
1F are within the published sub-seasonal calibration
range of Porites Sr/Ca-SST sensitivities [Corrège,
2006] (Figure 5C; Table 1). With these calibrations,
the offset between Sr/Ca at Fiji and Tonga
(0.06mmol/mol, Figure 5A) equates to a temperature
difference of ~1!C. Annualized Sr/Ca data calibrated
to annual Reynolds-Smith OI-SST over the same cal-
ibration period as the bimonthly calibrations were not
as high (R2 = 0.30–0.34) with calibration relation-
ships lying outside the sub-seasonal range suggested
by Corrège [2006] (Table 1).

3.4. Reproducibility of Sr/Ca-SST
Reconstructions and Verification
to Hadley SST
[18] Over the verification period of 1950–2004
for Tonga (Figure 6A) and of 1950–1997 for Fiji
(Figure 6C), bimonthly coral Sr/Ca-derived SST
time series are significantly correlated to bimonthly
1! $ 1! gridded Hadley Centre Sea Surface Tem-
perature version 1 (HadSST) [Rayner et al., 2003]
(TH1, r= 0.79, p< 0.001; 1F, r= 0.76, p< 0.001).
A likely contributing factor to the high correlations
of bimonthly Sr/Ca-derived SST and bimonthly
HadSST comes from the chronology development
method employed by tuning Sr/Ca peaks to the

Figure 4. (A) Monthly (solid blue) and bimonthly
(dashed blue) mean Fiji 1F colony (sampled at every mil-
limeter) in comparison to monthly (solid red) and bi-
monthly (dashed red) mean of 1! $ 1! grid Hadley
Centre Sea Ice and Sea Surface Temperature version 1
(HadSST) [Rayner et al., 2003] at Fiji between 1950 and
1997, a time period with the most-accurate instrumental
SST. (B) Comparison of the bimonthly mean Tonga TH1
colony (black) sampled at every other millimeter to
monthly (solid red) and bimonthly (dashed red) Tonga
HadSST over the period between 1950 and 2004.
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Figure 5. (A) Inter-colony Sr/Ca offset (1950–2004 section shown) between Tonga TH1 (black; analyzed at every
other millimeter resolution; mean = 9.06mmol/mol; standard deviation, SD= 0.123) and Fiji 1F (blue; analyzed
at 1-mm resolution; mean = 9.12mmol/mol; SD= 0.081) [Linsley et al., 2004]. (B) Agreement between in situ water
temperature logger readings (in situ temperature data from B. K. Linsley and G. M. Wellington) taken daily in
Rarotonga at 18m and gridded weekly Reynolds-Smith Optimum Interpolated SST (Reynolds-Smith OI-SST) version
2 [Reynolds et al., 2002] centered on 21.5!S, 159.5!W. (C) Annual (dashed lines) and bimonthly (solid lines) resolved
Sr/Ca to 1! $ 1! grid Reynolds Optimum Interpolated Sea Surface Temperature (SST) [Reynolds et al., 2002] by Least
Square Linear Regression. Key: Tonga TH1 (black; calibration period = 1981–2004) and Fiji 1F (blue; calibration
period = 1981–1997) with Tonga grid centered on 19.5!S, 174.5!W and the Fiji grid centered on 16.5!S, 179.5!E.

Table 1. Least Square Linear Regression Calibration Equations of Bimonthly and Annually Resolved Sr/Ca of a
Microatoll Porites Coral from Tonga (TH1) to 1! by 1! Grid Reynolds-Smith Optimum Interpolated Sea Surface Tem-
perature (Reynolds-Smith OI-SST) Centered on 19.5!S, 174.5!W (Figure 5C) [Reynolds et al., 2002]a

Bimonthly Resolved Calibration Annually Resolved Calibration

Calibration Equation R2 Calibration Equation R2

Tonga Sr/Ca = 10.65" 0.062$ SSTTonga 0.67 Sr/Ca = 10.38" 0.052$ SSTTonga 0.30
Fiji Sr/Ca = 10.67" 0.058$ SSTFiji 0.68 Sr/Ca = 10.41" 0.048$ SSTFiji 0.34

aPreviously analyzed Sr/Ca from Fiji 1F colony [Linsley et al., 2004] calibrated to Fiji Reynolds-Smith OI-SST centered on 16.5!S, 179.5!E
(Figure 5c). The calibration period for Tonga TH1 is November/December 1981 to September/October 2004 and November/December 1981 to
January/February 1997 for Fiji 1F.
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annual SST cycle based on two tie points per year
(maximum and minimum temperatures). The
correlation coefficients between annualized Sr/Ca-
derived SST and annual HadSST using the annual
calibration listed in Table 1 are not as high as the
bimonthly calibration results but are equally signifi-
cant (r= 0.60 for Tonga, r= 0.44 for Fiji, p< 0.001;
Figures 6B and 6D). Noticeable in both the bi-
monthly and annual coral Sr/Ca-derived SST time se-
ries are the consistently cooler SST than the gridded
HadSST (Figure 6). This result implies a coral bias
to overestimate SST variations that includes the
amplitude of the annual SST range. One possible
explanation may be due to coral skeletal growth
mechanisms and effects such as differing calcifica-
tion rates between summer and winter growing sea-
sons [Alibert and Kinsley, 2008]. Thus, to minimize
the potential growth effects on SST overestimation
based on sub-seasonally resolved Sr/Ca, the best
approximation of instrumental SST in our study area
is by using the steeper slopes of the bimonthly
calibration.

[19] Sr/Ca-derived SST records from Fiji and Tonga
display secular (non-linear) trends of 1.2!C at Fiji
and 1.8!C at Tonga over the twentieth century,

while analysis of HadSST [Rayner et al., 2003] data
from the individual 1! $ 1! grids indicates smaller
trends of 0.31!C and 0.27!C for Fiji and Tonga,
respectively (Figures 7A and 7B). Night Time Marine
Air Temperature (NMAT) data from Fiji and Tonga
also show this same ~0.3!C warming over the
last 90 years [Folland et al., 2003 and data from
J. Salinger, personal communication]. However,
Folland et al. [2003] reported an SST warming
trends of ~0.5 to 0.6!C from a regional analysis of
the HadSST data for a large region extending east
to west (including Fiji and Tonga) that was also
larger than the individual 1! $ 1! gridded records.
To the west of Fiji and Tonga along the southern
edge of the SPCZ, a stacked average coral Sr/Ca-
SST record at New Caledonia [DeLong et al.,
2007, 2012] also documented a +0.73!C SST
warming in the twentieth century that exceeded the
gridded instrumental SST warming similar to our
records. The Fiji and Tonga Sr/Ca-derived SST
records thus indicate a warming trend in the last
100 years that is approximately twice as large as the
trend in instrumental SST data. A third coral Sr/Ca
record from Rarotonga, southeast of Tonga in the
Cook Islands (Figure 1: 21!S, 159!W) [Linsley et al.,

Figure 6. (A) Verification by Pearson Product-Moment correlation of bimonthly resolved Fiji 1F coral Sr/Ca-de-
rived SST (blue) to 1! $ 1! grid Hadley Centre Sea Ice and Sea Surface Temperature version 1 (HadSST; red) [Rayner
et al., 2003] at Fiji between 1950 and 1997 (r = 0.76, p< 0.001; grid centered on 16.5!S, 179.5!E). (B) Fiji 1F coral
Sr/Ca derived SST (blue) based on the annual calibration relationship in Table 1 in comparison to annual HadSST at
Fiji between 1950 and 1997 (red; r = 0.44, p< 0.01). (C) Verification of bimonthly resolved Tonga TH1 coral Sr/Ca
derived SST (black) to bimonthly HadSST at Tonga between 1950 and 2004 (red; r= 0.79, p< 0.001; grid centered on
19.5!S, 174.5!W). (D) Verification of annual calibration Tonga TH1 coral Sr/Ca-derived SST (black) to Tonga
annual HadSST between 1950 and 2004 (red; r= 0.60, p< 0.001).
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2000] recorded a similar SST warming trend of
0.9!C relative to Fiji and Tonga that is still larger
than the warming observed in HadSST (+0.16!C;
Figure 7C). Multidecadal length Porites Sr/Ca
records from other locations in the Pacific have also
found such discrepancies compared to instrumental
temperature records [Alibert and McCulloch, 1997;
Crowley et al., 1999, 2000; Nurhati et al., 2011].
Alibert and McCulloch [1997] found an increase of
1.3!C in Great Barrier Reef coral-derived SST from
1965 to 1993 that was not consistent with the
increase of ~0.4!C from southern hemisphere land
and marine temperature records, similar to our find-
ings. Sr/Ca-derived SST records in the Atlantic utiliz-
ing other coral genera (Diploria) have also noted the
overestimation of SST changes compared to instru-
mental SST [Goodkin et al., 2008].

[20] Reduced correlations of coral Sr/Ca to SST in
our reconstructions back in time are not surprising.
Instrumental SST for a particular grid cell at any
point in time is based on statistical relationships
among observations that were taken with irregular
spatial and temporal resolution that dramatically
declines back in time. Due to a lack of actual obser-
vations in many near-shore areas, local SST vari-
ability at reef sites may be under-represented.
DeLong et al. [2007, 2012] also noted a lower cor-
relation to gridded instrumental SST back in time at
New Caledonia and attributed the lower correlation
to decreasing instrumental SST observations. It is
highly likely that meso-scale atmospheric and
oceanographic processes, such as upwelling, can
influence local SST and coral Sr/Ca. These local
processes at some sites are most likely not captured

Figure 7. Centered (twentieth century mean removed) of 1! by 1! gridded annual HadSST (red lines) [Rayner et al.,
2003] at Fiji, Tonga, and Rarotonga compared to centered (twentieth century mean removed) annualized bimonthly
Sr/Ca-derived SST (black lines) of (A) Fiji 1F [Linsley et al., 2004], (B) Tonga microatoll TH1 (this study), and
(C) Rarotonga 2R [Linsley et al., 2000]. Shown in each panel is the rescaled result of the centered annualized bimonthly
Sr/Ca-derived SST by Gagan et al. [2012] calibration slope ("0.084mmol/mol!C"1) to correct bio-smoothing effects
(green lines). The reconstructed SST records display slight differences in absolute range but not the overall longer-term var-
iability and secular trend. HadSST data were centered on the same grids as Figure 6 and on 21.5!S, 159.5!W for Rarotonga.
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by large-scale gridded data sets and climatology.
This could be particularly true for the Savusavu
Bay site where our Fiji coral was collected and also
for our Ha’afera Island site in Tonga. Thus, Sr/Ca
in our Fiji and Tonga corals could be influenced
by local SST, a conclusion that would agree with
the re-analysis of 13 modern Sr/Ca records by Scott
et al. [2010] who concluded that gridded instru-
mental SST could only explain 60% of the total
average Sr/Ca variance.

[21] Finally, we consider the possibility that the
larger amplitude decadal and secular-scale Sr/Ca-
SST trends may be related to growth effects in the
tissue layer of these Porites corals that may attenu-
ate the sensitivity of the Sr/Ca-SST paleothermome-
try [Gaetani et al., 2011; Gagan et al., 2012]. The
rescaling of our coral Sr/Ca relationship slope from
"0.06mmol/mol!C"1 to a steeper slope of "0.084
mmol/mol!C"1 [Gagan et al., 2012] reduces much
of the observed variability (Figure 7). The observed-
differences in overall SST variance declined by 1.0
to 1.8!C, and the long-term warming trend of all
three records decreased by 0.1 to 0.3!C. This
demonstrates that annualizing the higher resolution
bimonthly record is effective and sufficient in mini-
mizing the bio-smoothing effect suggested by
Gagan et al. [2012]. However, the rescaling does
not change the observation of the larger interannual,
decadal, and secular trends in coral Sr/Ca-derived
SST that are almost two times larger than the SST
warming trend at these frequencies in HadSST or
NMAT (~ + 0.3!C; Figure 7).

3.5. Coral Reconstructed Bimonthly d18Osw
Variability and the Relationship to SSS
[22] Because d18Oc is a function of both SST and
d18Osw while coral Sr/Ca appears to be more
directly related to SST at our study sites, deconvol-
ving the d18Osw signal is straightforward assuming
that only the above two parameters are involved

based on the Ren et al. [2002] method. Multiple
d18Osw reconstruction techniques have been pro-
posed, and the Ren et al. [2002] method provides
essentially the same result as the Cahyarini et al.
[2008] method. The McCulloch et al. [1994] and
Gagan et al. [1998] simple subtraction method is
unsuitable for the SPCZ region because of the
strong influence of both SSS and d18Osw on d18Oc
leading to biased reconstructions [Cahyarini et al.
2008]. We calculated instantaneous bimonthly
d18Osw at Tonga, Fiji, Rarotonga using the d18Oc
data, d18Oc-SST relationship, and Sr/Ca-SST rela-
tionships listed in Table 2.

[23] Mean reconstructed bimonthly d18Osw over the
calibration period for Tonga TH1 is 0.85%, 0.26%
in Fiji 1 F, and 0.78% in Rarotonga 2R (Figure 8).
The d18Osw results show an average of 0.59% off-
set in bimonthly d18Osw between Fiji 1F and Tonga
TH1 corals, while the offset for Rarotonga 2R is
0.52% and 0.07% to Fiji 1F and Tonga TH1, re-
spectively (Figure 8). The offset appears to reflect
the salinity gradient in the surface ocean but may
also be in part an artifact of the reconstruction pro-
cess that is influenced by both the chosen initial
d18Osw values and the different coral d18Oc-SST
and Sr/Ca-SST relationships (Table 2). The Pearson
Product-Moment correlation coefficients between
instrumental SSS [Delcroix et al., 2011] and bi-
monthly d18Osw of Tonga and Fiji are 0.64 and
0.67, respectively (p< 0.001; Figures 8B and 8E;
Table 3). The bimonthly d18Osw are processed with
a six-point running mean to remove annual cycles
for better comparison to the instrumental SSS. A
robust correlation is also found between Rarotonga
reconstructed bimonthly d18Osw (six-point running
mean) [Linsley et al., 2000, 2004] and Rarotonga
SSS (r = 0.61, p< 0.0001; Figure 8H; Table 3). This
level of correlation is equivalent to that obtained at
nearby Vanuatu (r= 0.47 with d18Oc and r= 0.71
with d18Oc anomaly) [Kilbourne et al., 2004],
which supports the conclusion that these coral-de-
rived d18Osw time series are reflecting SSS variabil-
ity over multiple timescales. The 0.14–0.19% Sp

"1

slopes of the reconstructed d18Osw and instrumental
SSS relationship (Table 3) are less steep than the
equatorial Pacific relationship of 0.27% Sp

"1 found
by Fairbanks et al. [1997]. Our reconstructed
d18Osw-SSS relationships are also lower than the
local relationships of 0.36% Sp

"1 from Vanuatu
[Kilbourne et al., 2004] and 0.42%Sp

"1 from Palau
[Morimoto et al., 2002]. Nonetheless, these differ-
ences are not surprising given the spatial heterogene-
ity of precipitation-evaporation and water advection
rates and sources across the tropical ocean. Without

Table 2. The d18Osw Reconstruction Following the
Method of Ren et al. [2002]a

d18Oc to SST
(% !C"1)

Sr/Ca to SST
(mmol/mol!C"1)

Average
d18Osw (%)

Tonga "0.14 "0.062 0.473
Fiji "0.14 "0.058 0.325
Rarotonga "0.21 "0.062 0.57

aFor Tonga: the initial d18Oc to SST relationship is from Linsley
et al. [2008], Sr/Ca-SST relationship from Table 1, initial average
d18Osw value from Schmidt et al. [1999] available from [http://data.
giss.nasa.gov/o18data/]. The initial values for Fiji are derived from
Linsley et al. [2006]. Initial values for Rarotonga are adopted from
Ren et al. [2002].
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long-term water sampling data at our research loca-
tions, the cause for the slope differences in estimated
d18Osw-SSS relationship to other published results
cannot be determined.

[24] Interestingly, the bimonthly d18Osw correlation
to bimonthly cumulative precipitation (Pacific
Rainfall Database; PACRAIN; http://pacrain.evac.

ou.edu) is not significant at Tonga or Fiji but is
significant at Rarotonga (Figures 8C, 8F, and 8I;
Table 3). This result points to the difference in loca-
tion and the different factors influencing local SSS
between the western SPCZ (Fiji and Tonga, advec-
tion of surface water in the area) and eastern SPCZ
(Rarotonga, precipitation and advection), which will
be further discussed in the next section.

Figure 8
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3.6. Lower Frequency Coral Sr/Ca
Variability in the SPCZ
[25] The decadal variability (9-year low-pass filtered
results) indicates a broadly similar timing of decadal
coral-derived SST variability between Fiji and Tonga
as previously discussed for just Fiji and Rarotonga
[Linsley et al., 2004] (Figures 9a, 9c, and 9e). Low-
pass filtered Fiji and Tonga coral Sr/Ca records show
decadal-scale amplitude of 0.13mmol/mol (2.2!C
when converted to !C) and 0.19mmol/mol (3.2!C),
respectively. The Rarotonga record also contains a sim-
ilarly large decadal-scale variability of 0.16mmol/mol
(2.7!C). Our finding of a ~2–3!C fluctuation in decadal
variability across Fiji-Tonga-Rarotonga (Figure 9) is
larger but similar in order of magnitude to the ~1.4!C
decadal fluctuation observed in New Caledonia coral
Sr/Ca [DeLong et al., 2012].

[26] From the earliest part of the record to 1890, Fiji
displays no clear secular trend (Figure 9A). To the
east, Tonga (Figure 9C) and Rarotonga (Figure 9E)
both display trends of increasing Sr/Ca (SST cool-
ing) into the late 1800s. DeLong et al. [2012] attrib-
uted this cold period of the nineteenth century

recorded in New Caledonia coral Sr/Ca to
increased volcanic activity and the Dalton sun-
spot minimum [Solomon et al., 2007]. However,
;it is peculiar that the Fiji 1F Sr/Ca record did not
record this cold period. This may be due to Fiji
1F colony’s location in a large bay rather than
open ocean conditions like the other colonies.
After ~1890, our records show decreasing Sr/Ca
trends (SST warming) as previously discussed in
section 3.4.

[27] Decadal variability in coral Sr/Ca at Tonga is
sometimes more similar with Fiji coral Sr/Ca (e.g.,
1865–1885, 1900–1910) and sometimes more sim-
ilar to Rarotonga coral Sr/Ca (e.g., 1915–1925).
This result suggests that oceanographic conditions
at Tonga are intermittently influenced by stronger
tropical (more Fiji-like) or subtropical (more
Rarotonga-like) conditions. Because Rarotonga lies
close to the edge of the South Pacific gyre, the cli-
mate is influenced by different mechanisms than
Fiji. Using a modeling approach, Takahashi and
Battisti [2007] have concluded that the South
Pacific gyre (southeast Pacific dry zone) with cooler
SST is climatically controlled from the east by

Figure 8. Bimonthly reconstructed d18Osw (light blue; %) from coral Sr/Ca (red) and d18Oc (blue) in comparison to
bimonthly 1! $ 1! gridded instrumental sea surface salinity (SSS; black) [Delcroix et al., 2011]. The units of each
d18Osw and SSS panels are scaled and equate to 1 Sp unit per 0.27% [Fairbanks et al., 1997]. Below each d18Osw
and SSS panel are the cumulative precipitation (mm) records for each location. (A) The original Fiji 1F Sr/Ca (red)
and d18Oc (blue) [Linsley et al., 2006] with six-point running mean (bold lines) to remove the annual cycle for the
(B) reconstruction of d18Osw (blue) following the method of Ren et al. [2002] in comparison to gridded bimonthly in-
strumental SSS (black) from 1984 to 1996 with Pearson Product-Moment correlation relationship of 0.67 (p< 0.001).
(C) The average cumulative precipitation (mm) of nine weather stations at Fiji from the Pacific Rainfall Database
(PACRAIN; http://pacrain.evac.ou.edu) with low correlation to bimonthly Fiji 1F d18Osw (r=0.10, p> 0.001). (D) Tonga
TH1 Sr/Ca (red; this study) and d18Oc (blue) [Linsley et al., 2008] both with six-point running mean (bold lines) in com-
parison to (E) reconstructed bimonthly d18Osw (blue) with six-point running mean and SSS (black) from 1984 to 2004
with significant correlation relationship of 0.64 (p< 0.001). (F) Low correlation of d18Osw to bimonthly cumulative pre-
cipitation (mm) from a Tonga weather station PACRAIN (r= "0.16, p> 0.001). (G) Bimonthly Rarotonga 2R Sr/Ca
(red) and d18Oc (blue) [Linsley et al., 2004]. (H) Reconstructed bimonthly d18Osw (blue) with six-point running mean
(bold line) in comparison to SSS (black) from 1984 to 1996 with correlation relationship of 0.61 (p < 0.001) and (i) sig-
nificant correlation to bimonthly cumulative precipitation (mm; r=0.38, p< 0.001).

Table 3. Pearson Product-Moment Correlation Coefficients (r) of the Bimonthly Inter-colony d18Osw Records (six
Point Running Mean; to Remove the Annual Cycles of d18Osw; Figure 8) From Tonga, Fiji, and Rarotonga Relative
to Gridded Instrumental SSS Records (1984–2004) [Delcroix et al., 2011] and Cumulative Bimonthly Precipitation
Collected from the Pacific Rainfall Database (PACRAIN; http://pacrain.evac.ou.edu)a

Tonga d18Osw (6 prm) Fiji d18Osw (6 prm) Rarotonga d18Osw (6 prm)

d18Osw-SSS relationship slope (%Sp
"1) 0.19 0.19 0.14

Fiji SSS (bimonthly) – [0.67] –
Tonga SSS (bimonthly) [0.64] – –
Rarotonga SSS (bimonthly) – – [0.61]
Fiji precipitation – 0.10 –
Tonga precipitation "0.16 – –
Rarotonga precipitation – – [0.38]

aThe precipitation record for Fiji is an average of nine individual weather stations, but Tonga and Rarotonga precipitation records were collected
from one observation station. Values in brackets are significant with a p-value greater than 0.001.
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subsiding air movement over the Andes rather than
the shifting SST from the west. Thus, the secular
SST cooling (Sr/Ca increase) seen in Tonga prior
to 1890 could be due to the controlling influence
or repositioning of the South Pacific gyre and dry
zone and the increasing influence of the South
Equatorial Current (SEC) influence from the east.
Yet since ~1930, the decadal Sr/Ca variability at
Tonga is indicating a more Fiji-like condition with
similar timings of phases (Figures 9A and 9C). It
can also be inferred from the Sr/Ca gradient between
Fiji and Tonga (Figure 9B) that the SST gradient in
the twentieth century is larger than before ~1890 but
relatively constant between ~1900 and 1980. Addi-
tionally, the gradient between Tonga and Rarotonga
from ~1900 and 1980 is generally large and varies
from periods with a small gradient to periods where
the gradient is close to ~2!C (Figure 9D). During the
last 20 years, the collapse of the Sr/Ca gradient (SST
gradient) between Fiji and Tonga is most likely indi-
cating the more rapid expansion of the WPWP as
noted byCravatte et al. [2009]. The change to a more
rapid WPWP expansion is more striking given the
long-term warming trend that began around ~1900.
The south Pacific SST trend over the last 20 years is

likely related to the SST warming observed in the
central Pacific [Nurhati et al., 2011].

[28] Our decreasing reconstructed d18Osw (SSS
freshening) trends at Fiji ("0.17 Sp; Figure 10A)
and Tonga ("0.22 Sp; Figure 10D) are consistent
with re-analysis results of instrumental SSS that
found an overall mean decreasing SSS trend ("0.20
Sp) in the past 50 years in the south Pacific [Delcroix
et al., 2007;Cravatte et al., 2009; Singh and Delcroix,
2011]. Additionally, Tonga d18Osw is likely indicat-
ing the same SSS influence as observed at Fiji based
on the decrease in the d18Osw gradient over the last
~50 years (Figure 10C). Since the correlation
between precipitation at Fiji (Figure 10B) and
Tonga (Figure 10E) to coral reconstructed d18Osw
is insignificant (Table 3), our results indicate that
d18Osw and SSS may be only partially influenced
by SPCZ-related precipitation-evaporation variabil-
ity and instead is more dominated by advection of
water of differing SSS and d18Osw. Overall, the
decadal variability in the d18Osw gradient results sug-
gests that Tonga is periodically influenced by sub-
tropical conditions from the South Pacific gyre and
the influence of the SEC from the east (e.g., 1860–
1890; Figure 10F). While Tonga is also subject to

Figure 9. Plots of centered annually averaged Porites corals Sr/Ca (thin lines) with 9-year low-pass band filtered
results highlighting the decadal and lower frequency variability (bold lines) with best-fit trend lines of (A) Savusavu,
Fiji colony 1F [Linsley et al., 2006], (C) Tonga TH1 (this study), and (E) Rarotonga, Cook Islands [Linsley et al.,
2000]. The high-low plots in (B) and (D) are the maximum-minimum difference of the 9-year low-pass filtered Sr/
Ca results between each pair of locations (i.e., Fiji-Tonga and Tonga-Rarotonga).
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influence from the west from the Subtropical Counter
Current (STCC) [Qiu et al., 2008] reflecting similar-
ities to Fiji (e.g., 1910–1930; Figure 10C).

[29] Furthermore, the evolving difference between
decadal changes in Tonga and Rarotonga d18Osw
(Figure 10F) suggests that the d18Osw (SSS) gradi-
ent between the sites has been consistently increas-
ing since ~1900 by at least ~2 Sp based on
our ~0.2% Sp

"1 d18Osw-SSS relationship. Thus,
Rarotonga is becoming more disparate and less
similar to the western SPCZ region in the recent
decades. This may be due to the strengthening of
the South Pacific gyre influence from the east. Hill
et al. [2011] argued that the strong quasi-decadal
oscillation in the South Pacific gyre has increased

and shifted the gyre to the south over the last
50 years. This change in the gyre could be due to
possible decadal variations in ENSO [Sasaki
et al., 2008] or changes to the high latitude annular
mode. Interestingly, total annual precipitation over
the last 100 years is decreasing in all three regions
(Figures 10B, 10E, and 10H) allowing us to rule
out both the “amount effect” and “latitude effect”
on d18O of precipitation [Dansgaard, 1964;
Siegenthaler and Oeschger, 1980]. This suggests
that the trends in annual reconstructed d18Osw at
Tonga may be due to water mass advection effects
on salinity and not precipitation.

[30] Overall, the decadal variability in Tonga coral
Sr/Ca and reconstructed d18Osw gradient across the

Figure 10. The centered annually averaged reconstructed d18Osw (thin black) from three coral colonies in the SPCZ:
(A) Fiji [Linsley et al., 2006], (D) Tonga (this study), and (G) Rarotonga [Linsley et al., 2000, 2004]) with 9-year low-pass
band filtered results (bold black). Plotted with each d18Osw panel is the annually averaged 1! by 1! gridded instrumental
SSS (blue) [Delcroix et al., 2011] in comparison to (B, E, and H) total annual precipitation of each area of the SPCZ
(green; PACRAIN database). The high-low plots in (C) and (F) are the maximum-minimum difference of the 9-year
low-pass filtered d18Osw results between each pair of locations in the SPCZ (i.e., Fiji-Tonga and Tonga-Rarotonga).
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SPCZ is a reflection of Tonga’s location in between
the tropics (Fiji) and the subtropics (Rarotonga).
Additionally, the complex bottom topography with
numerous volcanic and carbonate islands in the
region is responsible for the breakup of the SEC into
a series of westward flowing zonal jets steering
around the topographic highs of Tonga and Fiji
[Webb, 2000; Stanton et al., 2001; Ridgway and
Dunn, 2003; Couvelard et al., 2008]. Given this situ-
ation, it can be expected that decadal-scale variability
in SST and SSS may differ across the region and that
decadal-scale variability in these coral Sr/Ca-SST
time series is not always coherent. However, there
are enough time periods of coherent changes in both
Sr/Ca and d18Osw at all three sites (i.e., post-1930,
1870s, 1820s–1850s) that environmental conditions
(presumably SST) must be the key forcing parameter.

4. Summary

[31] A sub-seasonally resolved Sr/Ca record from a
microatoll P. lutea colony in Tonga demonstrates a
high degree of reproducibility to other high-resolution
P. lutea Sr/Ca records in the region over multiple
timescales. The coral Sr/Ca also records the perva-
sive long-term warming trend observed by many
studies across the Pacific. These results support the
use of this type of Porites coral morphology in paleo-
climate reconstruction and found no discernable dif-
ferences between an analytical resolution at 1mm
increments (near-monthly) or every other 1mm incre-
ments (~bimonthly) in P. lutea corals growing at
~1.0 to 1.5 cmyear"1. A long-term secular
decrease in coral Sr/Ca of approximately similar
magnitude was observed at both Fiji and Tonga
since approximately 1900. Using the modern
bimonthly calibration, coral geochemical records
in the SPCZ region indicate a warming between
1.2 and 1.8!C. Rescaling the Sr/Ca records to com-
pensate for any bio-smoothing effect [Gagan et al.,
2012] decreases the warming trends to 0.7–0.9!C
in line with re-analysis [Folland et al., 2003] but is
still larger by ~0.3!C than instrumental SST pro-
ducts (HadSST and NMAT). This result agrees with
other studies using coral Sr/Ca and suggests that
local effects on SST near islands generate larger
amplitude variability than gridded SST products.

[32] Despite the magnitude of the warming trend
since the 1900s, we interpret the secular change in
Fiji towards lower Sr/Ca (SST warming) to be the
result of a gradual expansion of the WPWP. In con-
trast, Tonga and Rarotonga Sr/Ca trends indicate
cooling in the subtropical South Pacific gyre up

until the early twentieth century possibly related
to increased volcanic activity and/or the Dalton
sunspot minimum as observed in coral Sr/Ca from
New Caledonia [DeLong et al., 2012]. Subsequent
to the early 1900s, Tonga’s climate variability
appears to be dominated by the expanding WPWP
with a decrease in SST gradient between Fiji and
Tonga. The Sr/Ca difference between Fiji and Tonga
suggests that the expansion of the WPWP is occur-
ring more rapidly over the last 20 years. Together
with the secular trends in annual reconstructed
d18Osw, our Tonga coral results provide additional
evidence that enhanced freshening is occurring
across the SPCZ with a decreasing SSS gradient be-
tween Fiji and Tonga. These oceanographic changes
may be related to the warming and freshening ob-
served in the central Pacific [Nurhati et al., 2011].
The warming and freshening of the surface ocean in
our study area supports the argument for a long-term
southward displacement of the SPCZ [Linsley et al.,
2006; Cravatte et al., 2009]. A southeastward shift
of the SPCZ is in agreement with observed south-
ward shift of the South Pacific gyre over the last
50 years [Hill et al., 2011] in response to strength-
ened westerly winds associated with the Southern
Annular Mode. Our results also highlight the com-
plexity of ocean dynamics on decadal and centennial
timescales of this region and the need for replicated
proxy records to correctly understand paleoclimatic
variations on these timescales.

Acknowledgments

[33] We thank the following people and organizations for their
assistance over the many phases of this project: S. Tuilaucala
(Director of Fisheries) and A. Batibasaga (Principal Research
Officer) of the Government of Fiji (Ministry of Fisheries and
Forests); The University at AlbanyGraduate Student Organization
for Research Travel Grant to HCW; G. Wellington; S. Tudhope;
J. Caselle; D. Mucciarone; T. Potts; S. Bagnato; O. Hoegh-
Guldberg, S. Kafka, G. Brosnan (Broz), K. McGrath, A. Paulin,
A. Stolorow; J. M. Cousteau Resort (Fiji) for assistance in various
field sampling campaigns. We also thank two reviewers for their
constructive feedback and comments on the manuscript. HCW
was a graduate student in the laboratory of BKL during the execu-
tion of this project. Major funding for this work was provided to
BKL by the National Science Foundation (OCE-0318296) and
National Oceanic and Atmospheric Administration (Office of
Global Programs).

References

Alibert, C., and M. T. McCulloch (1997), Strontium/calcium
ratios in modern Porites corals from the Great Barrier Reef
as a proxy for sea surface temperature: Calibration of the

Geochemistry
Geophysics
Geosystems G3G3

WU ET AL.: SPCZ VARIABILITY FROM CORAL Sr/Ca RECORD 10.1029/2012GC004293

1450



thermometer and monitoring of ENSO, Paleoceanography,
12(3), 345–363.

Alibert, C., and L. Kinsley (2008), A 170-year Sr/Ca and Ba/
Ca coral record from the western Pacific warm pool: 1. What
can we learn from an unusual coral record?, J. Geophys. Res.,
113(C4), 1–13, doi:10.1029/2006JC003979.

Allison, N., A. Finch, J. Webster, and D. Clague (2007),
Palaeoenvironmental records from fossil corals: The effects
of submarine diagenesis on temperature and climate estimates,
Geochim. Cosmochim. Acta, 71(19), 4693–4703, doi:10.1016/j.
gca.2007.07.026.

Antonov, J., D. Seidov, T. Boyer, R. Locarnini, A. Mishonov,
H. Garcia, O. Baranova, M. Zweng, and D. Johnson (2010),
World Ocean Atlas 2009, Vol. 2: Salinity, edited by S. Levitus,
U.S. Government Printing Office, Washington D.C.

Bagnato, S., B. K. Linsley, S. S. Howe, G. M. Wellington, and
J. Salinger (2004), Evaluating the use of the massive coral
Diploastrea heliopora for paleoclimate reconstruction, Paleo-
ceanography, 19(1), PA1032, doi:10.1029/2003PA000935.

Beck, J. W., R. L. Edwards, E. Ito, F. W. Taylor, J. Recy,
F. Rougerie, P. Joannot, and C. Henin (1992), Sea-surface
temperature from coral skeletal strontium/calcium ratios,
Science, 257(5070), 644.

Cahyarini, S., M. Pfeiffer, O. Timm,W. Dullo, and D. Schonberg
(2008), Reconstructing seawater d18O from paired coral
d18O and Sr/Ca ratios: Methods, error analysis and pro-
blems, with examples from Tahiti (French Polynesia) and
Timor (Indonesia), Geochim. Cosmochim. Acta, 72(12),
2841–2853, doi:10.1016/j.gca.2008.04.005.

Cai, W., et al. (2012), More extreme swings of the South
Pacific Convergence Zone due to greenhouse warming,
Nature, 488, 365–369.

Cohen, A. L., and S. R. Hart (2004), Deglacial sea surface
temperatures of the western tropical Pacific: A new look at
old coral, Paleoceanography, 19(4), 15–20, doi:10.1029/
2004PA001084.

Cohen, A. L., G. D. Lane, S. R. Hart, and P. S. Lobel (2001),
Kinetic control of skeletal Sr/Ca in a symbiotic coral: impli-
cations for the paleotemperature proxy, Paleoceanography,
16, 20–26.

Cohen, A., S. Smith, M. McCartney, and J. van Etten (2004),
How brain corals record climate: An integration of skeletal struc-
ture, growth and chemistry of Diploria labyrinthiformis from
Bermuda, Mar. Ecol. Prog. Ser., 271, 147–158, doi:10.3354/
meps271147.

Corrège, T. (2006), Sea surface temperature and salinity recon-
struction from coral geochemical tracers, Palaeogeogr.
Palaeoclimatol. Palaeoecol., 232(2–4), 408–428, doi:10.1016/
j.palaeo.2005.10.014.

Couvelard, X., P. Marchesiello, L. Gourdeau, and J. Lefèvre
(2008), Barotropic zonal jets induced by islands in the Southwest
Pacific, J. Phys. Oceanogr., 38, 2185–2204.

Cravatte, S., T. Delcroix, D. Zhang, M. McPhaden, and
J. Leloup (2009), Observed freshening and warming of the
western Pacific Warm Pool, Clim. Dyn., 33(4), 565–589,
doi:10.1007/s00382-009-0526-7.

Crowley, T. J. (2000), Causes of climate change over the past
1000 years, Science, 289(5477), 270–277, doi:10.1126/
science.289.5477.270.

Crowley, T. J., T. M. Quinn, and W. T. Hyde (1999), Valida-
tion of coral temperature calibrations, Paleoceanography,
14(5), 605–615.

Dansgaard, W. (1964), Stable isotopes in precipitation, Tellus,
16, 436–468.

DeLong, K. L., T. M. Quinn, F. W. Taylor, K. Lin, and C.-C.
Shen (2012), Sea surface temperature variability in the

southwest tropical Pacific since AD 1649, Nature Clim.
Change, 2(7), 1–6, doi:10.1038/nclimate1583.

DeLong, K. L., T. M. Quinn, and F. W. Taylor (2007), Recon-
structing twentieth-century sea surface temperature variability
in the southwest Pacific: A replication study using multiple
coral Sr/Ca records from New Caledonia, Paleoceanography,
22(4), 1–18.

Delcroix, T. and M. J. McPhaden (2002), Interannual sea sur-
face salinity and temperature changes in the western Pacific
warm pool during 1992–2000, J. Geophys. Res., 107(C12),
1–17.

Delcroix, T., S. Cravatte, and M. J. McPhaden (2007), Decadal
variations and trends in tropical Pacific sea surface salinity
since 1970, J. Geophys. Res., 112(C3), 1–15, doi:10.1029/
2006JC003801.

Delcroix, T., G. Alory, S. Cravatte, T. Corrège, and M. J.
McPhaden (2011), A gridded sea surface salinity data set
for the tropical Pacific with sample applications (1950–
2008), Deep Sea Res. Part I: Oceanographic Research
Papers, 58(1), 38–48, doi:10.1016/j.dsr.2010.11.002.

de Villiers, S., G. T. Shen, and B. K. Nelson (1994) The Sr/Ca
temperature relatioship in corraline aragonite: Influence of
variability in (Sr/Ca)seawater and skeletal growth para-
meters, Geochim. Cosmochim. Acta, 58, 197–208.

de Villiers S, B. Nelson, and A. Chivas (1995), Biological con-
trols on coral Sr/Ca and d18O reconstructions of sea surface
temperatures, Science, 269, 1247–1249.

Druffel, E. R. M. (1997), Geochemistry of corals: Proxies of
past ocean chemistry, ocean circulation, and climate, Proc.
Natl. Acad. Sci., 94(16), 8354.

Enmar, R., M. Stein, M. Bar-Matthews, E. Sass, A. Katz, and
B. Lazar (2000), Diagenesis in live corals from the Gulf of
Aqaba. I. The effect on paleo-oceanography tracers, Geochim.
et Cosmochim. Acta, 64(18), 3123–3132.

Fairbanks, R. G.,M. N. Evans, J. L. Rubenstone, R. A.Mortlock,
K. Broad, M. D. Moore, and C. D. Charles (1997), Evaluating
climate indices and their geochemical proxies measured in cor-
als, Coral Reefs, 16, 93–100.

Folland, C. K., J. A. Renwick, M. J. Salinger, A. B. Mullan,
and E. Nin (2002), Relative influences of the Interdecadal
Pacific Oscillation and ENSO on the South Pacific Convergence
Zone,Geophys. Res. Lett., 29(13), doi:10.1029/2001GL014201.

Folland, C. K., M. J. Salinger, N. Jiang, and N. A. Rayner
(2003), Trends and variations in South Pacific Island and ocean
surface temperatures, J. Clim., 16, 2859–2875.

Forsman, Z. H., D. J. Barshis, C. L. Hunter, and R. J. Toonen
(2009), Shape-shifting corals: Molecular markers show mor-
phology is evolutionarily plastic in Porites, BMC Evol. Biol.,
9, 45, doi:10.1186/1471-2148-9-45.

Gaetani, G. A., A. L. Cohen, Z. Wang, and J. Crusius (2011),
Rayleigh-based, multi-element coral thermometry: A biomi-
neralization approach to developing climate proxies, Geochim.
Cosmochim. Acta, 75(7), 1920–1932, doi:10.1016/j.
gca.2011.01.010.

Gagan, M. K., G. B. Dunbar, and A. Suzuki (2012), The effect
of skeletal mass accumulation in Porites on coral Sr/Ca and
d18O paleothermometry, Paleoceanography, 27(1), 1–16,
doi:10.1029/2011PA002215.

Gagan, M., L. Ayliffe, J. Beck, J. Cole, E. Druffel, R. Dunbar,
and D. Schrag (2000), New views of tropical paleoclimates
from corals, Quat. Sci. Rev., 19(1–5), 45–64.

Gagan, M. K., L. K. Ayliffe, D. Hopley, J. A. Cali, G. E.Mortimor,
J. Chappell, M. T. McCulloch, and M. J. Head (1998),
Temperature and surface-ocean water balance of the mid-
Holocene tropical Western Pacific, Science, 279(5353),
1014–1018, doi:10.1126/science.279.5353.1014.

Geochemistry
Geophysics
Geosystems G3G3

WU ET AL.: SPCZ VARIABILITY FROM CORAL Sr/Ca RECORD 10.1029/2012GC004293

1451



Goodkin, N. F., K. A. Hughen, and A. L. Cohen (2007),
A multicoral calibration method to approximate a universal
equation relating Sr/Ca and growth rate to sea surface tem-
perature, Paleoceanography, 22(1), 1–10, doi:10.1029/
2006PA001312.

Goodkin, N. F., K. A. Hughen, W. B. Curry, S. C. Doney,
and D. R. Ostermann (2008), Sea surface temperature and
salinity variability at Bermuda during the end of the Little Ice
Age, Paleoceanography, 23(3), PA3203, doi:10.1029/
2007PA001532.

Gouriou, Y., and T. Delcroix (2002), Seasonal and ENSO
variations of sea surface salinity and temperature in the South
Pacific Convergence Zone during 1976–2000, J. Geophys.
Res., 107(C12), 1–14, doi:10.1029/2001JC000830.

Halpert, M., and C. Ropelewski (1992), Surface temperature
patterns associated with the Southern Oscillation, J. Clim.,
5(6), 577–593.

Hendy E. J., M.K. Gagan, J.M. Lough, M.T. McCulloch, and
P B. deMenocal (2007), Impact of skeletal dissolution and
secondary aragonite on trace element and isotopic climate
proxies in Porites corals, Paleoceanography, 22, doi:10.1029/
2007PA001462

Hill, K., S. Rintoul, K. Ridgway, and P. Oke (2011), Decadal
changes in the South Pacific western boundary current system
revealed in observations and ocean state estimates, J. Geophys.
Res., 116, 1–12, doi:10.1029/2009JC005926.

Howell, P., N. Pisias, J. Ballance, J. Baughman, and L. Ochs
(2006), ARAND Time-Series Analysis Software. Brown
University, Providence RI.

Kiladis, G. N., H. Von Storch, and H. Van Loon (1989), Origin
of the South Pacific Convergence Zone, J. Clim., 2(10),
1185–1195.

Kilbourne, K. H., T. M. Quinn, F. W. Taylor, T. Delcroix, and
Y. Gouriou (2004), El Niño–Southern Oscillation-related
salinity variations recorded in the skeletal geochemistry of
a Porites coral from Espiritu Santo, Vanuatu, Paleoceano-
graphy, 19(4), 1–8, doi:10.1029/2004PA001033.

Linsley, B.K., A.Kaplan, Y.Gouriou, J. Salinger, P. B. deMenocal,
G. M.Wellington, and S. S. Howe (2006), Tracking the extent
of the South Pacific Convergence Zone since the early 1600 s,
Geochem. Geophys. Geosyst., 7(5), 1–15, doi:10.1029/
2005GC001115.

Linsley, B. K., G. M. Wellington, D. P. Schrag, L. Ren, M. J.
Salinger, and A. W. Tudhope (2004), Geochemical evidence
from corals for changes in the amplitude and spatial pattern
of South Pacific interdecadal climate variability over the last
300 years, Clim. Dyn., 22(1), 1–11, doi:10.1007/s00382-003-
0364-y.

Linsley, B. K., G. M. Wellington, and D. P. Schrag (2000),
Decadal sea surface temperature variability in the subtropical
South Pacific from 1726 to 1997A.D, Science, 290, 1145–1148.

Linsley, B. K., P. Zhang, A. Kaplan, S. S. Howe, and G. M.
Wellington (2008), Interdecadal-decadal climate variability
from multicoral oxygen isotope records in the South Pacific
Convergence Zone region since 1650AD, Paleoceanogra-
phy, 23(2), PA2219, doi:10.1029/2007PA001539.

Locarnini, R., A. Mishonov, J. Antonov, T. Boyer, H. Garcia,
O. Baranova, M. Zweng, and D. Johnson (2010), World
Ocean Atlas 2009, Vol. 1: Temperature, edited by S. Levitus,
U.S. Government Printing Office, Washington D.C.

Marshall, J. F., and M. T. McCulloch (2002), An assessment of
the Sr/Ca ratio in shallow water hermatypic corals as a proxy for
sea surface temperature, Geochim. Cosmochim. Acta, 66(18),
3263–3280.

McConnaughey, T. (1989), 13C and 18O isotopic disequi-
librium in biological carbonates: I. Patterns, Geochim.

et Cosmochim. Acta, 53(1), 151–162, doi:10.1016/0016-7037
(89)90282-2.

McCulloch, M. T., M. K. Gagan, G. E. Mortimer, A. R. Chivas,
and P. J. Isdale (1994), A high-resolution Sr/Ca and d18O
coral record from the Great Barrier Reef, Australia, and the
1982–1983 El Niño, Geochim. Cosmochim. Acta, 58(12),
2747–2754.

McGregor, H. V., and M. K. Gagan (2003), Diagenesis and
geochemistry of Porites corals from Papua New Guinea:
Implications for paleoclimate reconstruction, Geochim. et
Cosmochim. Acta, 67(12), 2147–2156.

McGregor, H. V., M. J. Fischer, M. K. Gagan, D. Fink, and
C. D. Woodroffe (2011), Environmental control of the
oxygen isotope composition of Porites coral microatolls,
Geochim. et Cosmochim. Acta, 75(14), 3930–3944.

McGregor, H.V., and N.J. Abram (2008), Images of diage-
netic textures in Porites corals from Papua New Guinea and
Indonesia. Geochem. Geophys. Geosyst., 9, doi:10.1029/
2008GC002093

McPhaden, M. J., and D. Zhang (2002), Slowdown of the
meridional overturning circulation in the upper Pacific
Ocean, Nature, 415(6872), 603–608.

Morimoto, M., O. Abe, H. Kayanne, N. Kurita, E. Matsumoto,
and N. Yoshida (2002), Salinity records for the 1997–98
El Niño from Western Pacific corals, Geophys. Res. Lett.,
29(11), doi:10.1029/2001GL013521.

Mueller, A., M. K., Gagan, and M. T. McCulloch (2001), Early
marine diagenesis in corals and geochemical consequences
for paleoceanographic reconstructions, Geophys. Res. Lett.,
28, 4471–4474.

Nothdurft, L., G. Webb, T. Bostrom, and L. Rintoul (2007),
Calcite-filled borings in the most recently deposited skeleton
in live-collected Porites (Scleractinia): Implications for trace
element archives, Geochim. Cosmochim. Acta, 71(22),
5423–5438, doi:10.1016/j.gca.2007.09.025.

Nurhati, I. S., K. M. Cobb, C. D. Charles, and R. B. Dunbar
(2009), Late 20th century warming and freshening in the cen-
tral tropical Pacific, Geophys. Res. Lett., 36(21), doi:10.1029/
2009GL040270.

Nurhati, I. S., K. M. Cobb, and E. Di Lorenzo (2011), Decadal-
scale SST and salinity variations in the central tropical Pacific:
Signatures of natural and anthropogenic climate change, J.
Clim.., 24(13), 3294–3308, doi:10.1175/2011JCLI3852.1.

Qiu, B., R. B. Scott, and S. Chen (2008), Length scales of eddy
generation and nonlinear evolution of the seasonally modulated
South Pacific subtropical countercurrent, J. Phys. Oceanogr.,
38(7), 1515–1528, doi:10.1175/2007JPO3856.1.

Quinn, T. M., and F. W. Taylor (2006), SST artifacts in coral
proxy records produced by early marine diagenesis in a mod-
ern coral from Rabaul, Papua New Guinea, Geophys. Res.
Lett., 33(4), 16–19, doi:10.1029/2005GL024972.

Rayner, N., D. Parker, E. Horton, C. Folland, L. Alexander,
D. Rowell, E. Kent, and A. Kaplan (2003), Global analyses
of sea surface temperature, sea ice, and night marine air
temperature since the late nineteenth century, J. Geophys.
Res., 108(D14), 4407, doi:10.1029/2002JD002670.

Ren, L., B. K. Linsley, G. M. Wellington, D. P. Schrag, and
O. Hoegh-Guldberg (2002), Deconvolving the d18O seawater
component from subseasonal coral d18O and Sr/Ca at Rarotonga
in the southwestern subtropical Pacific for the period 1726 to
1997, Geochim. Cosmochim. Acta, 67(9), 1609–1621.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes, and
W. Wang (2002), An improved in situ and satellite SST anal-
ysis for climate, J. Clim., 15(13), 1609–1625.

Ridgway, K., and J. Dunn (2003), Mesoscale structure of the
mean East Australian Current System and its relationship

Geochemistry
Geophysics
Geosystems G3G3

WU ET AL.: SPCZ VARIABILITY FROM CORAL Sr/Ca RECORD 10.1029/2012GC004293

1452



with topography, Prog. Oceanogr., 56(2), 189–222,
doi:10.1016/S0079-6611(03)00004-1.

Saenger, C., A. L. Cohen, D. W. Oppo, and D. Hubbard
(2008), Interpreting sea surface temperature from strontium/
calcium ratios in Montastrea corals: Link with growth rate
and implications for proxy reconstructions, Paleoceanogra-
phy, 23(3), doi:10.1029/2007PA001572.

Salinger, M. J., J. A. Renwick, and A. B. Mullan (2001), Inter-
decadal Pacific Oscillation and South Pacific climate, Inter. J.
Clim., 21(14), 1705–1721, doi:10.1002/joc.691.

Sasaki, Y. N., M. Shoshiro, N. Schneider, T. Kagimoto,
M. Nonaka, and H. Sasaki, (2008), Decadal sea level vari-
ability in the South Pacific in a global eddy-resolving ocean
model hindcast, J. Phys. Oceanogr., 38, 1731–1747.

Schrag, D. P. (1999), Rapid analysis of high-precision Sr/Ca
ratios in corals and other marine carbonates, Paleoceanogra-
phy, 14(2), 97–102.

Schmidt, G.A., G. R. Bigg and E. J. Rohling (1999), Global
Seawater Oxygen-18 Database - v1.21, [http://data.giss.
nasa.gov/o18data/]

Scott, R. B., C. L. Holland, and T. M. Quinn (2010), Multide-
cadal trends in instrumental SST and coral proxy Sr/Ca
records, Journal of Climate, 23(5), 1017–1033, doi:10.1175/
2009JCLI2386.1.

Shen, C., T. Lee, C. Chen, and C. Wang (1996), The calibration
of D[Sr/Ca] versus sea surface temperature relationship for
Porites corals,Geochim. Cosmochim. Acta, 60(20), 3849–3858.

Siegenthaler, U., and H. Oeschger (1980), Correlation of 18O
in precipitation with temperature and altitude, Nature, 285,
314–317.

Singh, A., and T. Delcroix (2011), Estimating the effects of
ENSO upon the observed freshening trends of the western trop-
ical Pacific Ocean, Geophys. Res. Lett., 38(21), 1–6,
doi:10.1029/2011GL049636.

Smith, S., R. Buddemeier, R. Redalje, and J. Houck (1979),
Strontium-calcium thermometry in coral skeletons, Science,
204(4391), 404.

Solomon, S., et al. (2007), Technical summary, Climate
Change 2007: The Physical Science Basis. Contribution
of Working Group I to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change,

edited by S. Solomon, et al., Cambridge University Press,
Cambridge, UK.

Stanton, B., D. Roemmich, and M. Kosro (2001), A shallow
zonal jet south of Fiji, J. Phys. Oceanogr., 31, 3127–3130.

Stoddart, R., and T. P. Scoffin (1979), Microatolls: Review of
form, origin and terminology, Atoll Research Bulletin, (224).

Takahashi, K., and D. S. Battisti (2007), Processes controlling
the mean tropical Pacific precipitation pattern. Part II: The
SPCZ and the Southeast Pacific Dry Zone, J. Clim., 20(23),
5696–5706, doi:10.1175/2007JCLI1656.1.

Trenberth, K. E. (1976), Spatial and temporal variations of
the Southern Oscillation, Q. J. R. Meteorol. Soc., 102(433),
639–653, doi:10.1002/qj.49710243310.

Trenberth, K. E., and J. W. Hurrell (1994), Decadal
atmosphere-ocean variations in the Pacific, Climate Dyn.,
9, 303–319.

Vincent, D. (1994), The South Pacific Convergence Zone
(SPCZ): A review, Mon. Weather Rev., 122, 1949–1970.

Vincent, E. M., M. Lengaigne, C. E. Menkes, N. C. Jourdain,
P. Marchesiello, and G. Madec (2009), Interannual variability
of the South Pacific Convergence Zone and implications for
tropical cyclone genesis, Clim. Dyn., 36(9–10), 1881–1896,
doi:10.1007/s00382-009-0716-3.

Webb, D. (2000), Evidence for shallow zonal jets in the South
Equatorial Current region of the southwest Pacific, J. Phys.
Oceanogr., 30, 706–720.

Weber, J. N. (1973), Incorporation of strontium into reef
coral skeletal carbonate, Geochim. Cosmochim. Acta, 37(9),
2173–2190

Woodroffe, C. D., and M. K. Gagan (2000), Coral microatolls
from the central Pacific record late Holocene El Niño, Geophys.
Res. Lett., 27(10), 1511–1514.

Woodroffe, C. D., and R. F. McLean (1990), Microatolls and
recent sea level change on coral atolls, Nature, 344, 531–534.

Wu, H. C. (2010), Assessing Replicated Coral Trace Element
(Sr/Ca and Mg/Ca) Variability and Skeletal Growth Records
from the Tropical Pacific, PhD Dissertation, University at
Albany-State University of New York.

Yan, X. H., C. R. Ho, Q. Zheng, and V. Klemas (1992), Tem-
perature and size variabilities of the Western Pacific Warm
Pool, Science, 258(5088), 1643.

Geochemistry
Geophysics
Geosystems G3G3

WU ET AL.: SPCZ VARIABILITY FROM CORAL Sr/Ca RECORD 10.1029/2012GC004293

1453

http://data.giss.nasa.gov/o18data/
http://data.giss.nasa.gov/o18data/

