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[1] Climate variability associated with the El Niño Southern Oscillation (ENSO) results in
large sea-surface temperature (SST) and sea-surface salinity (SSS) anomalies in many
regions of the tropical Pacific Ocean. We investigate interannual changes in SSS driven by
ENSO in the southwestern Pacific at Sabine Bank, Vanuatu (SBV, 166.04�E, 15.94�S)
using monthly variations in coral d18O from 1842 to 2007 CE. We develop and apply a
coral d18O-SSS transfer function, which is assessed using a calibration-verification exercise
(1970–2007 CE). The 165-year reconstructed SSS record contains a prominent trend
toward freshening from 1842 to 2007 CE; mean SSS for 1842–1872 CE is 35.46 � 0.28
psu, which contrasts with a mean value of 34.85 � 0.31 psu for 1977–2007 CE, with a
freshening trend during the latter part of the 20th century that is not unprecedented with
respect to the overall record. Variance in the record is concentrated in the interannual
(42%) and interdecadal (29%) bands. The SBV-SSS record matches well with a similarly
reconstructed SSS time series at Malo Channel, Vanuatu, which is located �120 km to the
east of SBV. This regional signal is likely driven by ENSO-related changes in the SPCZ
and interdecadal changes in surface water advection. The pattern of interdecadal variability
at SBV agrees reasonably well with coral records of interdecadal variability from Fiji
and Tonga, especially in the pre-1940 portions of the records, further evidence for the
regional extent of the salinity signal at Sabine Bank, Vanuatu.
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1. Introduction

[2] The El Niño Southern Oscillation (ENSO) is a coupled
ocean-atmosphere phenomenon that results in sea surface
temperature (SST) and salinity (SSS) anomalies throughout

the tropical Pacific Ocean, changes in atmospheric circula-
tion, and many additional teleconnections worldwide on
interannual timescales [Bjerknes 1969; Rasmusson and
Carpenter, 1982; Ropelewski and Halpert, 1987]. A better
understanding of the future behavior of the ENSO system
requires an improved understanding of its natural variability
in the past. ENSO can be recognized in records of SST and
SSS anomalies (SSTA and SSSA, respectively, e.g., 1997–
98, 1982–83, 1972–73), but instrumental records of SST and
SSS are often insufficient in spatial and temporal coverage to
address issues related to long-term variability. Gridded SST
products extend back into the nineteenth century, but are
more reliable in the latter half of the twentieth century, in
part due to better temporal and spatial coverage [Rayner et
al., 2006]. Tropical SSS records remain rare; those that
exist extend back only to 1950, and the interval from 1970 to
present is characterized by the most robust measurements
due to increased number of observations [Delcroix et al.,
2011]. SSS information is also available from data assimi-
lation products [e.g., Carton and Giese, 2008].
[3] ENSO variability also results in changes in the loca-

tion of the South Pacific Convergence Zone (SPCZ), a
region of heavy precipitation extending southeast from
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Papua New Guinea in the southwest Pacific which is crucial
to summertime circulation in the Southern Hemisphere
[Kiladis et al., 1989]. ENSO-influenced movement of the
SPCZ causes interannual variability in the hydrologic bal-
ance of this region (precipitation-evaporation (P-E) balance),
affecting salinity in surface ocean waters. The SPCZ shifts to
the northeast (southwest) during an ENSOwarm (cool) phase
event, which results in less (more) rainfall at Vanuatu, and
therefore increased (decreased) salinity [Folland et al., 2002;
Juillet-Leclerc et al., 2006]. The movement of the SPCZ also
results in oceanographic changes in the southwest Pacific.
A salinity front, which has a mean position of �175�W,
15�–20�S and separates higher salinity waters to the east
from lower salinity waters (under SPCZ) to the west,
migrates east-west during ENSO events. This movement is
partly due to a change in the P-E balance, and partly due to
zonal advection [Gouriou and Delcroix, 2002]. During a
warm (cool)-phase event, the salinity front shifts to the
southeast (northwest), moving farther away from (closer to)
Vanuatu, tracking the movement of the SPCZ during these
events.
[4] Decadal-scale variability has also been observed in the

tropical Pacific [Evans et al., 2001; Linsley et al., 2000,
2006, 2008; Mantua et al., 1997; Power et al., 1999]. One

mechanism proposed to be responsible for such variability is
changes in subtropical cells (STC) [McCreary and Lu,
1994]. These STCs establish a link between the tropical
and subtropical oceans, in which water with an anomalous
SST signature subducts in the subtropics, travels along the
pycnocline toward the equator and upwells in the tropics,
affecting the SSTs and overlying atmospheric circulation
[Gu and Philander, 1997; McPhaden and Zhang, 2002;
Zhang and McPhaden, 2006]. Alternatively, it has been
suggested that ENSO variability and atmospheric noise may
sum to produce the observed Pacific decadal variability
[Newman et al., 2003]. More long proxy records of decadal-
scale variability in the tropics, such as the one presented
here, are needed to further investigate this mode of
variability.
[5] Sabine Bank (SBV) is located in the Republic of

Vanuatu, an island chain located in the southwest Pacific at
the southern edge of the Western Pacific Warm Pool
(WPWP) and under the SPCZ. The bank sits �78 km off-
shore from and to the west of the nearest island of Espiritu
Santo, making it a truly ‘open ocean’ site. During ENSO
warm-phase events, SSTA at Vanuatu are modest relative to
many other regions of the tropical Pacific (Figures 1a and
1c). In contrast, SSSA during ENSO warm-phase events are

Figure 1. (left) SSTA and (right) SSSA in the tropical Pacific during the (a, b) 1991–1992 and (c, d)
1997–1998 ENSO warm-phase events, during the months December, January, and February (DJF), when
the amplitude of an ENSO event is at its peak. Both events appear as a strong SSSA in the instrumental
record, as well as in our reconstructed SSS record at Vanuatu (black triangle). The 1991–1992 event is
identified as a central Pacific warm-phase event, and the 1997–1998 is identified as an eastern Pacific
warm-phase event, both of which manifest in SSTA and SSSA in similar ways at Vanuatu. Given these
plots, the SSSA response to ENSO at Vanuatu exceeds the SSTA response, a relationship that should also
be manifest in the coral d18O record.
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enhanced toward positive values in the southwest Pacific
compared to many other locations throughout the tropical
Pacific (Figures 1b and 1d). A comparison of Niño 3.4
SSTA (canonical ENSO signal) with SBV SSS demonstrates
a dynamical link between ENSO and the SSS signal at SBV
(Figure 2); a maximum correlation (0.67; p < 0.01) between
the time series is reached when SBV SSS lags Niño 3.4
SSTA by 6 months. Delcroix et al. [2011] have noted that a
similar lag relationship is observed in models and observa-
tions. This suggests that SSS variability is driven by ENSO
changes on interannual time scales. The central tropical
Pacific is recognized as a ‘center of action’ in terms of the
SST response to ENSO forcing; however, the southwest
tropical Pacific is marked by its strong SSS response to
ENSO forcing.
[6] SST and SSS variability associated with ENSO and

SPCZ variability are recorded as changes in coral d18O, as
these values reflect the combined influence of ambient var-
iations in SST and seawater d18O values (d18OSW) [e.g., Cole
and Fairbanks, 1990; McConnaughey, 1989; Weber and
Woodhead, 1972]. Coral d18O has long been recognized as
a proxy for SST [Fairbanks and Matthews, 1978; Dunbar
and Wellington, 1981; Quinn et al., 1998], but deconvol-
ving the d18Osw-SSS signal has been a difficult task, due to
the paucity of instrumental SSS records for comparison. This
challenge has severely limited the attempts at using d18O to
reconstruct SSS. Some studies have demonstrated a strong
d18O–SSS correlation [e.g., Cole and Fairbanks, 1990,
Le Bec et al., 2000], but actual SSS reconstructions are limited

[Juillet-Leclerc et al., 2006; Delcroix et al., 2011]. The
SBV salinity reconstruction presented here is greatly facil-
itated by the recent development of a 1� � 1� gridded SSS
data set [Delcroix et al., 2011], which permits the estab-
lishment of a direct link between SSS variations and coral
d18O variations at SBV. We compared the Delcroix et al.
[2011] data set to the Simple Ocean Data Assimilation
(SODA) reanalysis data set [Carton and Giese, 2008] and
found a modest correlation of 0.39, p < 0.05, indicating a
shared variance between the two data sets of only 15%. The
SSS data set ofDelcroix et al. [2011] is ideal for our location,
because the ship of opportunity track (New Caledonia-Japan
route) passes very near Sabine Bank, resulting in more
accurate SSS measurements than for locations farther from
such ship tracks. In this paper, we also demonstrate that the
d18O-salinity relationship at SBV is regional in extent.

2. Methods

[7] A 2-m long core (06SB-A1) was extracted from a
Porites lutea coral head in 8 m of water at Sabine Bank,
Vanuatu (166.07�E, 15.94�S), in December 2006. A 2.9-m
long core (07SB-A2) was extracted from the same coral head
in October 2007, reaching the base of the coral. We prepared
the 8-cm diameter cores by cutting them into 6-mm thick
slabs; X-radiographs of these slabs helped to determine the
maximum growth axis of the coral, which guided the selec-
tion of the most appropriate sampling paths for micromilling
powders. Using a computer assisted micromill drilling sys-
tem, we collected coral sample powders at 1 mm intervals,

Figure 2. Niño 3.4 SSTA (green) compared to SSS (pink) extracted from the grid box containing Sabine
Bank, Vanuatu (SBV), over the period 1970–2007 CE. A maximum correlation (r = 0.67; p < 0.01)
between the time series is reached when Vanuatu SSS lags Niño 3.4 SSTA by 6 months, but the correla-
tions are strong (>0.60) for lags of 4 to 8 months. The lagged response of SSS in the western Pacific region
relative to changes in SSTA in the Niño 3.4 region is also noted in models and observations [Delcroix et al.,
2011]. The strong correlation between these records reflects a dynamical link between SSS at SBV and
ENSO, demonstrating that ENSO variability drives SSS variations at SBV. ENSO warm (cold)-phase
events manifest as warm (cold) anomalies in the Niño 3.4 region, and as positive (negative) salinity anoma-
lies at Vanuatu. We expect that ENSO events will manifest as similar SSS excursions in the proxy-based
SSS reconstruction. Horizontal dashed lines indicate a threshold for which moderate events are defined
and the horizontal solid lines indicate a threshold for which strong events are defined in the Niño 3.4 region.
ENSO events discussed in Figure 1 are represented here by gold stars.
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which equates to approximate monthly sampling, given an
estimate of an annual extension rate of 1.2 cm/yr. Core 06SB-
A1 was sampled in its entirety and 07SB-A2 was sampled
from 0 to 40 cm (to confirm overlap of the two cores and to
gain an extra year in the time series) and from 143 to 290 cm,
which overlaps with the lower end of 06SB-A1 and extends
the time series back to 1842 CE. Results are only reported to
a depth of 200 cm as a result of diagenetic alteration at the
bottom of the core, which is visible as dark patches in the X-
radiographs and large excursions, as well as the lack of an
annual cycle in the geochemical time series.
[8] Stable isotope determinations were made on aliquots

of sample powder using a Thermo-Finnigan MAT253 Iso-
tope Ratio Mass Spectrometer (IRMS), with a Kiel IV Car-
bonate Device, and on a Thermo-Finnigan Delta V Plus
IRMS with Gasbench II (GB II) connected to a Conflo IV,
both at the Analytical Laboratory for Paleoclimate Studies
(ALPS) at the Jackson School of Geosciences, University of
Texas at Austin. The precision of the Kiel IV/MAT253
IRMS for samples in this study is 0.05‰ for d18O and
0.03‰ for d13C (1s), as estimated via multiple analyses of a
carbonate standard (n = 224), which is consistent with long-
term precision for this instrument of 0.06‰ for d18O and
0.03‰ for d13C. The precision of the GB II/Delta V Plus
IRMS is 0.07‰ for d18O and 0.03‰ for d13C (1s), as esti-
mated via multiple analyses of the same carbonate standard
(n = 25), which is consistent with long-term precision for
this instrument of 0.07‰ for d18O and 0.03‰ for d13C.
Replicate coral samples analyzed on both mass spectro-
meters yield similar results (mean difference = 0.03‰ for
d18O and 0.12‰ for d13C; n = 35). All stable isotope values
are reported relative to Vienna Pee Dee Belemnite (VPDB),
in standard delta notation.
[9] Geochemical variations versus depth were converted

to variations versus time using AnalySeries software
[Paillard et al., 1996]. Geochemical variations in d18O were
used to determine a first-order age model, with the maxi-
mum intra-annual peaks in d18O being assigned as the
coldest month of the year (August), beginning with the year
2007, when the living coral was cored. This first-order age
model places d18O variations in the time domain, with
uneven time increments (Dt). A second-order age model,
with a monthly Dt, was created using the AnalySeries soft-
ware program, which was verified by comparing years with
anomalous d18O values to known ENSO events where pos-
sible. This second-order age model is the final age model
used in all plots and data analysis.
[10] Statistical comparisons between coral proxy varia-

tions and instrumental variations were performed in anomaly
space to avoid the problem of serial autocorrelation in time
series with such strong annual cyclicity (g = 0.96).
Anomalies are calculated as deviations from the monthly
climatology of each variable between 1961 and 1990 CE, a
time interval selected in order to compare all data sets
(including the comparison site, Malo Chanel, which only
extends to 1991 CE) using the same base period. Despite the
smaller number of observations in SSS data prior to 1970
CE, comparison of the SSS base period from 1961 to 1990
CE to the period 1971–2000 CE showed no significant dif-
ference, hence 1961–1990 was chosen to accommodate all
records. A 6-month lag in Vanuatu SSS was used in the

comparison between SSS and Niño 3.4 SSTs [Kilbourne
et al., 2004].
[11] Thermistor logger data were collected at SBV from

2000 to 2006 CE, allowing a direct comparison of 6 years of
daily in situ data with gridded products and coral geo-
chemistry (Figure 3). The amplitude of the annual cycle in
the in situ SST time series is slightly larger (�0.5�C) relative
to the SST time series extracted from the gridded SST
product, but otherwise the two records are similar. SSS has a
weaker annual cycle at SBV relative to SST. We note overall
good agreement between in situ SSS and gridded SSS time
series as well (r = 0.69, p < 0.01). The good agreement
between in situ data and data extracted from gridded pro-
ducts provides additional confidence in relationships derived
between proxy and environmental data outside of the 2000–
2006 CE period of overlap in the records.
[12] We determined the error associated with the long-

term trends in d18O, d13C, and SSS by fitting a trend through
the data and using errors in the X and Y variables to deter-
mine an equation with error in the slope and intercept.
Combining these two errors resulted in the errors on all of
the trends discussed. This takes into account analytical error
and error associated with age modeling.

3. Results and Discussion

[13] The monthly resolved SBV coral d13C and d18O time
series show strong annual cyclicity, as well as a long-term
trend toward more negative values from 1842 to 2007 CE
(Figure 4). Over the length of the record, mean coral d18O
values decrease by 0.41 � 0.16‰, whereas mean coral d13C
values decrease by 0.74 � 0.41‰. Major ENSO events
identified in the instrumental and historical records (e.g.,
1997–98, 1972–73, 1941–42, 1887–88) are recorded in the
SBV coral record as large d18O excursions, which are
especially prominent (>0.2‰) in the d18Oanomaly time series,
where the annual cycle has been removed to more clearly
highlight lower frequency variability. The cause of coral
d13C variations remains poorly understood, but many factors
have been suggested, including the d13C signature of the
DIC in ocean water, which is related to reef productivity,
coral geometry and extension rate, and rates of photosyn-
thesis and respiration [e.g., Weber and Woodhead, 1971;
Land et al., 1975; McConnaughey, 1989; Bacastow et al.,
1996; Swart et al., 2005]. We choose not to interpret the
coral d13C signal in this study, because it does not unam-
biguously address our objectives.
[14] We performed singular spectrum analysis (SSA) on

the d18Oanomaly time series (Figure 5a) to investigate vari-
ability in the record, as a function of frequency. Results of the
analysis indicate that 42% of the variance in the d18Oanomaly

time series is concentrated in the interannual (2–6 years)
frequency band (Figure 5b), which is consistent with ENSO
forcing of the coral d18O record. There is also a large con-
centration of variance in the d18Oanomaly time series (29%) in
the interdecadal (14 years) band (Figure 5d), which matches
well with the mean state, or the average d18O values calcu-
lated for 6 year bins (Figure 5c). Singular Spectrum Analysis
(SSA) indicates that there are periods of high interannual
variability at the same time as quiescence in the interdecadal
band (i.e., 1960–2000 CE), suggesting a decoupling of the
mechanisms behind these two periods of variability. The
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large concentration of variance in the interdecadal band leads
us to investigate the possible mechanisms behind this period
of variability, which is currently not well understood in the
tropical Pacific.

3.1. Assessing the Influence of Temperature
and Salinity on the Coral d18Oanomaly Record

[15] We used gridded SST and SSS products to develop a
pseudocoral, or modeled coral d18O [Brown et al., 2008;
Thompson et al., 2011], that represents the expected
d18Oanomaly record given the instrumental SSTA and SSSA
in the region (Figure S1 in the auxiliary material), in order to
investigate the contributions of temperature and salinity to
the coral d18Oanomaly signal.1 The pseudocoral was calcu-
lated by converting instrumental SST and SSS for Sabine
Bank [Rayner et al., 2003; Delcroix et al., 2011], using a

standard d18O-SST calibration of �0.21‰/�C [DeLong
et al., 2010] and a d18O -SSS calibration of 0.38 ‰/psu
(determined relationship for this record using the in situ and
d18O data, falls between the observed 0.27 to 0.42 ‰/psu
range for the tropical Pacific [Fairbanks et al., 1997;
Morimoto et al., 2002]). We compared our observed d18O
anomaly record with three versions of the pseudocoral: the
combined influence of SST and SSS (total pseudocoral), SST
alone, and SSS alone to examine the contribution of each to
the coral d18Oanomaly record. We found that the correlations
with d18O are 0.72 (with total pseudocoral), 0.47 (with SST
component), and 0.68 (with SSS component), p < 0.01 for all
three (Figure S1), indicating that SSS changes represent a
larger fraction of the variance in the coral d18Oanomaly signal
than SST changes, as expected from the larger magnitude of
interannual SSS variations at this site. Testing several dif-
ferent percent contributions of SSS and SST to create the
pseudocoral, we determined that a combination of 35% SST
and 65% SSS results in the closest representation to the

Figure 3. The average annual cycle at SBV in (a, d) coral d18O (gray); (b) gridded SST (light blue);
(c) gridded SSS (red); (e) in situ SST (teal); and (f) in situ SSS (purple; 2000–2006 CE). Figures 3a–3c
are calculated over the period 1970–2007 CE (length of gridded SSS data), and Figures 3d–3f are cal-
culated over the period 2000–2006 CE (length of in situ data). Dashed lines represent the 2s standard
deviation on the respective annual cycles. Gridded products and in situ data are the same within error.
The d18O and SST variations both show pronounced annual seasonality, whereas SSS variations do not.
The relatively small standard deviation in SST contrasts with the larger standard deviation in SSS, sug-
gesting the presence of a pronounced super-annual signal in SSS. The coral d18O signal records both
SST and SSS changes; hence, the expectation of a strong SST component in the sub-annual band, with
a strong SSS component in the super-annual band. Furthermore, a coral d18O anomaly record, which
removes the influence of the annual cycle, should act to isolate the super-annual signal in SSS.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012PA002302.
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observed coral d18Oanomaly values. This was calculated by
creating a pseudocoral that consisted of percent SST/SSS
contributions that ranged from 100/0% to 0/100%, in incre-
ments of 5% (i.e., 100/0, 95/5, 90/10… 5/95, 0/100). The
pseudocoral consisting of 35/65% gave the highest correla-
tion with the measured d18O time series, which provides the
percent contributions of SST and SSS to the time series. This
relationship was determined over the period 1970–2007,
and is limited by the length of the instrumental SSS data
set. We assume stationarity in the proportional contributions
of SST and SSS to the coral d18O signal because SSS data
needed to evaluate this assumption are lacking in the pre-
1970 period. However, the assumption of stationarity of a
proxy-instrumental relationship developed over the instru-
mental time period affects all proxy-based climate recon-
structions that extend beyond the instrumental period. Thus,
lacking additional instrument data and/or another indepen-
dent SST- or SSS-only proxy there is no easy way to reduce
the uncertainty of the empirically derived proxy relationship
over the calibration-verification interval.
[16] The long-term depletion in the coral d18Oanomaly

record is �0.41 � 0.16 ‰. Given our calculated percent
contributions, the resultant SST trend is a warming of
0.68 � 0.76�C, which is statistically the same as the gridded
SST record from this region, which suggests a �0.45 �
0.45�C warming since 1870 CE. We attribute the remainder
of the trend to an SSS freshening, which equates to
�0.70 � 0.42 psu freshening since 1842 CE. We note that
salinity is reported in regular intervals with a resolution of
0.01 pss-78, according to the 1978 practical salinity scale.

We use the simplified ‘psu’ for practical salinity units
[Reverdin et al., 2012].

3.2. Development and Testing of the Coral d18Oanomaly-
SSS Transfer Function at SBV

[17] We develop and test a transfer function constructed
using linear regression analysis of SBV coral d18Oanomaly

variations and instrumental SSS over the period 1970–2007
CE [Thirumalai et al., 2011]. The equation of that function
is

SSS ¼ 34:861� :007ð Þ þ 1:772� :048ð Þ∗d18Oanomaly;

r ¼ 0:66; p < 0:01 ð1Þ

We performed a calibration-verification exercise (Figure 6)
between d18Oanomaly and SSS at SBV to assess the robust-
ness of the transfer function [Quinn and Sampson, 2002].
The relationship between coral d18Oanomaly and salinity in
the calibration interval (1988–2007 CE) is

SSS ¼ 34:880� 0:011ð Þ þ 1:973� 0:076ð Þ∗d18Oanomaly;

r ¼ 0:65; p < 0:01 ð2Þ

whereas this relationship in the verification interval (1970–
1987 CE) is

SSS ¼ 34:855� :010ð Þ þ 1:616� :065ð Þ∗d18Oanomaly;

r ¼ 0:65; p < 0:01 ð3Þ

Figure 4. Stable isotopic time series from SBV coral from 1842 to 2007 CE (a) d13C (purple), (b) d18O
(black). There is a strong annual cycle in both time series, as well as a trend of �0.41 � 0.16 ‰ for coral
d18O and �0.74 � 0.41‰ for d13C toward depletion in the raw time series. (c) The annual cycles (calcu-
lated as the range of each 6-year bin) shows periods of high variability (�1840–1910, 1960–2007 CE) and
periods of low variability (�1910–1960). The average annual cycles for each 6-year bin can be seen in
Figure S4.
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The slopes in equations (1)–(3) are within error of each
other; however, the intercepts are slightly different. Despite
this small difference, the similarity of the lines (Figure S2)
provides confidence that the transfer function developed in
this study can be used to reconstruct past changes in salinity
at this locality based on coral d18O variations. We also note
that there is a signal in the residuals, which likely reflects a
small temperature component in the coral d18O anomaly
signal (Figure 6, bottom), most likely due to the small
changes in seasonality over this time period (Figure 4c).
[18] We applied the calibration interval equation (2) and

the verification interval equation (3) to the same d18Oanomaly

values from SBV over the period 1970–2007 CE, resulting
in an average misfit between the two data sets of 0.08� 0.06
(1s) psu. We also calculated the average of the absolute
value of the misfit between the reconstructed and instru-
mental SSS and found it to be 0.20 � 0.15 (1s) psu. These
two error estimates provide a means to estimate error in
paleo-salinity reconstructions, the latter of which is used for
a conservative error estimate on the SSS reconstruction
presented here.

3.2.1. Reconstructed SSS Variations at SBV From 1842
to 2007 CE: Long-Term Trend
[19] The reconstructed SSS time series at SBV (Figure 7)

has a prominent trend (0.70 � 0.42 over the length of the
record) toward freshening from 1842 to 2007 CE when the
65% SSS contribution is taken into account. When the trend
in the reconstructed SSS time series is corrected to
0.70 � 0.42 psu, it is within error of the original time series
(gray 1s error cloud, Figure 7, trend of 1.08 � 0.42 psu);
therefore, the trend information in the initial time series
resulting from the d18O-SSS transfer function is preserved.
The trend over the period 1970–2007 is observed to be
�0.19 psu in the gridded data set, while the reconstructed
SSS trend over this period is �0.31 � 0.05 psu, which is
different than observed, likely due to the averaging of the
instrumental SSS record over a 1� � 1� grid square. This
value for the period 1970–2007 has been converted to the rate
of freshening per decade to compare with other records,
resulting in a calculation of 0.08 � 0.05 psu/decade fresh-
ening. The freshening recorded in the SBV coral agrees with
the 0.07 psu/decade observed in this region of the WPWP

Figure 5. (a) SBV coral d18Oanomaly time series; (b) Singular Spectrum Analysis (SSA) reconstruction of
interannual variability, which accounts for 42% of the variance in the coral d18Oanomaly record; (c) average
value of the 6 year bins presented in Figure 4;, and (d) SSA reconstruction of interdecadal variability, which
accounts for 29% of the variance in the record. Periods of enhanced interannual variability (Figure 5b)
appear to coincide with periods of somewhat quiescent interdecadal variability (Figure 5d), i.e., 1960–2000
CE, indicating a decoupling of processes controlling the variability on these two time scales. Interdecadal
variability coincides well with the changes in 6 year binned averages, or the mean state, except for the latter
part of the record, �1980–2007 CE.
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[Cravatte et al., 2009], and the freshening of 0.04 to
0.10 psu/decade observed throughout the western tropical
Pacific [Delcroix et al. 2007]. This observed freshening may
be explained by a shift in the P-E balance of the region,
predicted as increased evaporation, increased moisture in
the atmosphere, and increased precipitation in convective
regions due to a warming climate [Held and Soden, 2006;
Vecchi et al., 2006]. The migration of the salinity front
associated with the SPCZ to the south and east [Cravatte et al.,
2009] may also be a factor contributing to the observed
freshening. Singh and Delcroix [2011] have examined
whether freshening in the western tropical Pacific may be due
to an increase in ENSO events or climate change, and have
determined that the driver of freshening is climate change,
as described above, providing additional confidence in our
proposed freshening mechanism.
3.2.2. Reconstructed SSS Variations at SBV From 1842
to 2007 CE: ENSO
[20] We further explore the response of SSS variations at

SBV to ENSO forcing documented in the instrumental
record (Figure 2) by evaluating the skill of the coral salinity
proxy at SBV with known ENSO events, identified in the
instrumental SST record in the Niño 3.4 region, back to
1870 CE. We use an algorithm developed by Hereid et al.
[2010], which calculates an ENSO event threshold defini-
tion, to perform this assessment. The threshold is selected
where the proxy maximizes accuracy, while minimizing
errors (falsely identified events plus missed events). A
threshold of �0.06‰ has been determined from the ENSO-
filtered d18O time series from SBV. We consider it accept-
able to use this small value as a threshold, because it is an

order of magnitude larger than the value that the analytical
error takes on once the time series is filtered, which is deter-
mined by a Monte Carlo analysis of 1,000 filtered records of
the original time series with varying amounts of analytical
error. The percentage of known events that are correctly
identified provides a measure of coral proxy skill. The SBV
coral proxy correctly identifies 63% of El Niño events and
59% of La Niña events over the instrumental record. While
not perfect, this skill level provides a means by which to
assess the ENSO occurrences in the pre-instrumental period.
[21] The SBV monthly resolved, proxy-based SSS recon-

struction (Figure 7) captures the salinity response to the
major ENSO warm phase events recognized in instrumental
records (El Niño, e.g., 1997–98, 1972–73, 1941–42), and
several negative salinity excursions associated with ENSO
cool-phase events (La Niña, e.g., 1998–2001, 1973–76). The
1972–73 ENSO warm-phase event is captured in the coral
d18Oanomaly record as a strong SSS anomaly – stronger in
fact than that observed in the instrumental SSS record. This
interval of the instrumental SSS record is marked by fewer
observations, and hence it is possible that the magnitude of
the SSS event is underestimated in the instrumental SSS
record. Perhaps more importantly, the SBV coral proxy SSS
record captures the major ENSO warm phase events of
1877–78, 1918–19, and 1941–42, which are also observed
as anomalous in the instrumental SST record, but that occur
prior to the beginning of the instrumental SSS record. The
SSS reconstruction also captures ENSO warm-phase events
that occur prior to the beginning of the gridded SST product,
but that are noted in the historical record (e.g., 1857–59;
1867–69 CE) [Quinn et al., 1987]. Prior to the instrumental

Figure 6. (top) A calibration-verification exercise was used to assess the relationship between variations
in coral d18Oanomaly (black line) and SSS (red line) at Vanuatu. A linear transfer function between coral
d18O and SSS was developed over the calibration period (1988–2007) and applied to the verification
period (1970–1987); a transfer function developed for the verification period was applied to the calibration
period. We compared both to the instrumental SSS record (red) and the same correlation (r = 0.65, p <
0.01) was observed over both time intervals, indicating that the d18O-SSS relationship is stationary over
this period. (bottom) The difference between the instrumental and reconstructed SSS, with dashed hori-
zontal lines indicating the 1s error associated with the salinity reconstruction (�0.35 psu).
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record, accounts of ENSO cool-phase events are much
sparser than those of warm-phase events. Our reconstruction
identifies two cool-phase events prior to 1870, at 1856 and
1860 CE, which are not widely observed in the historical
record [Ortlieb, 2000; Quinn et al., 1987].

3.3. Reproducibility of Proxy-Derived SSS Variations

[22] We applied the transfer function (equation (1)) to
coral d18Oanomaly variations from Malo Channel, Vanuatu
(MCV) to reconstruct salinity at a second location in
Vanuatu back to 1939 CE, which we then used as a repli-
cation study for the SBV reconstructions (Figure 8a). The
d18O record from MCV was only used back to 1939 because
of sampling related issues, recently highlighted by DeLong
et al. [2007]. The correlation for reconstructed MCV and
instrumental SSS is 0.62 (p < 0.01) over their common
period 1970–1991 CE. Coral d18O variability at SBV and
MCV, viewed in terms of SSS variability, exhibit a corre-
lation of 0.45 (p > 0.01) over the period covering the entire
MCV record, 1939–1991 CE. The mean reconstructed SSS
values for SBV and MCV are 34.92 � 0.31 and
34.92 � 0.29 psu, respectively. These are not significantly
different from each other or the instrumental record, which
has a mean of 34.87 � 0.27 psu. Variations in these coral
d18O records primarily reflect regional salinity variations
driven by ENSO-related changes in the SPCZ and its asso-
ciated salinity front. These correlations in coral skeletal
geochemistry across 120 km of ocean provide additional
evidence of the robustness of the coral SSS proxy at Vanuatu

as a monitor of the regional response of the surface ocean to
ENSO forcing in this region.

3.4. Causes of Interdecadal Scale Variability at SBV

[23] Here we investigate the possible drivers of the inter-
decadal variability identified by SSA on the d18Oanomaly time
series, a proxy for SSS. Changes in SSS can be attributed to
a change in the P-E balance of the region or advection of
water masses with different SSS signatures. SBV rainfall
variability is controlled mainly by the SPCZ, which is
influenced by the Interdecadal Pacific Oscillation (IPO) on
decadal to interdecadal time scales [Salinger et al., 2001,
Folland et al., 2002]. SSA of a rainfall record derived from
rain gauge data at Vanuatu over the period 1905–2011
[Lawrimore et al., 2011; P. Masale, personal communica-
tion, 2011] resulted in a peak of variability centered at
16.7 years, which accounts for the largest percentage of
variability in the record. There is a significant negative
correlation of �0.52 (p < 0.05) between the SSA recon-
struction of decadal rainfall and decadal d18O variability
(Figure S3). We are unable to use SSA to correlate the
interdecadal variability in precipitation to that in SSS due to
the short length of the instrumental SSS record, thus we can
only speculate that interdecadal variations in rainfall may be
driving interdecadal coral d18O variations at SBV.
[24] An additional possible driver of decadal-scale SSS

variability is the advection of water with different SSS sig-
natures into the SBV region. The South Equatorial Current
(SEC) flows westward and breaks up into several smaller

Figure 7. SSS reconstruction from SBV coral d18O (black) with �0.35 psu error cloud (1s, gray). Our
reconstructed salinity record is plotted with instrumental SSS (red), demonstrating the skill of our SSS
reconstruction (post-1970), as well as the paucity of instrumental SSS data pre-1970. We mark moderate
to strong ENSO warm-phase (solid red triangles) and cool-phase (solid blue triangles) events identified in
the instrumental, as well as in our reconstruction. Open triangles indicate ENSO warm-phase (red) and
cool-phase (blue) events that occur in the instrumental record, but are not identified in the coral reconstruc-
tion. Black circles indicate both ENSO warm and cool-phase events identified by our coral-SSS recon-
struction in the pre-instrumental period.
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jets as it encounters the many Pacific islands and reefs
[Webb, 2000]. Additionally, vertical mixing of the ocean
driven by changes in surface winds may draw different water
massed up to the surface resulting in SSS variability [Webb,
2000]. We speculate that some of the observed interdecadal
scale SSS variability at SBV is attributable to the advection
of different water masses, possibly as shifts in the surface
currents that pass by SBV. Variability in local rainfall at
Vanuatu (Figure S3) contributes to the decadal variability in
SSS, but changes in ocean currents are likely a main driver.
Additional long proxy records of Pacific decadal variability
are needed to further understand and distinguish these
possibilities.

3.5. Comparison With Other Records and Indices
of Pacific Decadal Variability

[25] We investigated the idea that the decadal variability in
the SBV coral record reflects decadal-scale movement of the
SPCZ by comparing the SBV d18Oanomaly record to coral
records from Fiji and Tonga (F-T), and more specifically, to
the reconstructed Fiji-Tonga Interdecadal-Decadal Pacific
Oscillation (F-T IDPO) [Linsley et al., 2008], and found that
the records have a correlation of 0.58 (p < 0.01), and a
shared variance of 34% (Figure 8b). We further investigated
the correlation between the SBV d18Oanomaly record and F-T
by looking at the correlations between SBV and the five

Figure 8. Comparison between SBV coral record and other western Pacific coral records. (a) Our recon-
structed SSS time series (black) compared to an SSS reconstruction calculated by applying our d18O -SSS
transfer function to the d18O data from Malo Channel, Vanuatu (purple) [Kilbourne et al., 2004]. The two
records agree well, given their separation by 120 km of open-ocean. Dashed horizontal lines indicate the
1s error associated with the salinity reconstruction (�0.35psu). (b) SBV d18O record (gray) compared to
the F-T IDPO (maroon) [Linsley et al., 2008], both records are annually averaged and 8–16 year bandpass
filtered. The records have a significant (p < 0.01) correlation of r = 0.58 over their common period of
1843–2004 CE. While the decadal-scale SSA reconstruction (Figure 5d) varies in amplitude, it is in phase
with the decadal-scale filtered record, which gives us confidence in the 8–16 year filtered record and its
corresponding correlation with the F-T IDPO.
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individual filtered coral records in the F-T composite. Cor-
relations range from a high of 0.62 (p < 0.01) between SBV
and core TH1 to a low of 0.29 (p < 0.01) between SBV and
core TNI2. The correlation with the F-T IDPO record(s) and
the strength of the decadal variability in our reconstructed
SSS time series demonstrates that Vanuatu is a location well
suited for examining and understanding Pacific decadal cli-
mate variability, and that the decadal variability is regional
in extent.
[26] We compared the SSA interdecadal reconstruction of

SBV d18Oanomaly to a commonly used index of Pacific
decadal variability, the Pacific Decadal Oscillation (PDO)
index [Mantua et al., 1997] over their common period, 1900–
2007 CE. We calculated an insignificant correlation (r =
0.15, p > 0.1), indicating a shared variance of only 2%
between the records. We also compared the SBV d18Oanomaly

record with the Interdecadal Pacific Oscillation [Power et al.,
1999; Folland et al., 2002], an index of Pacific-wide inter-
decadal variability, and found an insignificant correlation
(r = 0.13, p > 0.1). This low correlation likely arises
because the IPO time series represents the second EOF of
global SSTs [Parker et al., 2007, Figure 3], and the SBV
d18Oanomaly record is dominated by SSS variability. In order
to make a comparison between SBV and the IPO that is the
same as the comparison made between the IPO and the F-T
IDPO [Linsley et al., 2008], we compared our data, treated
the same as the F-T IDPO data, to the IPO index from
Folland et al., [2002], and again found an insignificant cor-
relation (r = 0.16, p > 0.1). Given the correlation between
SBV and the F-T IDPO (r = 0.58, p < 0.01), it is clear that
the locations share some interdecadal variability, but not
necessarily variability driven by the IPO. Because the SBV
d18O record is predominantly driven by SSS at greater than
annual timescales, it perhaps should not be surprising that
the Vanuatu SSS proxy does not match well with a basin-
wide Pacific SST reconstruction that defines the IPO. The
fact that coral records from Fiji-Tonga [Linsley et al., 2008]
more strongly correlate with the SST-based IPO index
than the Vanuatu coral record implies a greater influence of
SST and/or a stronger covariation between SST and SSS at
Fiji-Tonga than at Vanuatu.
[27] The SBV and F-T IDPO records agree better prior to

1940 than after, suggesting similar surface currents reached
all three locations during this earlier period. Changes in the
surface water circulation post-1940 likely are responsible for
the divergence observed in the coral records at Vanuatu and
Fiji-Tonga. Additional data, such as radiocarbon determi-
nations, are needed to further evaluate these proposed
changes in surface circulation.

4. Conclusions

[28] ENSO-driven changes in SSTA in the central Pacific
region (Niño 3.4) are strongly correlated with observed
SSS changes at Vanuatu. Furthermore, the observed changes
in SSS are well captured by d18O variations recorded in a
Porites lutea coral head from Sabine Bank, Vanuatu over
their period of overlap with the instrumental SSS record
(1970–2007 CE). A robust transfer function between coral
d18Oanomaly and SSS, as demonstrated by a successful
calibration-verification exercise, was developed at Vanuatu

and used to create a coral-based proxy record of SSS varia-
tions extending from 1842 to 2007 CE at SBV and from
1939 to 1991 CE at MCV. The strong reproducibility
between the coral d18O records from these two localities,
which are separated by 120 km of ocean, provides evidence
that corals in this region are recording regional changes in
salinity. Good agreement of SBV interdecadal variability with
the F-T IDPO index pre-1940 further supports the idea of a
regional SSS signal, which is likely driven by ENSO-related
changes in the SPCZ and the migration of a salinity front.
A prominent trend toward freshening of 0.70 � 0.42 psu is
observed and may be attributed to advection of less saline
water into the region over time. Additionally, ENSO warm
(cool) phase events identified in the instrumental SST record
correspond to large positive (negative) salinity excursions,
and most importantly, ENSO events prior to the instrumental
record are identified in our reconstruction. We observe strong
decadal variability in the reconstructed SSS time series
(�14 year period), and speculate that local rainfall variability
as well as the advection of different water masses near SBV
may be influencing SSS on this time scale. Longer proxy
records of SSS variations are needed to constrain ENSO and
SPCZ changes in the southwest Pacific further and to provide
estimates of natural variability in the tropical climate system
on decadal to century timescales.
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