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ABSTRACT

Direct observations indicate a southeastward expansion of the South Pacific convergence zone (SPCZ)
fresh pool and a freshening trend since the 1970s. Understanding decadal and longer-term variability of the
SPCZ fresh pool and of the salinity front located at its southeastern margin has been limited by the scarcity
of instrumental sea surface salinity (SSS) measurements. This study uses coral §'%0 as a proxy for SSS to
extend the salinity record back to the 1880s, from three different locations across the SSS front: Fiji, Tonga,
and Rarotonga (FTR region). High percentages of observed SSS variance are explained by multicoral 5'%0
mean composite at each site. At the interannual time scale, the salinity front displacement over the last 200
years follows the El Nifio-Southern Oscillation (ENSO) index. The different El Nifio flavors are ob-
servable in the amplitude of the salinity front interannual displacement. However, no significant changes
in either the frequency or the amplitude of its displacements were observed. At longer time scales, the
timing and magnitude of the freshening trend vary among sites. The earliest freshening onset of
about —0.06 psu decade ! is detected in Fiji (around 1865), then Rarotonga (around 1939), and Tonga
(around 1982). The role of atmospheric freshwater fluxes on SSS variability is evaluated by comparing
coral SSS to historical precipitation data. The results suggest that, despite the known influence of the
interdecadal Pacific oscillation (IPO) negative phases on increasing atmospheric freshwater fluxes and
lowering SSS in the FTR region, ocean dynamics has a dominant influence at decadal time scale and in the
onset of freshening trends.

1. Introduction The SPCZ position is associated with a large area of
relatively low sea surface salinity (SSS) waters, hereafter
called the SPCZ fresh pool (Gouriou and Delcroix 2002;
Yu 2011; Skliris et al. 2014; Tchilibou et al. 2015). This
SPCZ fresh pool has a northwest—southeast orientation,
extending from the WPWP toward French Polynesia
(Gouriou and Delcroix 2002; Delcroix et al. 2011).
Along the eastern edge of the SPCZ fresh pool, a surface
ocean salinity front delineates its fresh waters from the
high-salinity waters of the south-central Pacific Gyre
(Fig. 1). The mean position of the salinity front is located
Corresponding author: Emilie P. Dassié, emilie.dassie@ird.{r near 15°-20°S, 175°W (Gouriou and Delcroix 2002). In

The South Pacific convergence zone (SPCZ) is one of
the major atmospheric features of the Southern Hemi-
sphere. It is a persistent band of atmospheric conver-
gence associated with deep convection and high rainfall.
It extends southeast from the western Pacific warm pool
(WPWP), where it is merged with the intertropical
convergence zone (ITCZ), deep into the subtropical
South Pacific (e.g., Vincent 1994; Vincent et al. 2011).
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this study we use the 35.2-psu isohaline to identify the
salinity front.

At interannual time scales, the SPCZ fresh pool mean
position shifts with the phases of El Nifio-Southern Os-
cillation (ENSO) (Gouriou and Delcroix 2002; Salinger
etal. 1995,2001, 2014). During El Nifio events, the SPCZ
fresh pool contracts toward a northeast position, and
during La Nifia events, it migrates to a more southwestern
position (Vincent 1994; Salinger et al. 1995; Delcroix
1998; Gouriou and Delcroix 2002). At decadal time
scales, the SPCZ fresh pool responds to the interdecadal
Pacific oscillation (IPO; Power et al. 1999; see Newman
et al. 2016 for a review) through both zonal and meridi-
onal movements along a northwest-southeast-oriented
axis (e.g., Salinger et al. 2001; Folland et al. 2002; Linsley
et al. 2000).

Studies of the long-term variations of the SPCZ fresh
pool have been limited by the scarcity of observational
SSS measurements. Recent studies have, however,
shown a freshening of the fresh pool and its south-
eastward expansion since the 1970s (Cravatte et al.
2009; Singh et al. 2011; Delcroix et al. 2011). A mod-
eling study indicates that this 30-yr long freshening
trend is significantly different from what is expected
from internal variability alone and suggests a discern-
ible human influence (Terray et al. 2012). These recent
decades of freshening are consistent with an in-
tensifying global water cycle as the global climate
system warms following the Clausius—Clapeyron re-
lationship and the so-called wet-get-wetter and dry-
get-drier paradigms (Held and Soden 2006; Chou et al.
2009; Durack et al. 2012; Skliris et al. 2014). SSS pat-
terns in the western subtropical South Pacific result
from a balance between surface forcing [evaporation
minus precipitation (E — P)], horizontal water advec-
tion (at low and high frequencies), and subsurface
forcing (entrainment and mixing; see Hasson et al.
(2013) for a review]. Because of its influence on sea-
water density, SSS plays a key role in different
atmosphere—ocean processes (Gouriou and Delcroix
2002; Cravatte et al. 2009; Terray et al. 2012; Hasson
et al. 2013; Skliris et al. 2014; O’Kane et al. 2016). In-
vestigating past SSS variability is therefore of great
importance to infer possible changes in the hydrolog-
ical cycle, water mass displacement and mixing, and
variability of SSS frontal regions.

In tropical oceans, certain massive coral species can
provide subannually resolved isotopic and geochemical
records that accurately reflect seasonal, annual,
and long-term changes in oceanographic conditions
[e.g., sea surface temperature (SST) and SSS; see e.g.,
Linsley et al. 2006; DeLong et al. 2007; Dassié et al.
2014]. The Republic of Fiji (~16°S, 179°E), the
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Kingdom of Tonga (~20°S, 175°W), and the island of
Rarotonga in the Cook Islands (~21.5°S, 159.5°W)
(hereinafter FTR region) are located in a northwest—
southeast transect perpendicular to the salinity front,
providing unique locations to study the spatiotemporal
variability of the SPCZ fresh pool (Fig. 1). Coral '%0 is
influenced by both SST and 580 of seawater (algosw),
the latter being linearly related to SSS [see Correge
(2006) for a review]. Various studies from the FTR re-
gion have already reported that at interannual time
scales, SSS is the primary driver of coral 'O vari-
ability in this region (Le Bec et al. 2000; Linsley et al.
2006, 2008; Dassié et al. 2014). Two individual coral
records from Tonga and Rarotonga highlighted a
progressive southeastward displacement of the SPCZ
salinity front since the mid-1800s (Linsley et al. 2006).
Superimposed on this secular trend, a strong multi-
decadal signal was also observed in Fiji and Tonga
(Linsley et al. 2008; Dassié et al. 2014). Furthermore,
these studies highlight the importance of water mass
advection in the FTR region, despite being located in
the heavy rainfall region of the SPCZ. A unique re-
gional network of multiple coral records from Fiji
(Dassié et al. 2014) validated that a multicoral local
replication approach is preferred to assess the
regional-scale climatic significance of coral-based
geochemical time series reconstructions (Tudhope
et al. 1995; Gagan et al. 1998; Guilderson and Schrag
1999; Linsley et al. 2015; Lough 2004; Stephans et al.
2004; DeLong et al. 2007). The present study builds
on these aforementioned findings and adds a new
coral record from Tonga, which allows application of
the replication approach at all three sites in the FTR
region. This will allow, for the first time, the con-
straining of the SPCZ salinity front variability, both
temporally and spatially, by using robust coral com-
posite records from all three sites in the FTR region.
In this study we also assess the potential role of oce-
anic advection versus precipitation variability in the
displacement of the SPCZ salinity front. After a brief
presentation of the datasets and methods (section 2),
we demonstrate that 8'0 from coral composite
records allows deriving SSS variability in the FTR
region. Based on these results, we document spatio-
temporal variability of the fresh pool salinity front
since the early 1880s at interannual, decadal, and
secular time scales (section 3). The processes re-
sponsible for such variability are further explored
by evaluating the potential role of surface forcing
relative to other processes. Our results indicate
the dominating influence of ocean circulation on
SSS decadal variability and in the onset of the
freshening trends.
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FIG. 1. Mean SSS (color shading; Delcroix et al. 2011) and
streamlines of drifter-derived global near-surface currents (gray
contours; Lumpkin and Johnson 2013) in the southwestern Pa-
cific Ocean over the 1970-99 period. Stars indicate the three
study sites [Fiji (F), Tonga (T), and Rarotonga (R)]. The black
solid line represents the 35.2-psu isohaline characterizing the
salinity front. (The dotted line corresponds to the transect used
in Fig. 5.)

2. Materials and methods
a. Coral 8"%0 data

Nine massive Porites coral cores are used in this study:
four from Fiji, three from Tonga, and three from
Rarotonga (Table 1). Correlation coefficients between
individual coral '®0 records are significant at the 99%
confidence level (Table 2). In addition, standard de-
viations and variances (Table 3) are similar, implying a
robust regional intercolony reproducibility. Following
the approach presented in Dassié et al. (2014), coral
composites for each site are created. Individual records
from Fiji, Tonga, and Rarotonga are first centered by
subtracting their respective 1960-90 &'®0 mean
values, which is the time period common to all coral
records. Coral composites were then created by av-
eraging all records when at least two records per site
exist. This study focuses on reconstructing interannual
to longer time-scale variability; therefore, seasonal
variability was removed by running a 25-month Han-
ning filter (Blackman and Tukey 1958) on every coral
8'80 series constituting the composites. More details
of the individual coral records used in this study can be
found in appendixes A and B. The methods used to
build the age models (see Fig. Al) are described in
appendix C.

b. Instrumental data

We use Delcroix et al. (2011) and the Simple Ocean
Data Assimilation, version 2.2.4 (SODA2.2.4; Carton
and Giese 2008), monthly SSS products, which both
cover the FTR region and overlap with the most recent
period of the coral data (1999). We selected grid boxes
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(1° resolution) in the Delcroix et al. (2011) SSS product
(SSS_D) centered on 17°S, 179°E for Fiji; 20°S, 175°W
for Tonga; and 21°S, 201°E for Rarotonga. We also
sampled the SODA2.2.4 dataset (SSS_S) by selecting
grid boxes (0.5° resolution) centered on 17.8°S, 179.8°E
for Fiji; 20.3°S, 175.3°W for Tonga; and 21.3°S, 159.8°W
for Rarotonga. After comparing the two products, we
decided to only use SSS_D for our study as this dataset
has a better coverage of the FTR region (see Figs. D1-
D3, and appendix D for details).

Monthly sea surface temperature data from NOAA/
NCDC Extended Reconstructed SST, version 4 (ERSST.
v4; Smith et al. 2008), are also analyzed from grid boxes
(2° resolution) centered on 18°S, 178°W for Fiji; 20°S,
176°W for Tonga; and 22 °S, 160°W for Rarotonga, going
back to 1880.

Cumulative monthly precipitation records from vari-
ous rain gauge sites around Fiji from January 1875 to July
2002 are retrieved from the Pacific rainfall (PACRAIN)
database (http://pacrain.ou.edu/). Unfortunately, Tonga
and Rarotonga do not have multiple observation sites on
their islands to allow the creation of continuous rainfall
time series. Comparison between PACRAIN and GPCP,
version 2.2, datasets (Adler et al. 2003) in the Fiji area
shows that both series are very similar and significantly
correlated (R = 0.70, significant at the 99% confidence
level) over the overlapping period (1979-2002). We
therefore decided to use the PACRAIN product, as it
goes further back in time, and only look at Fiji rainfall
variability.

We rely on the objectively analyzed air-sea fluxes
(OAFlux) from the WHOI OAFlux project (Yu 2007)
to analyze the monthly mean evaporation changes
starting in 1959. We averaged over six grid points
(1° resolution) in the FTR region (16.5°S, 177.5°W;
17.5°S, 177.5°W; 16.5°S, 178.5°W; 17.5°S, 178.5°W,
16.5°S, 179.5°W; and 17.5°S, 179.5°W).

We used the sea level pressure (SLP) Southern Os-
cillation index (SOI) as an index of ENSO variability.
A modern SOI index (SOI_Modern) and a historical
SOl index (SOI_Historical) time series were extracted
from the NOAA/Climate Prediction Center data re-
pository (http://www.cpc.ncep.noaa.gov/data/indices/
soi). Both SOI datasets are monthly time series of the
standardized difference in sea level pressure between
Tahiti and Darwin. The SOI_Modern time series is
continuous from 1950 to 2016, while the SOI_Historical
time series, going from 1882 to 1950, presents some
gaps. When the succession of missing data is less than
one year, missing months are filled with the mean value
of the entire time series. For the period not covered by
the SOI index, we used a 7-century-long ENSO re-
construction derived from tree rings (Li et al. 2013).
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TABLE 1. Summary of the subseasonal resolution coral §'®0 time series. More details on TF1 can be found in appendix B.

Mean 6'%0
Core Species Years? Location Lat, lon value (%,)° Publications
Fiji
1F Porites lutea 1781-1997 Savusavu Bay, Fiji 16°49'S, 179°14'W —5.14 Linsley et al., 2004
AB Porites lutea 1617-2001 Savusavu Bay, Fiji 16°49'S, 179°14'W —4.69 Linsley et al., 2006
FVB1 Porites lutea 1841-2004 Vanua Balavu, Fiji 17°20.1'S -5.15 Dassié et al., 2014
16F Porites lutea 1937-98 Aiwa Island, Fiji 18°19'S, 178°43'W —4.80 Dassié et al. 2014
Tonga
TH1 Porites lutea 1944-2004 Ha’afera Island, Tonga 19°56'S, 174°43'W —4.94 Linsley et al. 2008
TNI2 Porites lutea 1848-2004 Nomuka Island, Tonga 20°16'S, 174°49'W —4.73 Linsley et al. 2008
TF1 Porites lutea 1883-2004 Fonoifua Island, Tonga 20°16'S, 174°38'W —4.72 This study
Rarotonga
2R Porites lutea 1726-1996 Rarotonga, Cook Islands 21°14'S, 159°49'W —4.45 Linsley et al. 2000, 2004
3R Porites lutea 1874-2000 Rarotonga, Cook Islands 21°14'S, 159°49'W —4.38 Linsley et al. 2004
99 Porites lutea 1906-99 Rarotonga, Cook Islands 21°14'S, 159°49W —4.54 Linsley et al. 2004

4 Years where millimeter-scale resolution is available.
" For the common time period of all the cores (1944-96).

This tree-ring index (labeled ENSO tree-ring index) is
based on 2222 tree-ring chronologies from both the
tropics and midlatitudes in both hemispheres. We also
used a new index of the position of the SPCZ (SPCZI)
developed by Salinger et al. (2014). This index is based
on quality-controlled and recently homogenized mean
sea level pressure records for the South Pacific during
the austral warm season (November—April) covering
the 1910/11-2011/12 period.

c. Trend analyses and statistical testing

Pearson product moment correlation coefficients
(referred to as correlation) are used to determine the
significance of relationships. If not specified, the signif-
icance is calculated at the 99% confidence level. The
degree of freedom (df) was adjusted for autocorrelation
using Draper and Smith (1998) test runs.

The frequency components of the coral 8'*0O com-
posites were determined via a red-noise spectral analysis
[REDFIT from the Paleontological Statistics (PAST)
software package for education; Hammer et al. 2001].
The variability of the frequency distribution through
time is obtained using wavelet analyses (wavelet trans-
form from R package biwavelet; Torrence and Compo
1998; Liu et al. 2007).

To extract the long-term trend, we fit a polynomial
function to the coral 8'®0 composites time series. To
determine the break points in trends, we looked at ro-
bust changes in the mean-square error of the time series’
first derivative (Bai 1994).

To remove seasonal variability and highlight in-
terannual to long-term variability, we used a 25-month
Hanning filter (Blackman and Tukey 1958). Interannual
mode of variability is extracted by removing the long-term

TABLE 2. Correlation matrices between individual records for each site over their common time period (1945-97). All values are
significant at the 99% confidence level. The left part of the matrix corresponds to monthly data and the right part to interannual data

(Hanning-filtered data).

Interannual time scale-Hanning-filtered data

Fiji

Tonga Rarotonga

1F AB

0.53

FVB1

0.47
0.53

16F

0.46
0.53
0.85

TH1 TNI2 TF1 2R 3R 99

1F
AB
FVBI1
16F
THI1
TNI2
TF1
2R
3R

99

Fiji
0.70
0.62
0.63

0.63
0.74 0.83
0.83 0.64

0.58

Tonga
0.80
0.62 0.75
0.75 0.70

0.65

Rarotonga
0.79

0.80 0.80
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TABLE 3. Standard deviation and variance (%,) of the individual records over their common time period (1945-97) for both monthly and

Hanning-filtered data.

Fiji Tonga Rarotonga
1F AB FVB1 16F TH1 TNI2 TF1 2R 3R 929
Seasonal time scale
Std dev 0.23 0.23 0.22 0.23 0.22 0.24 0.25 0.20 0.24 0.23
Variance 0.053 0.053 0.049 0.051 0.048 0.057 0.061 0.040 0.059 0.052
Interannual time scale-Hanning-filtered data

1F AB FVBI1 16F TH1 TNI2 TF1 2R 3R 99
Std dev 0.11 0.11 0.13 0.13 0.09 0.08 0.11 0.10 0.10 0.09
Variance 0.011 0.012 0.017 0.017 0.007 0.007 0.013 0.010 0.011 0.007

trend from the time series. The residual is then centered
and normalized by removing its mean and dividing by its
standard deviation.

d. Linear modeling approach to infer coral-based SSS
data

The assessment of the coinfluence of SST and SSS on
coral 8'®0 time series indicates that at interannual time
scale, SSS variability is the leading factor of coral §'*0
variability (see appendix E for details). To investigate
the percentage of SSS variance explained by in-
terannual 'O time series and determine its validity to
reconstruct past SSS variability, we use a statistical
linear modeling approach. Linear regressions were
made between Fiji, Tonga, and Rarotonga coral §'*0
composites and SSS_D. Different calibration and re-
construction periods are tested to infer the robustness
of the model: (i) the entire length of the instrumental
record (1970-2000), (ii) 1970-85, and (iii) 1985-2000
(Fig. E1 and Table E1).

At Fiji, the SSS_D variance explained by the coral
8'%0 is about 80% for all three periods (87% for 1970—
85;72% for 1985-2000; and 79% for 1971-2000). At Fiji,
coral 8'®0-based SSS reconstructions are not influenced
by the calibration periods used. At Tonga, the percent-
age of explained variance ranges from 52% to 68% de-
pending on the period considered (68% for 1970-85;
52% for 1985-2000; and 56% for 1971-2000). The cali-
bration period for the Tonga record does not however
have a large impact on the reconstruction, in spite of the
1970-85 calibration period having a tendency to increase
the amplitude of the signal. For Rarotonga, the per-
centage of explained variance is also not similar among
the periods, with 39%, 44 %, and 55 % for the 1970-2000,
1970-85, and 1985-2000 periods, respectively. The
choice of the calibration period does have a large impact
on the reconstruction at the Rarotonga site. The 1985—
2000 calibration period has a tendency to increase the
reconstruction signal amplitude as well as the low-
frequency variability. Strong ENSO events such as the
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1988/89 La Nifia and the 1997/98 El Nifio lead to higher
than usual interannual variability, which may be re-
sponsible for the reconstruction bias seen when using
the 1985-2000 calibration period. The lower percentage
of explained SSS variance at Rarotonga compared to
other sites might be related to the weaker robustness of
the instrumental SSS data. The number of observations
per year used to create the instrumental time series at
Rarotonga is indeed lower than at both Fiji and Tonga
(see appendix D).

At frequencies lower than interannual time scales,
secular variability of SST and SSS are also not in-
dependent (see appendix E for more details). We
therefore cannot remove the SST influence on the
long-term 8'®0 trend. We decided to focus only
on 8'0-derived SSS (coral SSS) for the rest of
this study.

e. Methodology to quantify the influence of
precipitation on SSS variability

Hasson et al. (2013) assessed the mechanisms affect-
ing the mixed layer salinity (MLS) in the tropical Pacific
Ocean over the 1990-2009 period. They described the
salinity budget as a sum of horizontal advection, surface,
and subsurface forcings. In this section we focus on the
influence of the precipitation term on SSS variability as
described by (term II of Hasson et al. 2013):

3,8 = S. (1)

(E—-P)
H
The left-hand side of the equation is the temporal sa-
linity variability represented by the first derivative of the
monthly coral SSS time series. The right part of the
equation represents the SSS variability in response
solely to surface forcing variability. To isolate the in-
fluence of precipitation, we had to set all the other terms
in Eq. (1). The mixed layer depth H was fixed to 35m,
following the mean annual climatology presented by de
Boyer Montégut et al. (2004). For the salinity S, we used
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FIG. 2. Coral-derived SSS time series from (a) Fiji, (b) Tonga, and (c) Rarotonga, filtered
with a 25-month Hanning filter (thin black lines), and their long-term trend (thick line). The
thick line was obtained by fitting a polynomial function to the time series.

the monthly coral SSS time series, assuming that it
represents the average salinity of the mixed layer. For
the precipitation P and evaporation E, we used the
PACRAIN and the OAFlux databases, respectively
(section 2b). For the period preceding 1959, for which
we do not have evaporation data, we determined the
OAFlux mean values over the 1959-99 period, which
give an average value of 1.77myr '. This value is
consistent with observations in the FTR region made
by Yu (2011). We feel confident in presuming a con-
stant E value since (i) evaporation does not present any
significant long-term variation over the 1979-2008
period (see Terray et al. 2012, their Fig. 2a), (ii) the
contribution of the evaporation component in the
E — P ratio is small in precipitation-dominated areas
(Delcroix et al. 2007; Yu 2011), and (iii) the mean
difference between both SSS variability inferred from
precipitation using a constant £ and OAFlux E values
is small (0.01) and not significant (at the 99% confi-
dence level). To focus on interannual variability, both
coral SSS (SSS_Coral) and SSS variations inferred
from precipitation (SSS_Precipitation) are filtered
with a 25-month Hanning filter.

3. Results
a. Coral-based SSS time series

Fiji, Tonga, and Rarotonga coral SSS time series are
shown in Fig. 2. The series present similar variability
spectra, a secular trend, and higher frequency modes.
Over the common period (1883-1999), intersite corre-
lations are 0.84 for Fiji and Tonga, 0.75 for Fiji and
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Rarotonga, and 0.66 for Tonga and Rarotonga, all sig-
nificant at the 99% confidence level. Spectral analyses
indicate occurrences of frequency peaks consistent with
ENSO (Figs. 3a—c), which, however, decrease in ampli-
tude from Fiji to Rarotonga. Decadal spectral peaks are
evident but are below the 99% confidence level.
Wavelet analyses (Figs. 3d—f) over the entire length of
each record (1781-2000 for Fiji, 1883-2003 for Tonga,
and 1874-1999 for Rarotonga) further reveal power in
the entire ENSO spectral band (from 2 to 8yr), signifi-
cant throughout the records. At Rarotonga a decadal
mode above 10 and below 16 yr is present, but is signif-
icant only after 1900.

b. Coral-based SSS interannual variability

Coral-derived SSS anomalies at Fiji, Tonga, and
Rarotonga are shown in Fig. 4 and compared to the SOI,
the ENSO tree-ring index, and the SPCZ index (see
Table 4). For each site, a significant negative correlation
is found with the SOI (see Table 4). When considering
the entire 1883-1999 SOI time series (including both
SOI_Modern and SOI_Historical), correlation values
are still significant but much weaker, highlighting in-
creased uncertainties introduced when considering the
SOI_Historical index before the 1950s. Correlation with
the ENSO tree-ring index over the 1883-1999 period
also gives significant but weaker values as compared to
when only considering the 1950-99 recent period. In-
terestingly, coral SSS are positively correlated with the
SPCZI over the 1910-99 period (Table 4), confirming
the relevance of our selected sites to capture past SPCZ
position interannual variability in response to ENSO
(Salinger et al. 2014).
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of statistical significance.

Over the 1950-2000 instrumental period, all major
ENSO events (eight El Nifio and seven La Nifia events)
are detected when coral SSS anomalies exceed a 0.75
standard deviation threshold in our coral-based records
(Fig. 4). Over the 1883-1950 period, we further identify
seven El Nifio and six La Nifia events in our records for
the FTR region. El Nifio and La Nifia events for the
pre-1950 period are not easily identified in the SOI_
Historical time series since many years are missing in
the record.

Coral SSS at Fiji, Tonga, and Rarotonga also show
spatial variability of the SPCZ fresh pool through time
(Fig. 5). Over the instrumental period, the SSS zonal
gradient seen in instrumental SSS data is well represented
by coral-based SSS data (Fig. 5a). We can therefore use
coral-based SSS data to reconstruct past displacements of
the salinity front. Linear regressions were made between
the longitudinal position of the 35.2-psu isohaline and
coral SSS normalized anomaly time series at Fiji, Tonga,
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and Rarotonga over the 1970-99 period (Table 5). Fiji,
Tonga, and Rarotonga interannual coral SSS variability
explain 75%, 37%, and 49% of the longitudinal position
of the salinity front variance, respectively. Using the three
sites as a predictor increases the explained variance to
80%, which is, however, not significantly different from
the explained variance obtained when using the Fiji SSS
time series only (dark and light gray lines in Figs. 5a,b).
Predictions of the 35.2-psu isohaline position from Fiji
and FTR region are highly correlated over the in-
strumental time period (1970-99; R = 0.97, significant at
the 99% confidence level) as well as over the overlapping
period (1883-99; R = 0.96, significant at the 99% confi-
dence level). These significant correlations imply that a
large portion of the salinity front displacement is influ-
enced by SSS variability around Fiji. Interannual dis-
placements of the salinity front are observable over the
last 200 years; however, no changes in amplitude are
detected.
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FIG. 4. (a) SOI_Modern (19502016, black curve) and SOI_Historical (1882-1950, light gray
curve) time series and (b) Fiji coral-derived SSS (black curve). (c),(d) Asin (b), but at Tonga and
Rarotonga, respectively. The FTR-region series were first filtered with a 25-month Hanning filter,
detrended, and standardized. Dotted horizontal lines in (b)-(d) indicate the 0.75 standard de-
viation threshold that we define to detect ENSO events. The dark and light gray vertical shading
indicates El Nifio and La Niiia years, respectively. Note that in (b)-(d), the y axis is reversed.

c. Coral-based SSS secular variability

The long-term trend in coral SSS time series reveals a
significant freshening trend (Figs. 2 and 5c), the onset of
which varies from one site to another (Table 6). At Fiji,
SSSis relatively stable until around 1865 when a significant
near-linear freshening is detected of about —0.06 psu
decade'. A similar trend appears at Rarotonga around
1939, with a significant linear freshening of —0.047 psu
decade™!. At Tonga, the coral SSS record also indicates a
significant freshening trend but it is much weaker, of
about —0.012 psu decade !, and appears much later,
around 1982.

d. Influence of precipitation on SSS variability

Interannual SSS_Coral and SSS_Precipitation (see
section 2e) are presented in Fig. 6a. Despite an overall
similar variance, the correlation between SSS_Coral and
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SSS_Precipitation is not significant when considering
the entire length of the records. Over decadal time scales
however, periods with correlation values higher/lower
than *=0.5 are detected with nine periods with a

TABLE 4. Correlation coefficients between the FTR-region
monthly coral-derived SSS anomalies time series and the SOI (SOI_
Modern: 1950-99; SOI_Modern and SOI_Historical: 1882-1999).
Correlation coefficients between the FTR-region annual-averaged
coral-derived SSS anomalies time series and ENSO tree-ring index
(Lietal.2013: 1883-1999) and the SPCZI (Salinger et al. 2014: 1911—
99). All the values are significant at the 99% confidence level.

Fiji Tonga Rarotonga
SOI_Modern -0.70  —0.65 —-0.67
SOI_Modern and SOI_Historical —0.38 —0.35 —0.33
ENSO tree-ring index —-048 —0.55 —0.35
SPCZI 0.48 0.58 0.43
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FIG. 5. (a) Hovmoller diagrams of SSS along a northwest-southeast transect (dotted line in Fig. 1) in the southwestern Pacific Ocean
from 1950 to 2005. On top of instrumental SSS anomalies (background color shading; Delcroix et al. 2011), the coral-derived SSS
anomalies are inserted at their respective longitudes corresponding to Fiji (F), Tonga (T), and Rarotonga (R) (see Fig. 1). The black line
indicates the instrumental 35.2-psu isohaline longitudinal position. The prediction of the 35.2-psu isohaline position using coral-based SSS
time series from Fiji only is shown (dark gray line) together with the prediction obtained using Fiji, Tonga, and Rarotonga time series (light
gray line). (b) Asin (a), but from 1870 to 2005. (c) Long-term trend of the coral-derived SSS data from Fiji (light blue), Tonga (medium

blue), and Rarotonga (dark blue).

significant positive correlation (at least at the 90%
confidence level) and three periods with a negative
correlation (significant at the 90% confidence level;
Fig. 6b). These periods do not correspond to any
specific ENSO events. Over longer time scales, the
30-yr-window rolling correlation (Fig. 6¢) reveals a
consistent pattern of correlation, with periods of persis-
tent positive (1890-1905, 1915-28, and 1945-72), negative
(1928-45), and weakly negative (1905-15 and 1972-85)
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correlations. Interestingly, despite not being significant,
positive and negative correlation phases correspond to
negative and positive IPO phases, respectively. These
results are consistent with previous work showing
coherent multidecadal variability in the SPCZ and
IPO signals (Salinger et al. 2001; Folland et al. 2002)
and more recent studies using historical rainfall da-
tasets (Lorrey et al. 2012; Salinger et al. 2014). Our
results confirm that during negative IPO phases, when
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TABLE 5. Linear regression model fraction of variance explained
R?, slopes, and intercept obtained between the longitudinal posi-
tion of the 35.2-psu isohaline and FTR-region coral-derived SSS
normalized anomaly time series over the 1970-99 period. All the
values are significant at the 99% confidence level except those in
italics.

R? Slope Intercept

Lon vs Fiji 0.75 —7.59 = 0.84 184.68 = 0.78
Lon vs Tonga 0.37 —5.96 £ 1.46 185.16 = 1.23
Lon vs Rarotonga 0.49 —6.57 = 1.26 184.45 = 1.11
Lon vs

FTR region 0.8 — 184.38 = 0.73

Fiji — —8.28 = 1.46 —

Tonga — 2.87 = 1.49 —

Rarotonga — -219 * 116 —

the SPCZ is over the FTR region, the associated
precipitation signal drives the SSS signal, which is not
the case during a positive IPO. To decipher the level
of influence of precipitation on the SSS signal, we
derived the residual SSS by removing precipitation-
induced SSS variations (Fig. 6d). The 30-yr-window
rolling correlation between coral SSS and residual
SSS is positive all the way though the record with
significant correlations (at least at the 90% confidence
level) during positive IPO phases and the oldest
negative IPO phase. This indicates that SSS variabil-
ity in the FTR region is influenced by factors other
than precipitation.

4. Discussion
a. Interannual variability

Fiji, Tonga, and Rarotonga coral SSS signals show
significant coherent variability at interannual time scales
(Fig. 3). Significant correlations between coral-based
SSS detrended time series and the SOI, the ENSO tree-
ring index, and the SPCZI (Fig. 4 and section 3b) suggest
that salinity front displacements in the FTR region are
strongly influenced by ENSO.

Recent studies have shown an increase in both ENSO
variance (e.g., Li et al. 2013) and occurrences of extreme
ENSO events (e.g., Cai et al. 2012) over the last 30 years.

JOURNAL OF CLIMATE

VOLUME 31

Our dataset, however, does not provide evidence of
any significant changes in ENSO event frequency
when put within a longer-term perspective. The
number of detected ENSO events in our records for
the FTR regiondid not significantly change before and
after 1950 (eight El Nifio and six La Nifia events
during the 1950-99 period and six El Nifio and six La
Niiia events during the 1900-50 period). Additionally,
30-yr running variance (not presented here) of Fiji,
Tonga, and Rarotonga detrended coral-based SSS
time series do not present any significant changes over
the 1883-1999 period. ENSO-induced precipitation in
remote areas and therefore SSS interannual variabil-
ity over the southwestern Pacific might respond dif-
ferently from ENSO-induced SSS variability in the
equatorial Pacific band such as presented by Cai
et al. (2012).

Besides changes in ENSO variance, studies have
pointed out that different El Nifio events may have very
different signatures in the southwestern Pacific region.
Vincent et al. (2011) indicates that some asymmetric El
Nifio events (1982/83, 1991-93, and 1997/98) correspond
to a strong northeastward shift of the SPCZ rainfall axis.
Using SSS observations, Singh et al. (2011) looked at the
contrasting SSS features in the tropical Pacific during
central Pacific (CP: 1977/78, 1986-88, 1990/91, and 1992-95)
and eastern Pacific (EP: 1982/83, 1991/92, and 1997/98)
ENSO events. They demonstrated that during EP El
Nifio events [same events as Vincent et al. (2011)’s
asymmetric events], the SPCZ region is characterized
by a marked increase in SSS, which is about 2-3 times
more than during CP El Nifio events. Therefore, we
expect to see different SSS signals at our sites in the
FTR region, depending on the flavor of ENSO events.
The 1982/83 and 1997/98 CP El Nifio events present a
large increase in SSS at all three sites, but not the 1991-93
event (Fig. 4). Looking at the position of the salinity
front during the three EP El Nifio events, the FTR-
region reconstructed salinity front (Fig. 5a) is located
west of Fiji. Nevertheless, the 1977/78 CP EI Nifio
event resulted in a larger displacement. We looked at
EP La Nifna events (1985/86, 1988/89, 1995/96, and
1999-2001) compared to the 1983/84 and 1998/99 CP

TABLE 6. Trends (decade ') for different time periods from FTR-region coral-derived 8'0-SSS, 8'%0,-SSS, and instrumental SST
(ERSST.v4; Smith et al. 2008) and break points, determined using the mean-square error of the time series’ first derivative.

Fiji Tonga Rarotonga
Break point Slope Break point Slope Break point Slope
8'80-8SS 1865 —0.056 psu (1865-2000) 1982 —0.012 psu (1982-2003) 1939 —0.047 psu (1939-99)
SST 1914 +0.028°C (1914-99) 1914 +0.017°C (1914-99) 1914 +0.033°C (1914-99)
8'%0-8SS — —0.062 psu (1914-99) — —0.033 psu (1914-99) — —0.042 psu (1914-99)
8'%0,,,-SSS — —0.054 psu (1914-99) — —0.017 psu (1914-99) — —0.031 psu (1914-99)
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FI1G. 6. (a) Fiji SSS_Coral first derivative monthly time series [black curve; left-hand side of
Eq. (1)] and SSS_Precipitation [right-hand side of Eq. (1)], using instrumental evaporation
time series (gray curve) or a mean value of 1.77 myr ™! (dotted gray curve). (b) Correlation
between coral-derived SSS and precipitation-derived SSS using a 10-yr running window.
(c) As in (b), but with a 30-yr running window. (d) SSS residual obtained by removing pre-
cipitation-induced SSS variations from the coral-derived SSS first derivative. (¢) Correlation
between coral-derived SSS and SSS residual using a 30-yr running window. Light gray and
dark gray dots in (b),(c),(e) indicate a significant correlation at the 90% and 99% confidence
level, respectively. Blue and red shading in (c),(e) highlight periods with negative and positive

IPO phases, respectively.

La Nifia events. The last three EP La Nifia events resulted
in a larger SSS decrease at the three sites than the two CP
La Nifia events (Fig. 4). This is confirmed by the position of
the reconstructed salinity front (Fig. 5a). During EP La
Nifia events, the salinity front moves close to Rarotonga
(except for the 1985/86 event). The salinity front is located
between Tonga and Rarotonga for both CP La Nifa
events. For the majority of ENSO events, the amplitude of
the interannual FTR-region reconstructed SSS variability
resembles that observed by Singh et al. (2011). The am-
plitude of FTR-region SSS variability could therefore be
used to reconstruct past occurrences of both CP and EP
events back to 1883. Combining ocean model reanalysis
and a more extensive coral SSS dataset covering both the
equatorial Pacific and the SPCZ mean area will better
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constrain past EP versus CP ENSO events. This is, how-
ever, outside the scope of this study.

The position of the SPCZ thus influences SSS vari-
ability in the southwestern Pacific, but precipitation
cannot explain all SSS interannual anomalies. The lack
of significant correlation between coral SSS and SSS
variations inferred from precipitation (Fig. 6a) and the
significant correlation between SSS and SSS residual
especially during positive IPO phase (Figs. 6d,e) in-
dicate that other factors are influencing interannual SSS
variability in the FTR region. The SSS residual might be
representative of anomalies in the zonal geostrophic
advection component of surface ocean currents in the
SPCZ region. Over the instrumental period (1976-
2000), the SSS front displacement is correlated with the
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SOI, and during the 1987/88 and 1997/98 EIl Nifio
events for example, westward and slightly northward
surface geostrophic current anomalies were observed
(Gouriou and Delcroix 2002). These current anoma-
lies reverse during La Nifa, with eastward current
anomalies in phase with southeastward displacement
of the fresh pool (Singh et al. 2011; Hasson et al.
2013). Our results are therefore consistent with ob-
servations and suggest a dominant influence of the
South Equatorial Current (SEC), the main zonal
current in our region of interest, as well as the South
Pacific Gyre strength in the east-west movement of
the SSS front on interannual time scale at least since
the early 1880s.

b. Decadal-scale variability and trends

Our reconstructed coral-based SSS time series from
Fiji, Tonga, and Rarotonga enable us to put into per-
spective the freshening trend observed since 1970
(Cravatte et al. 2009). Our records show that the ob-
served eastward displacement of the salinity front is
part of a longer-term trend that started before the
1970s, as already suggested by Linsley et al. (2006). The
salinity front, defined by the 35.2-psu isohaline, mi-
grated from west of Fiji to between Fiji and Tonga as
early as 1865 in our records (Fig. 5c and Table 6). Since
interannual coral SSS variance, mainly driven by the
natural ENSO mode of variability, does not present
any trend, the secular freshening is therefore unlikely
due to internal climate variability. This is in agreement
with Terray et al. (2012) who concluded, using in-
strumental tropical Pacific SSS data combined with
climate model simulations, that the western Pacific
freshening trend was not consistent with internal cli-
mate variability, and suggested a discernible human
influence. Two hypotheses can be formulated to ex-
plain this secular freshening trend: 1) a progressive
eastward displacement and/or intensification of the
SPCZ rainfall axis, and/or 2) changes in ocean circu-
lation, such as relaxation of the SEC or its southward
shift related to basin-scale wind stress and gyre dy-
namics (see Hill et al. 2011).

Based on the normalized mean sea level pressure
difference between Suva (Fiji) and Apia (Samoa),
Salinger et al. (2014) concluded there was little overall
change in the mean northeast—southwestern position of
the SPCZ back to 1910. The long-term freshening trend
observed at the three sites cannot therefore be only due
to a progressive displacement of the SPCZ. An increase
in atmospheric freshwater flux, following the wet-get-
wetter paradigm (see Held and Soden 2006), can lead
to a decrease in SSS over the FTR region. Fiji in-
strumental precipitation data from the PACRAIN
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database does not show a significant long-term trend
over the 1875-2002 period. A trend in freshwater flux
increase is therefore unlikely to be responsible for such
an observed SSS decrease trend.

The 30-yr-window running correlation between coral
SSS and SSS variations inferred from precipitation
(Fig. 6¢) highlighted periods of positive and negative
correlations. These phase switches, despite not being
significant, are synchronous with changes in IPO pha-
ses (Salinger et al. 2001; Folland et al. 2002; Fig. 6c¢).
During negative (positive) IPO phases, the SPCZ tends
to move southwest (northeast), which results in above
(below) average precipitation over the Fiji area. For
the period covered by instrumental SSS records (1970
onward), studies have shown that multidecadal vari-
ability exerted a substantial control over the spatial
pattern of precipitation and SSS in the tropical Pacific
Ocean (Delcroix et al. 2007; Skliris et al. 2014). Over
the last 120 years, despite showing some IPO-related
precipitation influence mostly during the negative
phase, our results suggest the effect of another factor
controlling Fiji SSS variability (Fig. 6¢). This result is in
line with the combined observations and modeling re-
sults of Terray et al. (2012) over the late twentieth
century. They showed that SSS changes exhibit a much
larger spatial-scale pattern than the freshwater fluxes,
suggesting the influence of other factors, such as ocean
circulation, in spreading the freshwater anomaly. In
view of the Terray et al. (2012) conclusions and the lack
of significant correlation between SSS_Coral and SSS_
Precipitation (Fig. 6¢) especially during the positive
IPO phase, we presume that other factors, such as an
intensification and relaxation of the SEC, might play a
significant role in the secular freshening trend seen in
the FTR region.

The Southwest Pacific Ocean Circulation and Climate
Experiment (SPICE; Ganachaud et al. 2014) indicated
that the southwestern Pacific Ocean is the center of
major water pathways from the subtropics to the equa-
tor and to southern latitudes. Transports are large and
vary substantially depending on time scales (Ganachaud
et al. 2014). Additionally, large water volume transport
occurs in narrow jets close to coastlines and reefs and is
not well sampled (Kessler and Cravatte 2013). Those
aforementioned studies focused on the Coral Sea region
northwest of the FTR region; however, similar conclu-
sions can certainly be drawn from our area, especially
regarding the large-scale turbulent pathways of near-
surface currents, which are already observable on their
climatology (Fig. 1).

The onset of the freshening varies from site to site
(Fig. Sc; Table 6), with Fiji leading with a break in trend
around 1865, followed by Rarotonga around 1939, and
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Tonga in the early 1980s. The lack of consistency in
the timing of the trend’s start across the FTR-region
transect might corroborate the influences of ocean dy-
namics and its nonhomogenous pattern across the
FTR region.

5. Summary and conclusions

This study evaluates the use of Fiji, Tonga, and
Rarotonga coral composite 8'%0 as a suitable proxy for
past SSS variability in the southwestern Pacific. With
79%,56%, and 39% of SSS variance captured by coral
8'80 composites at Fiji, Tonga, and Rarotonga, re-
spectively, we created linear models to reconstruct
FTR-region coral SSS variability back to the early
1880s. This allows the generation of a longer-term
perspective on interannual and longer-term SPCZ
fresh pool variability.

At the interannual time scale, the displacement of
the salinity front is strongly modulated by ENSO
events. The different flavors of ENSO as described in
recent studies (e.g., Singh et al. 2011) are observable in
the amplitude of the salinity front interannual dis-
placement. However, combining ocean model re-
analysis and a more extensive coral SSS dataset
covering both the equatorial Pacific and the SPCZ
mean area is needed to obtain a more robust index of
past EP versus CP ENSO. While some studies found an
increase in both the amplitude and the frequency of
ENSO over recent decades (Cai et al. 2012; Li et al.
2013) our records show no evidence of such changes
since the early 1880s. The lack of significant correlation
between interannual SSS variability and precipitation-
induced SSS changes in the FTR region imply the role
of another factor, such as ocean advection on in-
terannual SSS variability.

Over the last 200 years, our study reconstructs an
eastward displacement of the salinity front. This result
puts into perspective the last 30 years of freshening
observed in the instrumental data, which might
provide a benchmark for testing the coupled climate
models’ ability to represent SPCZ fresh pool trends. On
this time scale, precipitation variability seems not to be
the leading factor, indicating that ocean dynamics have
been playing a significant role in the long-term fresh-
ening trend in the FTR region.
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APPENDIX A

Individual Coral Records and the Creation of Coral
Composites

The 10 coral records from Fiji, Tonga, and Rarotonga
used in this study were collected during expeditions
that took place in 1997, 1999, 2000, and 2004. De-
scriptions of the Fiji coral cores 1F and AB are given by
Linsley et al. (2004, 2006) and Fiji coral cores FVB1
and 16F were presented by Dassié et al. (2014). De-
scription of Tonga cores designated TH1 and TNI2 can
be found in Linsley et al. (2008). A new coral record
from Tonga (TF1) is added in this study and described
in appendix B. Coral core TM1, originally discussed in
Linsley et al. (2008), is not included in this study be-
cause of the subsequent realization that a coral fungal
infection had influenced skeletal 6'®0 (Linsley et al.
2008; B. K. Linsley 2010, unpublished results). De-
scriptions of Rarotonga coral cores (2R, 3R, and 99)
are presented in Linsley et al. (2000, 2004) and Ren
et al. (2003). Only coral cores sampled at a millimeter-
scale resolution were used; this resolution (about 6-7
samples per year) proved to be a sufficient sampling
resolution to capture the full annual range of 8'0
variability in massive Porites corals (Quinn et al. 1996;
Dassié and Linsley 2015).

Annual skeletal density bands for the corals analyzed
in this study are not always distinct at every interval in a
particular core; therefore, counting the number of
growth bands (e.g., Knutson et al. 1972) is ineffective in
making an accurate chronology. Clear annual cycles in
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termination methods (see appendix C and Table A1l for more details).

the millimeter-scale 6'*0 FTR-region coral data allow
for the construction of an accurate down-core chronol-
ogy (see Ren et al. 2003; Linsley et al. 2004, 2006; Wu
et al. 2013; Dassié et al. 2014). Lightest (most negative)
880 values in each seasonal cycle were attributed to the
warmest month of the year, and the heaviest (most
positive) values were attributed to the coldest. Prior to
the instrumental SST record, the timing of seasonal SST
minimum and maximum was assumed to be constant.
Since the corals were alive when cored, the top age is
assumed to represent the time of collection. Ages were
assigned to specific depth increments and were then
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linearly interpolated into monthly intervals using a time
series and spectral analysis application software package
(ARAND; Howell et al. 2006). Chronologies were fine-
tuned by cross-dating them at both seasonal and in-
terannual time scales to the other records for the FTR
region as well as to known ENSO events (see studies
cited above for the initial description of each coral core).
We developed an “‘objective” method based on auto-
matic maxima and minima detection with some added
conditions (appendix C) to quantify the chronology er-
ror. This method suggests that the age model error
is less than 1yr per 100yr of core record (Fig. Al;
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Table A1). This error is lower than the error associated
with the approach of counting density bands to de-
velop an age model (e.g., DeLong et al. 2013), prob-
ably because of inconsistent density band formation
and identification.

APPENDIX B

New Tonga Coral Record

The new coral core record, TF1, presented in this
study was collected in 2004 on an exposed reef pass
west of Fonoifua Island (20°16.750'S, 174°38.539'W).
The colony was approximately 3m high with approxi-
mately 7.5 m of water covering the top at low tide. TF1
was cut into about 7-mm-thick slabs along the maxi-
mum growth axis using a modified tile saw. The slabs
were X-rayed (5kV for 90s) to determine the sampling
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tracks. Before sampling them, the slabs were cleaned
in a deionized bath with a high-energy (500 W, 20 kHz)
probe sonicator. The dried slabs were sampled using a
low-speed micro drill with a 1-mm-round diamond drill
bit along the maximum growth axis. A groove ap-
proximately 3mm deep by approximately 3 mm wide
was excavated at 1-mm increments. Approximately
100 wg of coral powder per sample was dissolved in
about 100% H3;PO, at 90°C in a MultiPrep sample
preparation device, and the generated CO, gas was
analyzed by a Micromass Optima gas-source triple-
collector mass spectrometer in the Stable Isotope Ra-
tio Mass Spectrometer (SIRMS) Laboratory at the
University at Albany, State University of New York.
Over TF1 analytical time, the long-term precision of
NBS-19 (laboratory standard) 8'*0 was 0.05%, (N =
123) and the average difference between replicates was
0.049%, (N = 96).
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Objective Coral Age Model Determination

We developed a method to determine in an objective
and systematic manner the coral 'O time series age
model. Results obtained by the “objective” method are
then compared to the original age model determined by
manually setting the timing of seasonal changes of geo-
chemical proxy data (the “timer’” method). The objective
method is based on an R code that determines objectively
the number of 6'%0 seasonal cycles by first detecting the
succession of maxima and minima in 8'%0 time series
corresponding to seasonal temperature minima and
maxima, respectively. Based on the most recent known
age of the 6'%0 time series (coral being alive at time of
collection), dates are then successively assigned to the
detected coral §'®0 minima and maxima. To do so, we
interpolate 8'%0 values in order to obtain monthly time
series, that is, six values between two consecutive minima
and maxima. Time differences between the two methods
are in months (see Table Al and Fig. Al). The source
code is available under GNU General Public License
(https://github.com/lebasn/Corals).
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Sea Surface Salinity Product Assessment

Two SSS products are presented in Fig. D1 and Table
D1 and compared. The first SSS product, the observa-
tional Pacific Ocean gridded SSS product from Delcroix
et al. (2011) (SSS_D), is a monthly resolution product
covering the 1950-2008 period. It is an objective analysis

TABLE Al. The difference in years between the original and
objective chronology methods.

Coral Difference in yr Total No. of yr  Difference for 100 yr
1F 2.5 216 1.16
AB 0.58 384 0.15
FVB1 0.58 163 0.36
16F 1.5 61 2.46
TF1 0.25 121 0.21
TH1 0.66 60 1.10
TNI2 2.58 156 1.65
2R 3.6 270 1.33
3R 0.66 126 0.52
99 0.75 93 0.81
Avg — — 0.97
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F1G. D1. Annual mean SSS time series (psu) for SSS_S (gray curve; Carton and Giese 2008)
and SSS_D (black curve; Delcroix et al. 2011) products at (top)—(bottom) Fiji, Tonga, and
Rarotonga. SSS_D associated error is shown as a gray curve with dots and corresponds to the
number of observations per year. Both SSS_S and SSS_D time series were centered over the

1960-90 mean values.

of observations from Voluntary Observing Ships,
Tropical Atmosphere Ocean/Triangle Trans—-Ocean
Buoy Network (TAO/TRITON) moorings, Argo float
profiles, and conductivity—temperature-depth (CTD)
casts. The density of observations in the SSS_D product
is not spatially homogeneous (Fig. D2). For the neigh-
boring grid points around Rarotonga, only 1000 obser-
vations were made between 1970 and 2000, whereas
both Tonga and Fiji grids contain more than 20000 ob-
servations. Error bars associated with the SSS_D prod-
uct [defined by Delcroix et al. (2011) as the “percentage
of the variance of SSS anomalies relative to mean

monthly climatology”’] allow estimating the confidence
we can place in the observed variability signal. This
dataset uncertainty is linked to the number of observa-
tions per year (gray time series in Fig. D1). We decided
to use data for which the associated error is below
0.2 psu (as recommended by Delcroix et al. 2011). Data
prior to 1970, from the three sites, are therefore not
considered for the remainder of this study.

The second SSS product, the SSS_S (Carton and Giese
2008;), is also a monthly product and covers the 1870~
2010 period. It is based on data-assimilating numerical
simulations. Data used for this product are obtained

TABLE D1. Annual mean SSS of SSS_D (Delcroix et al. 2011) and SSS_S (Carton and Giese 2008) mean values (psu), standard
deviations, and errors calculated over the 1970-2000 period. The df used to evaluate the significance level for the correlation between SSS_D
and SSS_S is shown in parentheses. All correlation coefficients are significant at the 9% confidence level.

Fiji Tonga Rarotonga
SSS_D SSS_S SSS_D SSS_S SSS_D SSS_S
Mean 35 34.74 35.27 34.87 35.52 35.04
Std dev 0.29 0.3 0.25 0.2 0.21 0.2
Estimated error mean 0.14 — 0.13 — 0.13 —
Correlation (df) 0.71 (35) — 0.67 (35) — 0.56 (39) —
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FIG. D2. Density map of the number of SSS ship observations over the 1950-2000 period used
by Delcroix et al. (2011) to produce their SSS gridded product.

from the World Ocean Atlas 2001 (Boyer et al. 2002).
Systematic sampling of SSS (more than 10000 obser-
vations per year globally) did not start until after 1960,
and reached a steady state in the 1970s through the 1990s
(Bingham et al. 2002). Despite not having associated
errors, data prior to 1970 are therefore not considered in
this study, owing to the sparse spatial and temporal
observation sampling.

The two datasets, SSS_D and SSS_S, are not entirely
independent, since they both use TAO/TRITON array,
Argo data, and CTD cast data. The main difference arises
from the methodology used to interpolate the data. SSS_D
is based purely on observations, whereas SSS_S is based
on model assimilation. We therefore believe compari-
son of the two products in the FTR region can be useful
for evaluating SSS uncertainties for our region of study.
For the areas associated with each coral site, annual-
averaged SSS_D and SSS_S products show similar
interannual variability timing over the 1970-2000 period
(Fig. D1). They are significantly correlated at the 99%
confidence level (Table D1) despite presenting different
means (Student’s ¢ test with a 99% confidence level).

To help us determine which SSS product is better
suited in our FTR region, we compared each coral
composite 'O time series with the corresponding SSS_D
and SSS_S time series at each site for the 1970-2000
overlapping period (Fig. D3). To be consistent with
coral 60 composites, a 25-month Hanning filter
(Blackman and Tukey 1958) is run on both instrumental
SSS datasets. The correlation coefficient between coral
8'%0 composites and SSS_D was 0.89 at Fiji and de-
creases to 0.75 at Tonga and 0.63 at Rarotonga (signifi-
cant at the 99% confidence level). Most of the
dissimilarities between coral 6'®0 and SSS_D are,
however, within the error limits of the gridded SSS (gray
shading in Fig. D3). Correlation coefficients between 6'%0
and SSS_S are 0.69 at Fiji, 0.49 at Tonga, and 0.58 at
Rarotonga (significant at the 99% confidence level).
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Despite significant correlations between both SSS prod-
ucts (Table D1), correlations between coral 60 com-
posites and SSS data are greater for SSS_D than SSS_S.
This suggests that SSS_D is more suitable for this region
and will be the only dataset used for the remainder of
our study.

APPENDIX E

Evaluation of the Influence of Sea Surface
Temperature and Salinity Colinear Variability on
Coral 6'®0 Time Series

a. Interannual time scale

Shallow water hermatypic coral 'O is known to be
mainly a function of SSS and SST [see Correge (2006)
for review]. As discussed in the introduction, previous
studies from the FTR region concluded that on in-
terannual time scales, coral 6'%0 is mainly affected by
SSS variability (Le Bec et al. 2000; Linsley et al. 20006,
2008; Dassié et al. 2014). On interannual time scales,
observed SST (ERSST.v4; Smith et al. 2008) and SSS
(Delcroix et al. 2011) variability are significantly corre-
lated at the 99% confidence level (—0.68, —0.59,
and —0.48 for Fiji, Tonga, and Rarotonga, respectively).
It is therefore not possible to separate the influence of
SST and SSS on the coral 6'®0 interannual variability.
To determine the relative influence of SST and SSS
variability on coral §'®0 composites, we compared
monthly coral §'%0 time series (filtered with a 25-month
Hanning filter) to “pseudocorals” time series. Pseudo-
corals correspond to modeled 'O time series based on
the dependence of coral isotopic composition to SST
(—0.22%, °C™1) and SSS (0.35%,psu"') following the
linear method described in Thompson et al. (2011). Two
pseudocoral §'*0 time series, one based only on SSS and
one based on both SST and SSS, were created.
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FIG. D3. Monthly time series after a 25-month Hanning filter of coral §'0 composite values
(black curve). (top) SSS_D (gray curve; Delcroix et al. 2011) and (bottom) SSS_S (gray curve;
Carton and Giese 2008) for Fiji, Tonga, and Rarotonga, respectively (psu). The gray shading
overlapping the gray curves in (top) corresponds to the error (maximal error estimation) as-
sociated with the SSS_D dataset. Correlation coefficient between coral 8'®0 and observed SSS
over the 1970-2000 period are given in the top-left corner of each panel. They are all significant

at the 99% confidence level.

Correlation between coral 8'®0O composites and mod-
eled 8'®0 based on SSS only or both SST and SSS are
similar at all three sites and significant at the 99% con-
fidence level. The addition of the SST factor into the
modeled 8'%0 time series does not increase the corre-
lation between the modeled and coral 8!80 time series
and therefore, does not add meaningful information.
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This suggests a dominant influence of SSS variability on
coral 8'0 variability at interannual time scale.

b. Secular scale

At frequencies lower than interannual, the colinearity
between SST and SSS cannot be assessed, since in-
strumental SSS only covers the last 30 years. We therefore
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FIG. El. Linear regression model predictions of SSS using (a),(b) Fiji, (c),(d) Tonga, and
(e),(f) Rarotonga coral composites as predictors of the SSS_D dataset. Three periods are tested to
calibrate the linear model: the 19702000 (black curve), 1970-85 (green curve), and 1985-2000 (pink
curve) periods.
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constrain the long-term 8'®O trend by removing the in-
fluence of SST warming as if both SST and SSS trends
were independent. Instrumental SST datasets (NOAA/
NCDC ERSST.v4; see section 2b) indicate that the FTR
region is influenced by a long-term warming trend that
started around 1914 in all three sites. The warming cor-
responds to 0.028° 0.017°, and 0.033°C decade™ for Fiji,
Tonga, and Rarotonga, respectively (Table 6). To attempt
to constrain the amplitude of the twentieth-century
freshening trend, we linearly remove the SST influence
on the 60 long-term trend. Instrumental SSTs are
converted into §'®Oggr time series by exploiting the most
commonly used 8'®Oggr slope of —0.23%, °C~! when

comparing multiple locations (e.g., Epstein et al. 1953;
Evans et al. 2000; Lough 2004; Thompson et al. 2011). The
residual long-term 5180, trend (8180 - 618055T) is
then converted into SSS variability (6'%Og,-derived SSS)
using the FTR-region linear models (Fig. E1 and Table E1).
Over the 1970-2003 SSS observational period, Delcroix
et al. (2007) found a linear SSS decreasing trend
of —0.29 psu over the area 15°-17°S, 170°E-170°W. Over
the 1970-99 period, using 6'*0-derived SSS, we found a
similar linear decreasing trend of —023 psu for
Fiji, —0.22 psu for Tonga, and —0.17 psu for Rarotonga
(Table 6). When using 5'80,,-derived SSS time series
at Fiji, the decreasing trend becomes —0.21 psu for

TABLE E1. Linear regression model fraction of explained variance R?, slopes, and intercepts between FTR-region coral composite 80
and SSS_D over three different time periods: 1970-85, 1985-2000, and 1970-2000.

Slope
Fiji
1970-85 0.365652 *+ 0.010 540
1985-2000 0.33662 * 0.015766
1970-2000 0.356 676 = 0.009 741
Tonga
1970-85 0.303037 = 0.015 643
1985-2000 0.289119 = 0.021 021
1970-2000 0.290876 = 0.013496
Rarotonga
1970-85 0.244 6887 = 0.020703 8
1985-2000 0.303 477 = 0.020 834
1970-2000 0.315150 = 0.020 865

Intercept RrR?

—0.036 992 + 0.002 559 0.87
—0.058 661 = 0.003 921 0.72
—0.047 385 = 0.002394 0.79
—0.029 238 + 0.003 35 0.68
—0.057123 £ 0.004 639 0.52
—0.043106 = 0.002 935 0.56
—0.0002317 = 0.003 0554 0.44
—0.095566 + 0.003917 0.55
—0.047905 = 0.003 514 0.39
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Fiji, —0.17 psu for Tonga, and —0.15 psu for Rarotonga
(Table 6), values much weaker than those found using
instrumental SSS. This leads us to conclude that both SST
and SSS trends are not independent, and that we cannot
remove the SST influence on the long-term 6'*0 trend.
The 6'®0 and SSS relationship might change through time,
but it should not be the case over the last 200 years. We
therefore decide to focus only on §'®O-derived SSS in
this study.
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