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ABSTRACT

Accurate projections of future temperature and precipitation patterns in many regions of the world depend

on quantifying anthropogenic signatures in tropical Pacific climate against its rich background of natural

variability. However, the detection of anthropogenic signatures in the region is hampered by the lack of

continuous, century-long instrumental climate records. This study presents coral-based sea surface temper-

ature (SST) and salinity proxy records from Palmyra Island in the central tropical Pacific over the twentieth

century, based on coral strontium/calcium and the oxygen isotopic composition of seawater (d18OSW), re-

spectively. On interannual time scales, the Sr/Ca-based SST record captures both eastern and central Pacific

warming ‘‘flavors’’ of El Niño–Southern Oscillation (ENSO) variability (R 5 0.65 and 0.67, respectively). On

decadal time scales, the SST proxy record is highly correlated to the North Pacific gyre oscillation (NPGO)

(R 5 20.85), reflecting strong dynamical links between the central Pacific warming mode and extratropical

decadal climate variability. Decadal-scale salinity variations implied by the coral-based d18OSW record are

significantly correlated with the Pacific decadal oscillation (PDO) (R 5 0.54). The salinity proxy record is

dominated by an unprecedented trend toward lighter d18OSW values since the mid–twentieth century, im-

plying that a significant freshening has taken place in the region, in line with climate model projections

showing enhanced hydrological patterns under greenhouse forcing. Taken together, the new coral records

suggest that low-frequency SST and salinity variations in the central tropical Pacific are controlled by different

sets of dynamics and that recent hydrological trends in this region may be related to anthropogenic climate

change.

1. Introduction

The detection of anthropogenic climate trends in the

tropical Pacific is complicated by prominent interannual

and decadal-scale natural climate variations in the re-

gion. Global temperature and precipitation patterns are

heavily impacted by the interannual (2–7 yr) El Niño–

Southern Oscillation (ENSO) phenomenon in the tropi-

cal Pacific, whose warm extremes are characterized by

positive sea surface temperature and precipitation anom-

alies in the eastern and central tropical Pacific, along with

a weakening of the zonal atmospheric Walker circula-

tion (Rasmusson and Carpenter 1982). On decadal time

scales, the Pacific decadal oscillation (PDO), defined as

the leading mode of SST variability in the North Pacific

(Mantua et al. 1997), is manifest as an ‘‘ENSO like’’

pattern of SST anomalies over the tropical Pacific (Zhang

et al. 1997). Various mechanisms have been proposed to

explain the PDO, most involving some combination of

tropical and extratropical coupled ocean–atmosphere

dynamics (e.g., Pierce 2002; Deser et al. 2004; Schneider

and Cornuelle 2005). Of special significance to this man-

uscript, however, the PDO has been dynamically linked to

ENSO variability via an ‘‘atmospheric bridge’’ (Alexander

et al. 2002, 2004), whereby ENSO-related variations in the

Aleutian low are integrated by the North Pacific Ocean to

generate low-frequency PDO variability (Newman et al.

2003).
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Analyses of instrumental SST in the Pacific also

identify a tropical Pacific climate pattern characterized

by central Pacific warming (CPW) flanked by cooler

SSTs in the eastern and western tropical Pacific (Weare

et al. 1976; Latif et al. 1997; Trenberth and Stepaniak

2001; Larkin and Harrison 2005; Ashok et al. 2007; Kug

et al. 2009; Kao and Yu 2009). The interannual expres-

sion of the CPW pattern is often referred to as ENSO

Modoki or ‘‘pseudo ENSO’’ (Ashok et al. 2007), re-

ferring to the lack of SST warming in the eastern tropical

Pacific that characterizes canonical ENSO events. Dif-

ferent SST distributions translate into markedly differ-

ent atmospheric teleconnections associated with the

ENSO Modoki versus the canonical ENSO (Kumar

et al. 2006; Wang and Hendon 2007; Weng et al. 2009).

ENSO Modoki has also been associated with increased

tropical cyclone frequency in the Pacific and Atlantic

basins (Kim et al. 2009; Chen and Tam 2010). On decadal

time scales, the CPW pattern has been dynamically linked

to the North Pacific gyre oscillation (NPGO) (Di Lorenzo

et al. 2008), which represents the second leading mode of

SST variability in the North Pacific, after the PDO. Much

as canonical ENSO is linked to the PDO through varia-

tions in the Aleutian low, interannual-scale CPW varia-

tions have been dynamically linked to the NPGO through

variations in the atmospheric North Pacific Oscillation

(Di Lorenzo et al. 2010).

Significant natural climate variability in the tropical

Pacific, when combined with large uncertainties in early

twentieth-century instrumental climate data from this

region (e.g., Deser et al. 2010), complicate the detection

of anthropogenic climate trends in this region. A ma-

jority of coupled global climate models (GCMs) in the

Fourth Assessment Report of the Intergovernmental

Panel on Climate Change (AR4 IPCC) project a trend

toward a weakened tropical Pacific zonal SST gradients

under continued anthropogenic forcing (Meehl et al.

2007), in line with analyses of some instrumental climate

datasets (Vecchi et al. 2006; Bunge and Clarke 2009).

However, Vecchi et al. (2008) highlight large uncertain-

ties in instrumental SST datasets that contain tropical

Pacific SST trends of opposing signs. Recent analyses of

GCM output suggest that anthropogenic warming may

be concentrated in the central tropical Pacific (Xie et al.

2010) and along the equator (Liu et al. 2006; DiNezio

et al. 2009), perhaps related to a shift toward ENSO

Modoki under anthropogenic forcing (Yeh et al. 2009).

Such changes in regional SST warming, as projected in

climate models, would have a profound effect on the

pattern of global precipitation changes in the twenty-

first century (Xie et al. 2010). Under uniform warming,

the Clausius–Clapeyron relationship predicts enhanced

global hydrological patterns where wet regions are

getting wetter and vice versa (Held and Soden 2006),

but long-term precipitation trends are difficult to extract

from relatively short instrumental precipitation data-

sets. Century-long, continuous proxy records from key

locations in the tropical Pacific are required to identify

potential anthropogenic trends in SST and hydrology

against a rich background of interannual to decadal-

scale natural climate variability in the tropical Pacific.

Monthly resolved coral geochemical records that

provide well-calibrated reconstructions of SST and/or

hydrological variability have been used to investigate

natural and anthropogenic climate variability over the

last several centuries [see reviews by Gagan et al. (2000)

and Corrège (2006)]. The oxygen isotopic composition

(d18O) of coral skeletal aragonite reflects changes in SST

as well as changes in the d18O of seawater (d18OSW), the

latter linearly related to seawater salinity (Fairbanks

et al. 1997). In the tropical Pacific, coral d18O records

have been used to reconstruct preinstrumental ENSO

variability (Cole et al. 1993; Tudhope et al. 2001; Evans

et al. 2002; Cobb et al. 2003), decadal-scale tropical

Pacific climate variability (Cobb et al. 2001; Ault et al.

2009), and tropical Pacific climate trends (Urban et al.

2000; Nurhati et al. 2009). When combined with mea-

surements of coral Sr/Ca ratios as a proxy for SST (Beck

et al. 1992; Alibert and McCulloch 1997), coral d18O can

be used to reconstruct changes in d18OSW as a proxy for

salinity (McCulloch et al. 1994; Gagan et al. 1998; Hendy

et al. 2002; Kilbourne et al. 2004; Linsley et al. 2006). To

date, no long coral Sr/Ca or d18OSW records have been

generated from the central tropical Pacific, despite the fact

that models have identified this region as the locus for

large anthropogenic trends in SST and hydrology.

This study presents monthly resolved, century-long

reconstructions of central tropical Pacific SST and sa-

linity based on coral Sr/Ca and d18OSW, respectively,

from Palmyra Island (68N, 1628W). A previously pub-

lished millennium-long compilation of living and fossil

coral d18O records from Palmyra is characterized by a

late-twentieth-century trend toward negative coral d18O

values (Fig. 1) (Cobb et al. 2003), suggesting warming

FIG. 1. Modern and fossil coral d18O records from Palmyra Island

(68N, 1628W) spanning the last millennium. A late-twentieth-century

trend toward lower coral d18O values is indicative of recent warming

and/or freshening in the central tropical Pacific (modified after Cobb

et al. 2003).
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and/or freshening conditions. That this negative coral

d18O trend is unprecedented in the last millennium

strongly suggests that anthropogenic climate forcing has

caused appreciable warming and/or freshening in this

region, in line with results from other central tropical

Pacific coral d18O records (Evans et al. 1999; Urban et al.

2000). The new Palmyra Sr/Ca-derived SST and d18OSW-

based salinity proxy records presented in this study

allow us to quantify the warming and freshening con-

tributions to the unprecedented late-twentieth-century

Palmyra coral d18O trend, providing a much-needed test

of GCM anthropogenic climate projections in this key

region.

2. Methodology

a. Study site

Palmyra Island (68N, 1628W), located in the Line Is-

lands chain in the central tropical Pacific, is heavily

influenced by ENSO variability (Fig. 2). During El Niño

warm events, SST anomalies of roughly 10.28C are ac-

companied by positive precipitation anomalies of ap-

proximately 11 mm day21 at the study site (Fig. 2, top).

During El Niño Modoki warm events, warming is con-

centrated in the central tropical Pacific, with positive

precipitation anomalies displaced westward toward the

date line (Fig. 2, bottom). Note that, as the SST and

precipitation impacts of ENSO Modoki at Palmyra are

roughly half as large as the impacts associated with

canonical El Niño events, the ENSO Modoki index is

multiplied by two for the analyses presented in this pa-

per. There are profound differences in large-scale at-

mospheric circulation associated with the canonical and

Modoki ENSOs, as documented by Weng et al. (2009).

Canonical El Niño events result in weaker tropical

Pacific trade winds, bringing warmer and fresher con-

ditions to the central tropical Pacific. Strong central

tropical Pacific warming associated with El Niño Modoki

events drives low-level convergence, maintaining easterly

trade winds across the eastern tropical Pacific that drive

the upwelling of relatively cool, saline waters to the east

of Palmyra. The Palmyra coral-based Sr/Ca-derived SST

and d18OSW-based salinity proxy data presented in this

study are available via the NOAA Paleoclimatology

World Data Center Web site (ftp://ftp.ncdc.noaa.gov/

pub/data/paleo/coral/east_pacific/palmyra2011.txt).

b. Coral Sr/Ca measurements

The Porites coral core analyzed for this study was

collected in May 1998, and the associated 112-yr-long

d18O record and chronology were presented in Cobb

et al. (2001). Sampling for coral Sr/Ca was conducted

adjacent to the original d18O sampling transect at the

same 1-mm increments used for d18O sampling, guaran-

teeing a point-by-point correspondence between the

original coral d18O time series and the new coral Sr/Ca

time series. Coral Sr/Ca ratios were measured using a

Jobin Yvon (JY) Ultima 2C inductively coupled plasma

optical emission spectroscope (ICP-OES) with analytical

precision less than 60.07% or 60.006 mmol mol21(1s)

using the Schrag (1999) nearest-neighbor correction

method. Details on intra- and intercolony coral d18O

and Sr/Ca reproducibility of Line Island corals are pre-

sented in the supplementary information of Nurhati et al.

(2009).

c. Reconstructing SST and salinity proxy records

The new Palmyra coral Sr/Ca record was transformed

into SST by calibrating the coral Sr/Ca time series against

18 3 18 Intergovernmental Oceanographic Commission/

World Meteorological Organization Integrated Global

Ocean Services System (IGOSS) SST data over the pe-

riod 1982–98 (Reynolds et al. 2002). The equation for the

Sr/Ca–SST calibration via reduced major axis (RMA)

regression is as follows:

FIG. 2. SST anomalies (8C, colors), precipitation anomalies

(mm day21, contours), and mean wind stress (m s21, arrows) as-

sociated with (top) eastern and (bottom) central Pacific ENSO

variability. (top) SST and precipitation anomalies regressed on the

Niño-3 SST anomaly. Mean wind stress are shown during the peak

months (December–February) of the 1982/83 and 1997/98 El Niño

events (Niño-3 SST anomaly .28C). (bottom) SST and pre-

cipitation anomalies regressed on the ENSO Modoki index, then

multiplied by 2. Mean wind stress during the peak months (July–

September) of the 1994 and 2004 El Niño events (ENSO Modoki

index SST anomaly .28C). SST data are from Reynolds et al.

(2002), precipitation data are from Xie and Arkin (1997), and

wind stress data are from the Tropical Ocean Atmosphere buoys

[information online at http://www.pmel.noaa.gov/tao/; see also

McPhaden et al. (1998)].
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SST 5 130:43 2 11. 39 3 Sr/Ca

(R 5 20:71, Neff 5 28, CI . 95%). (1)

The selection of the Reynolds et al. (2002) SST dataset

as a calibration target is motivated by its similarity to an

in situ SST record from Palmyra [see supplementary

information of Nurhati et al. (2009)]. The intercept and

slope of the Sr/Ca–SST calibration at Palmyra fall within

the range of existing Sr/Ca–SST relationships for Porites

corals (Corrège 2006 and references therein). In com-

paring the Palmyra coral Sr/Ca–SST calibration to other

published calibrations, it is important to note that most

published coral Sr/Ca–SST calibrations use ordinary

least squares (OLS) regression: the Palmyra OLS re-

gression yields a calibration of 20.06 mmol 8C21, well

within the 20.04 to 20.08 mmol 8C21 published range

for Porites corals. The RMA regression technique used

in this study represents an improvement over the OLS

regression typically utilized in coral–SST calibrations, as

it minimizes residuals in two variables that both have

nonzero uncertainties, providing more robust and ac-

curate paleoSST estimates (Solow and Huppert 2004).

Significance tests for correlation coefficients reported

throughout this paper are based on a Student’s t test

after calculating effective degrees of freedom (Neff),

which accounts for lag-one serial autocorrelation in the

two time series as outlined by Bretherton et al. (1999).

The estimation of uncertainty in the coral Sr/Ca-based

SST proxy reconstruction takes into account contribu-

tions of uncertainties from the analytical precision of

Sr/Ca measurements and the Sr/Ca–SST calibration.

Analytical uncertainty accounts for 60.078C (1s), and

the uncertainty associated with the intercept and slope

of the SST–Sr/Ca relationship translates into a large er-

ror of 67.858C (1s) (s [ standard deviation). Taken

together, the compounded error bar for the reconstructed

SST record is conservatively reported as 67.858C (1s)

via an additive error propagation, highlighting that the

uncertainties in the Sr/Ca–SST calibration dominate the

total error (see the appendix). It is important to note

that this large error is associated with the calculation of

absolute SST only. Relative changes in SST, upon which

the results of this study are based, are associated with

a much smaller error of 60.108C (1s) (see the appen-

dix). In other words, large uncertainties in the slope and

intercept of the Sr/Ca–SST relationship do not change

the character of the coral-based SST nor the d18OSW

reconstructions.

Changes in d18OSW as a proxy for salinity were re-

constructed by subtracting the Sr/Ca-derived SST con-

tribution from the coral d18O record following the

method outlined in Ren et al. (2003), where the residual

is the d18OSW. The relevant equations are as follows:

Dd18OCORAL 5 Dd18OSST 1 Dd18OSW (2)

and

Dd18OSST 5

"
DSrCa

›SST

›SrCa

›d18OCORAL

›SST

#
. (3)

We use an empirically derived ›d18OCORAL/›SST

value of 20.21 6 0.03&8C21 (Ren et al. 2003). We de-

rive the d18OSW time series by integrating Dd18OSW

values at each time step, beginning with d18OSW values

of 0.39& estimated by transforming Palmyra climato-

logical sea surface salinity (Levitus et al. 1994) into av-

erage d18OSW values using an empirical d18OSW–salinity

relationship for the central tropical Pacific (Fairbanks

et al. 1997). The absolute d18OSW values may be inaccu-

rate, but the relative changes in d18OSW are unaffected by

the choice of absolute d18OSW. The compounded error

bar for the d18OSW record is conservatively reported as

60.1& (1s), which takes into account uncertainties

in analytical measurements of coral d18O and Sr/Ca,

SST–Sr/Ca calibration, and coral d18O regression (see

appendix).

d. Assessment of diagenesis

Given that even minor diagenesis is associated with

higher coral Sr/Ca values (cooler SST bias) in a suite of

modern corals (Enmar et al. 2000; Quinn and Taylor

2006; Hendy et al. 2007), the skeletal surfaces of the

Palmyra modern coral were examined by a scanning

electron microscope (SEM). SEM images were obtained

using a Hitachi S-800 Field Gun Emission SEM and a

126 LEO 1530 Thermally assisted Field Emission SEM.

Coral fragments were sampled in the 1886, 1905, 1917,

1922, 1927, 1939, 1949, and 1971 horizons of the core.

SEM sampling horizons were concentrated toward the

bottom of the core, where diagenesis is more likely to

occur (Enmar et al. 2000), and at core depths charac-

terized by relatively high Sr/Ca values (‘‘cool’’ recon-

structed SST) (Fig. 3). The SEM images reveal secondary

aragonite needles coating the 1886 horizon of the core

(Figs. 3a and 3b). These ;2-mm-long aragonite needles

are very small in comparison to the 20-mm-long nee-

dles that are documented in diagenetically compro-

mised sections of other modern corals (Hendy et al. 2007;

Nurhati et al. 2009), so we infer that they had little impact

on the coral Sr/Ca record. The only other SEM photos

that revealed any signs of diagenesis are associated with

the 1917 horizon of the core, which is characterized by a

thin, smooth coating of unidentified mineralogy (Fig. 3d).

Relatively high coral Sr/Ca values (inferred cooling)

measured in the 1917 horizon of the core (Fig. 4b) may
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be related to these coatings. However, reanalysis extended

reconstruction SST (ERSST) data from the Palmyra

grid point document significant cooling in 1917, making

it difficult to determine if the observed diagenesis im-

pacted coral Sr/Ca values. While the downcore extent

of the 1917-related coatings is poorly constrained, SEM

photos from the 1905 and 1922 horizons of the core show

no signs of diagenesis. Therefore, with the possible ex-

ception of the 1917 horizon and near vicinity, the new

112-yr-long coral Sr/Ca record presented here appears

to be unaffected by diagenesis.

3. Results and discussion

The previously published Palmyra coral d18O record

reflects a combination of SST and d18OSW variability, and

is characterized by strong interannual and decadal-scale

variability, as well as a prominent trend toward lower

coral d18O values beginning in the mid-1970s (Cobb et al.

2001; Fig. 4a). The trend, which amounts to roughly

20.5& over the course of two decades, implies a trend

toward warmer and/or wetter conditions in the central

tropical Pacific, and is unprecedented in a millennium-long

compilation of fossil coral d18O records from Palmyra

(Cobb et al. 2003; Fig. 1).

The new coral Sr/Ca-derived SST proxy record ex-

hibits interannual and decadal variability of roughly

618C (Fig. 4b). There is a late-twentieth-century warm-

ing trend, but it is not statistically significant given the

strong interannual and decadal-scale variability con-

tained in the SST proxy record. Overall, the coral-

derived SST proxy record shows good agreement with the

reanalysis ERSST (Smith et al. 2008) from the Palmyra

grid point (R 5 0.60 for raw monthly data), with similarly

FIG. 3. SEM images of the Palmyra modern coral from the (a),(b) 1886, (c) 1905, (d) 1917, (e) 1922, (f) 1927, (g) 1936,

(h) 1949, and (i) 1971 horizons.
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high correlations for interannual (R 5 0.72 for 2–7-yr

bandpassed) and decadal-scale (R 5 0.61 for 8-yr low-

passed) versions of the records.

The Palmyra coral d18OSW record is dominated by

decadal-scale variability and a relatively large freshen-

ing trend over the late twentieth century (Fig. 4c). A

visual comparison of the three coral records plotted in

Fig. 4 reveals that the d18OSW trend is responsible for the

large trend in coral d18O, with warming playing a sec-

ondary role. The marked differences between the coral

Sr/Ca-derived SST and the d18OSW-based salinity proxy

records are striking, implying that low frequency SST

and salinity variations are governed by different dy-

namics. The remainder of this paper investigates the

large-scale climate controls on Palmyra SST and salinity

on interannual, decadal, and secular time scales.

a. Interannual to decadal-scale tropical Pacific
climate variability

1) CORAL Sr/Ca-DERIVED SST VARIABILITY

On interannual (2–7 yr) time scales, the SST proxy

record captures ENSO variability in the central tropical

Pacific, as reflected by significant correlations with the

central tropical Pacific Niño-3.4 SST index [SST anom-

alies averaged over 58N–58S, 1208–1708W (Kaplan et al.

1998)] (R 5 0.71, 1886–1998, Neff 5 32, CI . 95%). High

correlations with SST anomalies in the Niño-3 region

[58N–58S, 908–1508W(Kaplan et al. 1998)] (R 5 0.65,

1886–1998, Neff 5 33, CI . 95%), see Fig. 5a, as well

as high correlations with the ENSO Modoki index of

Ashok et al. (2007) (R 5 0.67, 1886–1998, Neff 5 34,

CI . 95%), see Fig. 5b, reflect the sensitivity of the

Palmyra coral Sr/Ca record to both eastern and central

Pacific ‘‘flavors’’ of ENSO variability, respectively.

These significant correlations reflect the fact that warm

SST anomalies occur in the central tropical Pacific during

both canonical El Niño events as well as El Niño Modoki

events, and vice versa during La Niña cool events.

On decadal time scales, the SST proxy record is highly

correlated to low frequency variability associated with

the CPW, as evidenced by significant correlations be-

tween the 5-yr running-average versions of the SST

proxy record and the ENSO Modoki index (R 5 0.53,

1888–1995, Neff 5 17, CI . 95%), see Fig. 5c. The SST

proxy record is significantly correlated with the 5-yr-

averaged NPGO index (Di Lorenzo et al. 2008) (R 5

20.85, 1952–95, Neff 5 10, CI . 95%), see Fig. 5d,

reflecting strong dynamical linkages between central

tropical Pacific SST and the decadal-scale NPGO, as

uncovered by Di Lorenzo et al. (2010). Over the same

period, the correlation between the SST proxy record

and the ENSO Modoki index is similarly high (R 5 0.76,

1952–95, Neff 5 8, CI . 95%). Statistically significant

correlations between the coral Sr/Ca-derived SST proxy

FIG. 4. Palmyra coral monthly resolved d18O, Sr/Ca-derived SST,

and d18OSW records from 1886 to 1998. (a) Palmyra coral d18O

record (Cobb et al. 2001), (b) Sr/Ca-derived SST (black) plotted

with ERSST (gray; Smith et al. 2008), and (c) d18OSW-based salinity

record.

FIG. 5. Interannual and decadal-scale coral Sr/Ca-derived SST

variability at Palmyra plotted with tropical Pacific instrumental

climate indices: (a) interannual (2–7-yr bandpassed) Sr/Ca-derived

SST anomalies (black) and Niño-3 SST anomalies (gray), (b) in-

terannual (2–7-yr bandpasssed) Sr/Ca-derived SST anomalies

(black) and the 23ENSO Modoki index (gray), and (c) decadal-

scale Sr/Ca-derived SST (black) and 23ENSO Modoki index

(gray) plotted as 5-yr running averages. (b) Decadal-scale Sr/Ca-

derived SST (black) and –NPGO index (gray) plotted as 5-yr

running averages. All correlations are statistically significant at

a 95% confidence level using a Student’s t test and adjusting for

serial autocorrelation.
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record, the ENSO Modoki index, and the NPGO are

also found when comparing 8-yr low-passed versions of

the records. The SST proxy record is not significantly

correlated to the PDO index (R 5 20.03, 1902–95),

which is somewhat surprising given that the PDO is

understood as the decadal expression of ENSO-related

variability in the North Pacific (Alexander et al. 2002).

This suggests that low-frequency central Pacific SST

variations are more closely related to the NPGO than

the PDO and, furthermore, likely play an important role

in shaping the temporal evolution of the NPGO.

Regressions of the NPGO and the PDO with Pacific

basin instrumental SST data reveal that the amplitude of

low-frequency central tropical Pacific SST anomalies

associated with the NPGO are almost twice as large as

those associated with the PDO (Fig. 6). Both North

Pacific decadal-scale climate modes are associated with

a similar spatial pattern characterized by warming that

extends from the central tropical Pacific to the northeast

Pacific, with maximum cool anomalies in the central

North Pacific. However, at Palmyra, the SST anomalies

associated with low frequency variations in the NPGO

are 60.158C, compared to 60.058C for low frequency

variations of the PDO. Therefore, it is not surprising

that the coral Sr/Ca-derived SST proxy record is more

sensitive to the NPGO variations, given Palmyra’s lo-

cation in the central tropical Pacific. The decadal-scale

variability captured in the Palmyra Sr/Ca-derived SST

proxy record is consistent with the previous analyses

of instrumental and proxy climate records from the

tropical Pacific. First, wavelet analysis of instrumental

SST data from the central tropical Pacific reveals de-

cadal variability with a ;12–13-yr periodicity (Kug et al.

2009), similar to that associated with the NPGO, but

significantly shorter than the PDO’s multidecadal vari-

ability. Strong decadal variability with 12–13-yr power

was also uncovered in analyses of the original Palmyra

coral d18O record (Cobb et al. 2001) and in analyses

using multiple coral d18O records from across the trop-

ical Pacific (Holland et al. 2007; Ault et al. 2009). Taken

together, these results lend further support to the idea

that the central tropical Pacific is characterized by ap-

preciable decadal-scale SST variability.

2) d18OSW-BASED SALINITY VARIABILITY

On interannual (2–7-yr bandpassed) time scales, the

Palmyra coral-based d18OSW record is significantly cor-

related to eastern Pacific ENSO variability (R 5 20.49

with the Niño-3 index, 1886–1998, Neff 5 41, CI . 95%;

see Fig. 7a), but is weakly correlated to central Pacific

ENSO variability (R 5 20.19). To understand the coral-

based d18OSW record’s sensitivity to eastern Pacific

ENSO variability and its poor sensitivity to central Pacific

ENSO variability, it is necessary to consider the various

influences—both atmospheric and oceanographic—that

determine seawater d18O at Palmyra. Changes in the

precipitation minus evaporation balance in the central

tropical Pacific, as well as changes in the advection

(whether vertical or horizontal) of high and low salinity

seawater to the site, would have effects on seawater

d18O at Palmyra. As previously documented in coral-

based d18OSW records (Gagan et al. 2000; Kilbourne

et al. 2004; Linsley et al. 2006), precipitation strongly

influences surface seawater d18O because tropical Pa-

cific rainwater is generally depleted in d18O relative to

the surface ocean (Cole and Fairbanks 1990). Figure 2

illustrates that positive precipitation anomalies occur at

FIG. 6. Regressions of Pacific SST anomalies with two indices of

Pacific decadal-scale climate variability: SST regressed against an

8-yr low-passed (top) PDO index (Mantua et al. 1997) from 1900 to

2009 and (bottom) 2NPGO index (Di Lorenzo et al. 2008) from

1950 to 2009. Contour lines indicate areas where correlation co-

efficients (not plotted) exceed the 95% significance level, using

a Student’s t test and adjusting for serial autocorrelation. SST data

are from Reynolds et al. (2002).
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Palmyra during both flavors of ENSO but that, during

central Pacific warm events, the locus of maximum

precipitation is shifted far west of Palmyra, with nega-

tive precipitation anomalies along the equator from 808

to 1608W. Therefore, the observed precipitation pat-

terns are consistent with the coral d18OSW record’s high

(low) sensitivity to eastern (central) tropical Pacific ENSO

activity.

ENSO is also characterized by profound changes in

horizontal and vertical advection in the vicinity of Pal-

myra that likely contribute to interannual variability in

the coral d18OSW record. Both instrumental and nu-

merical modeling studies support an eastward extension

of the low salinity, low d18OSW western Pacific fresh pool

during strong El Niño events (Picaut et al. 1996;

Delcroix and Picaut 1998), although these studies do not

distinguish between the two flavors of ENSO. With re-

spect to vertical advection, strong easterly winds across

the cold tongue region during central Pacific warm events

(Fig. 2b) will drive wind-driven upwelling, bringing rela-

tively saline waters from subsurface to the surface in the

central tropical Pacific (Wyrtki 1981). Such upwelling is

virtually shut off during eastern Pacific warm events when

trade winds significantly weaken (Fig. 2a). We conclude

that marked differences in large-scale patterns of pre-

cipitation and ocean advection during eastern versus

central Pacific warm events explain why eastern Pacific

warm events are well recorded in d18OSW at Palmyra,

while central Pacific warm events are not.

Echoing the dominance of eastern Pacific ENSO on

interannual variability in d18OSW, large decadal-scale

variations in the d18OSW-based salinity proxy record are

closely related to the PDO, but poorly correlated to both

central Pacific warming and the NPGO. The correlation

between 5-yr running-average versions of the d18OSW

record and the PDO is 20.54 (1902–95, Neff 5 29, CI .

95%; Fig. 7b), versus statistically insignificant correla-

tions of 20.04 and 0.27 computed with ENSO Modoki

(1902–95) and the NPGO (1952–95), respectively. The

d18OSW record implies that significant seawater fresh-

ening occurs during PDO warm regimes (1925–46 and

1977–98), with more saline conditions during the PDO

cold regime (1947–75) (Mantua et al. 1997). The strong

correlation between the d18OSW record and the PDO

implies that the PDO impacts salinity in the central

tropical Pacific, as hypothesized based on analysis of

instrumental salinity data available in the late twentieth

century (Delcroix et al. 2007).

The new coral records reveal that central tropical

Pacific seawater d18O variations track canonical eastern

Pacific ENSO and the PDO, with poor correlations to

central Pacific warming and the NPGO. However, the

strong parallels between interannual and decadal-scale

d18OSW variability uncovered in this study do not pro-

vide any mechanistic insights into the causes of d18OSW

(or salinity) variability on decadal time scales. Delcroix

et al. (2007) shows that PDO-related changes in salinity,

precipitation, and wind-driven advection in the tropical

Pacific are remarkably similar to those observed with

eastern Pacific ENSO variability. But it is important to

keep in mind that whereas interannual d18OSW varia-

tions can largely be explained by months-long changes

in precipitation minus evaporation and zonal advection,

decadal-scale d18OSW variations must be maintained in

the face of effective ocean mixing that occurs on decadal

time scales. Ultimately, given the dearth of salinity data

from the tropical Pacific, the atmospheric and the ocean-

ographic contributions to decadal-scale changes in salinity

across the tropical Pacific could be investigated in existing

coupled GCM simulations, as the Palmyra d18OSW record

suggests that such changes are relatively large.

b. Secular changes in tropical Pacific climate
variability

Having established that the Palmyra coral Sr/Ca-

derived SST and d18OSW-based salinity proxy records

are robust indicators of tropical Pacific climate change

on interannual to multidecadal time scales, these re-

cords can be used to assess the SST versus salinity con-

tributions to the late-twentieth-century trend in coral

d18O that is unprecedented in the last millennium (Cobb

et al. 2003). If the millennium-long coral d18O record

represents an accurate depiction of centuries-long cli-

mate variability in the central tropical Pacific, then the

late-twentieth-century trend in coral d18O is likely related

to anthropogenic climate change, and it is important to

assess whether it is driven by warming and/or freshening.

FIG. 7. Interannual and decadal-scale variability of the Palmyra

coral d18OSW record plotted with Pacific instrumental climate in-

dices: (a) interannual (2–7-yr bandpassed) d18OSW anomalies

(black) and Niño-3 SST anomalies (gray) and (b) decadal-scale

d18OSW (black) and the PDO (gray) variability, plotted as 5-yr

running averages. All correlations are statistically significant at

a 95% confidence level using a Student’s t test and adjusting for

serial autocorrelation.
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1) CORAL Sr/Ca-DERIVED SST TREND

The coral Sr/Ca-derived SST proxy record is charac-

terized by a 10.53 6 0.108C (1s) linear warming trend

that is relatively uniform throughout the last century

(1886–1998; see appendix for explanation of the trend

error estimate). However, strong decadal variability

throughout the coral SST proxy record means that the

SST trend is only significant at a 75% confidence level

(as assessed with a Monte Carlo autoregressive signifi-

cance test using N 5 3000; see appendix for explanation

of trend error estimation). Nonetheless, the coral’s in-

ferred warming trend is roughly equivalent to the ob-

served 10.68C increase in global SST over the twentieth

century (Solomon et al. 2007) and falls well within the

range of instrumental SST trends at Palmyra derived

from various gridded SST datasets [Fig. 8; 10.368C for

Hadley (Rayner et al. 2006), 10.488C for Kaplan

(Kaplan et al. 1998), and 10.748C for ERSST (Smith

et al. 2008)] over the same period. The discrepancies

among the instrumental SST datasets are likely associ-

ated with different strategies for bias correction and

interpolation (Reynolds et al. 2007). However, while the

size of the coral-based SST trend falls within the range

of instrumental SST trends, the coral SST proxy record

is characterized by decadal-scale variations in the early

twentieth century that are not reflected in any of the

instrumental SST datasets. Ultimately, resolving the mag-

nitude and character of early twentieth-century decadal-

scale SST variations in the central tropical Pacific requires

the improvement of existing SST databases, likely com-

bined with the generation of additional paleoSST records

from this region.

2) d18OSW-BASED SALINITY TREND

The coral-based d18OSW salinity proxy record exhibits a

strong freshening trend beginning in the mid–twentieth

century. The century-long d18OSW trend of 20.25 6

0.06& (1s) is statistically significant at a 99% confidence

level (as assessed with a Monte Carlo autoregressive

significance test using N 5 3000; see appendix for an

explanation of trend error estimation). The inferred

freshening is consistent with enhanced global hydro-

logical patterns (Held and Soden 2006) and a weakened

tropical atmospheric circulation under global warming

(Vecchi et al. 2006). If weakened trade winds under an-

thropogenic forcing lead to an eastward expansion of the

low salinity waters of the warm pool, as suggested by

some models (Delcroix and Picaut 1998), then changes in

horizontal advection may have also significantly con-

tributed to the observed freshening trend.

The magnitude of the late-twentieth-century d18OSW

trend is large relative to the natural decadal-scale d18OSW

variability contained in the coral record. The century-long

20.25& trend in d18OSW amounts to a roughly 20.9

psu trend in salinity assuming the Fairbanks et al. (1997)

empirical relationship between d18OSW and salinity in

the central tropical Pacific. Instrumental salinity data from

the central tropical Pacific resolve a freshening trend

on the order of 20.15 psu from 1970 to 2003 (Delcroix

et al. 2007), which can be compared to the coral d18OSW-

based freshening trend over the same time period. The

Palmyra coral-based d18OSW trend amounts to 20.32&

from 1970 to 1998, or approximately 21.2 psu using the

Fairbanks et al. empirical d18OSW–salinity relationship.

The discrepancy between the instrumental and coral-

based salinity trend estimates likely arises from large

uncertainties associated with the empirical relationship

between d18OSW and salinity, which is poorly con-

strained by a sparse dataset of seawaters collected over

a period of ;18 months (Fairbanks et al. 1997). How-

ever, large uncertainties in the instrumental salinity data

assembled from scant ships of opportunity, moored

ocean buoys, and isolated research cruises may also

contribute to the discrepancy. If we scale the century-

long coral d18OSW trend to the late-twentieth-century

Delcroix et al. (2007) sea surface salinity trend, we cal-

culate a century-long freshening of 20.12 psu. Ulti-

mately, the magnitude of coral d18OSW-derived salinity

trends will remain highly uncertain until longer time

series of paired seawater d18OSW and sea surface salinity

become available.

Within the context of the millennium-long coral d18O

record (Cobb et al. 2003), the twentieth-century d18OSW-

based salinity proxy record suggests that changes in the

large-scale hydrological cycle associated with weakened

FIG. 8. Coral-based and instrumental SST trends at Palmyra over

the twentieth century (1886–1998): 10-yr-averaged (top) coral Sr/Ca-

derived SST with linear trend and (bottom) instrumental SST

anomalies and linear trends from the Hadley (Rayner et al. 2006),

Kaplan (Kaplan et al. 1998), and ERSST (Smith et al. 2008) datasets

for the Palmyra grid point.
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tropical circulation may dominate anthropogenic climate

changes in the tropical Pacific. Indeed, the unprecedented

trend toward lower coral d18O values during the late

twentieth century observed in a millennium-long coral

d18O reconstruction (Cobb et al. 2003; Fig. 1) can be en-

tirely explained by the observed d18OSW trend. Similar

late-twentieth-century negative coral d18O trends have

also been observed in other coral d18O records from the

central and western tropical Pacific (Cole and Fairbanks

1990; Evans et al. 1999; Guilderson and Schrag 1999;

Urban et al. 2000; Tudhope et al. 2001; Quinn et al. 2006)

and from regions sensitive to South Pacific convergence

zone (SPCZ) variability (Kilbourne et al. 2004; Linsley

et al. 2006), consistent with widespread changes in the

tropical Pacific hydrological cycle. Analyses of rain gauge

data (Morrissey and Graham 1996), instrumental salinity

datasets (Delcroix et al. 2007; Durack and Wijffels 2010),

and coral-based d18OSW salinity proxy records (Linsley

et al. 2006; Nurhati et al. 2009) indicate freshening trends

may be associated with enhanced precipitation in regions

characterized by convective activity, consistent with en-

hanced hydrological patterns inferred from GCM simu-

lations of twenty-first-century climate (Held and Soden

2006).

4. Conclusions

This study presents monthly resolved coral Sr/Ca-

based SST and d18OSW-derived salinity proxy records

from Palmyra Island, located in the central tropical Pa-

cific, that span the twentieth century. The century-long

coral SST proxy record is dominated by interannual and

decadal-scale variations that are linked to central Pacific

warming variability. Conversely, the coral-based d18OSW

salinity proxy record documents the influence of eastern

Pacific ENSO and the PDO on tropical Pacific salinity

variability and is dominated by a prominent freshening

trend in the late twentieth century. That the freshening

trend is likely unprecedented in the last millennium means

that it is most likely associated with anthropogenic climate

change. Taken together, the proxy records reveal that SST

and precipitation variations are largely decoupled on in-

terannual, decadal, and secular time scales and that an-

thropogenic hydrological trends may be more detectable

than SST trends in the tropical Pacific. The records pro-

vide new insights into the mechanisms and impacts of low-

frequency Pacific climate variability and, together with

other such long, continuous coral climate reconstructions,

may improve climate projections for regions that are

heavily influenced by tropical Pacific climate variability.
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APPENDIX

Error Propagation Analyses

a. Sr/Ca-derived SST (absolute SST)

The compounded error for any given absolute SST

estimate in the coral Sr/Ca-based record (sSST) includes

uncertainties associated with (i) the analytical precision

of Sr/Ca measurements (sSrCa) and (ii) the intercept

(sa) and (iii) the slope (sb) of the SST–Sr/Ca calibration.

Starting with the equation for estimating SST from coral

Sr/Ca and their associated errors,

SST 5 a 1 bSr/Ca (A1)

and

SST 6 sSST 5 (a 6 sa) 1(b 6 sb)(Sr/Ca 1 sSrCa). (A2)

The last term, a multiplicative compounded error asso-

ciated with the Sr/Ca–SSTcalibration slope and the an-

alytical precision of Sr/Ca measurements, [(b 6 sb)

(Sr/Ca 6 sSrCa)], is calculated via

sslope_analytical5jbSrCaj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(sb/b)2

1(sSrCa/SrCa

q
)2.

(A3)

Thus, the compounded error for SST estimates by add-

ing the calibration intercept error (sa) is

sSST 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

a 1 s2
slope_analytical

q
(A4)

and

sSST 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

a 1(bSrCa)2[(sb/b)2
1(sSrCa/SrCa)2]

q
.

(A5)

Substituting known values for each term and their uncer-

tainties,

SST 6 sSST 5 (130:43 6 5.54) 1(211.39 6 0:62)

3 (8.98 6 0:006). (A6)

The compounded error for SST estimates at Palmyra yields
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sSST

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:5421(211:3938:98)2

3

"�
0:62

211:39

�2

1

�
0:006

8:98

�2
#vuut

5 7:858C. (A7)

b. Sr/Ca-derived SST trend (relative SST changes)

When considering the errors associated with relative

changes in coral Sr/Ca-based SST, a different set of cal-

culations applies because some of the large uncertainties

associated with the Sr/Ca–SST calibration have no impact

on the calculation of relative SST changes. Uncertainty in

the Sr/Ca-derived SST trend must take into account er-

rors associated with (i) the slope error of the trend, (ii) the

analytical precision of the Sr/Ca measurements via ICP-

OES, and (iii) the calibration slope of the Sr/Ca–SST cali-

bration (the intercept of the calibration would not affect the

Sr/Ca-derived SST trend error). The details are as follow.

(i) The century-long Sr/Ca-derived SST trend is

10.538C with a trend slope error of 60.078C (1s).

(ii) The Sr/Ca-derived SST trend error associated with

the analytical precision of coral Sr/Ca via ICP-OES

is 60.078C (1s), which represents the conservative

assumption of applying the maximum error ranges

of the analytical precision.

(iii) The calibration slopes and slope errors of the

coral Sr/Ca –SST egression are 211.39 6 0.628C

(mmol/mol)21 (1s) at Palmyra. The uncertainty in

coral Sr/Ca trends associated with calibration slope er-

ror is 60.038C (1s), which is the difference between the

SST trends calculated with maximum and minimum Sr/

Ca–SST slopes (10.508 and 10.568C, respectively)

from the original trend of 10.538C at Palmyra.

Taken together, the twentieth-century Palmyra coral

Sr/Ca-derived SST trend is 0.53 6 0.108C (1s), quadrat-

ically combining terms (i)–(iii).

c. d18OSW-based salinity (absolute d18OSW)

As d18OSW is calculated using relative changes in coral

Sr/Ca-based SST, the record by definition represents

relative changes in d18OSW. The choice of absolute value

for the d18OSW series is subject to large uncertainties,

as it relies on an empirical relationship between salin-

ity and d18OSW obtained in the central tropical Pacific

(Fairbanks et al. 1997). The compounded error for d18OSW

estimates includes uncertainties associated with analytical

precisions of (i) coral d18O and (ii) Sr/Ca, as well as the

slopes of (iii) coral d18O-SST regression and (iv) Sr/Ca–

SST calibration. Starting with the equation for calculating

changes in d18OSW, which is sensitive to coral d18O and

SST variability, and following the method of outlined in

Ren et al. (2003):

Dd18OCORAL5Dd18OSST 1 Dd18OSW (A8)

and

Dd18OCORAL 6 s
Dd18O

CORAL
5(Dd18OSST 6 s

Dd18O
SST

)

1(Dd18OSW 6 s
Dd18O

SW
)

(A9)

in which the delta symbol (D) refers to the difference

between values from two adjacent months.

Taking the lhs of (A9) first, the equation for Dd18OCORAL

is

Dd18OCORAL 5 d18OCORAL(t) 2 d18OCORAL(t 2 1)

(A10)

and

Dd18OCORAL 6 s
Dd18O

CORAL
5[d18OCORAL(t) 6 s

d18O
CORAL

]

2 [d18OCORAL(t � 1)6 s
d18O

CORAL
]

(A11)

Analytical error associated with the Cobb et al. (2001)

coral d18O record was reported as 60.05& (1s; long-

term d18O reproducibility). Thus, the calculation for the

error associated with Dd18OCORAL follows the equation

s
Dd18O

CORAL
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

d18O
CORAL

1 s2
d18O

CORAL

r

5 s
d18O

CORAL

ffiffiffi
2
p

5 0:05
ffiffiffi
2
p

5 0:07&:

(A12)

Taking the first term on the rhs of (A9), the equation for

Dd18OSST is

Dd18OSST5

"
DSrCa

›SST

›SrCa

›d18OCORAL

›SST

#
, (A13)

where DSrCa is the mean of the absolute values of DSrCa

(because the DSrCa time series contains both positive

and negative signs). The calculated value for DSrCa is

0.03 mmol mol21, with an error bar of 60.01 mmol mol21,

considering the 60.006 mmol mol21 analytical precision of

Sr/Ca measurements and following these calculations:

DSrCa 5 SrCa(t) 2 SrCa(t 2 1) and (A14)

DSrCa 6 s
DSrCa 5 [SrCa(t) 6 sSrCa]

2 [SrCa(t 2 1) 6 sSrCa], (A15)
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thus

s
DSrCa5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

SrCa 1 s2
SrCa

q
5 sSrCa

ffiffiffi
2
p

5 0:006
ffiffiffi
2
p

5 0:01 mmol mol21, (A16)

where ›SST/›SrCa is the slope of the Sr/Ca–SST cali-

bration, which is 211.39 6 0.628C (mmol/mol)21, and

›d18OCORAL/›SST of 20.21 6 0.03&8C21 is the mean

empirical values of coral d18O sensitivity to SST com-

piled by Ren et al. (2003).

The calculation for the error associated with Dd18OSST

following Eq. (A13) is

s
Dd18O

SST
5

�����DSrCa
›SST

›SrCa

›d18OCORAL

›SST

�����
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�s

DSrCa

DSrCa

�2
1

�
sSST2SrCa Slope

SST2SrCa Slope

�2

1

 
scoral d18O2SST

Slope

coral d18O 2 SSTSlope

!2
vuut .

(A17)

Substituting in the known values yields

s
Dd18O

SST
5j0:03(211:39)(20:21)j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
0:01

0:03

�2

1

�
0:62

211:39

�2

1

�
0:03

20:21

�2
s

5 0:02&: (A18)

Having calculated Dd18OCORAL and Dd18OSST, the com-

pounded error for Dd18OSW is calculated as the additive

error propagation of the two terms:

s
Dd18O

SW
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

Dd18O
CORAL

1 s2
Dd18O

SST

r

5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:072 1 0:022

p
5 0:07&: (A19)

Since

Dd18OSW 5 d18OSW(t) 2 d18OSW(t 2 1) and

(A20)

Dd18OSW 6 s
Dd18O

SW
5[d18OSW(t) 6 s

d18O
SW

]

2 [d18OSW(t 2 1) 6 s
d18O

SW
]

(A21)

thus

s
Dd18O

SW
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

d18O
SW

1 s2
d18O

SW

r
5 s

d18O
SW

ffiffiffi
2
p

. (A22)

Therefore, the compounded error for d18OSW is

s
d18O

SW
5 s

Dd18O
SW

ffiffiffi
2
p

5 0:07
ffiffiffi
2
p

5 0:1& (A23)

d. d18OSW-based salinity trend (relative d18OSW

changes)

The twentieth-century trend in Palmyra coral-based

d18OSW amounts to 20.25&. There are five sources of

uncertainty that contribute to uncertainties in this coral

d18OSW trend: (i) analytical precision of coral d18O via

mass spectrometer, (ii) analytical precision of coral Sr/Ca

via ICP-OES, (iii) slope error of the trend, (iv) slope error

in the coral Sr/Ca–SST calibration, and (v) slope error in

the coral d18O–SST regression with the following details.

(i) The analytical precision associated with the Cobb

et al. (2001) coral d18O record was reported as

60.05& (1s, long-term d18O reproducibility).

(ii) The analytical precision of coral Sr/Ca via ICP-OES

of 60.078C (1s) translates to a 60.01& (1s) d18OSW

trend error via the empirical mean d18O–SST slope

regression of 20.21& 8C21 (Ren et al. 2003).

(iii) The fitting of a trend line on coral-based d18OSW

records has slope errors of 60.01& at Palmyra.

(iv) The calibration slopes and slope errors of the coral

Sr/Ca–SST regression is 211.39 6 0.628C

(mmol/mol)21 (1s) at Palmyra. This would yield an

uncertainty in d18OSW trends of 60.01& (1s), which

is the difference between the minimum and maxi-

mum trends calculated with analytical error (20.24&

and 20.26&, respectively) from the original trend of

20.25& at Palmyra.

(v) The empirical slope for coral d18O–SST regression

is 20.21 6 0.03& 8C21 following values compiled

by Ren et al. (2003). This would yield an un-

certainty in d18OSW trends of 60.02& (1s), which

is the difference between the minimum and maxi-

mum trends (20.23& and 20.27&, respectively)

calculated with minimum and maximum d18O–

SST, from the original trend of 20.25& at Palmyra.

Taken together, the twentieth-century Palmyra coral-

based d18OSW trend and its associated uncertainty is
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20.25 6 0.06& (1s), quadratically combining terms

(i)–(v) above.
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