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Abstract The oxygen isotopic composition of tropical coral skeletons (𝛿18O) is a crucial source of
information on past El Niño/Southern Oscillation behavior. Both temperature and the 𝛿18O of the
surrounding seawater (𝛿18Osw) affect coral 𝛿18O; a linear proportionality with 𝛿18Osw is often used to infer
past salinity variations, but the degree to which dynamical influences on 𝛿18Osw may affect that relationship
is still unclear. Here we use the isotope-enabled Regional Ocean Modeling System to investigate the
dynamics of 𝛿18Osw and salinity variations in different twentieth century climate regimes. The dominant
modes of 𝛿18Osw variability are the background trend and eastern/central Pacific El Niño, similar to salinity;
likewise, budget analysis reveals a strong impact of ocean dynamics (both advection and vertical
mixing/diffusion) on 𝛿18Osw variations during El Niño and La Niña events. These dynamics lead to alterations
in the 𝛿18Osw:salinity relationship across the Pacific: the linear approximation is most accurate near the
eastern edge of the western Pacific warm pool but with nonlinearities due to large 𝛿18Osw excursions
during El Niño. At other sites, the 𝛿18Osw:salinity relationship has substantial scatter and explains relatively
little 𝛿18Osw variance. Strikingly, interannual variability can lead to site-specific 𝛿18Osw:salinity regression
coefficient changes of up to 0.4‰/psu on multiyear time scales. This calls the reliability of coral-based
estimates of El Niño/Southern Oscillation extremes into question and highlights the need for increased
dynamical understanding as well as sustained in situ observations of 𝛿18Osw and salinity variability.

Plain Language Summary Tropical corals record past El Niño and La Niña events through
changes in the isotopic ratios of oxygen in their skeletons, which is affected by the isotopic composition
of seawater local to the reef. This seawater 𝛿18O is thought to be closely related to salinity and is used
to reconstruct past salinity variations associated with El Niño. However, this paper uses an isotope-enabled
ocean model to show that salinity and seawater 𝛿18O have a complicated relationship. The processes
affecting the two variables can be quite different in places, and their relationship varies significantly with
time; therefore, it may be much more difficult to use coral records to reconstruct past salinity changes
(and thus, El Niño impacts) than was previously thought.

1. Introduction

The El Niño/Southern Oscillation (ENSO) dominates interannual climate variability and impacts human and
natural systems around the world (Di Lorenzo & Mantua, 2016; Ropelewski & Halpert, 1987). Its response
to anthropogenic climate change is thus a critical question, but as of yet climate model projections of 21st
century ENSO behavior vary widely (Bellenger et al., 2014; Collins et al., 2010; Guilyardi et al., 2009; Steven-
son, 2012). In order to understand the physical drivers of climate change impacts on ENSO dynamics, a
multicentennial observational ENSO baseline is needed to mitigate the influence of internal variability and
forcing uncertainties (Stevenson et al., 2010, 2012; Wittenberg, 2009). This necessitates the use of paleoclimate
information to extend the instrumental record.

The isotopic ratio of oxygen in the aragonitic skeletons of tropical coral reefs (𝛿18O) is a sensitive recorder
of past ENSO variability; coral reefs are often located near the peak of ENSO-related sea surface temperature
(SST) anomalies, and their high growth rates enable individual El Niño and La Niña events to be reconstructed.
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As such, coral 𝛿18O has been used extensively to infer past ENSO characteristics (e.g., Cobb et al., 2003;
Cole et al., 1993; Linsley et al., 1994; McGregor et al., 2011; Quinn et al., 2006). However, a detailed mechanistic
interpretation of coral 𝛿18O can be difficult, as coral 𝛿18O is governed by both changes in temperature, which
alters 𝛿18O through inorganic aragonite precipitation (Epstein et al., 1953; Fairbanks et al., 1997), and changes
in the ambient 𝛿18O of seawater in the coral environment (𝛿18Osw). This leads to often substantial differences
in the balance of processes affecting coral 𝛿18O at different locations as a function of ENSO phase (Stevenson
et al., 2015), even when biologically driven uncertainties are neglected (e.g., Carilli et al., 2013).

In order to enable the quantitative use of 𝛿18O-based ENSO diagnostics, accurate estimates of ENSO
characteristics based on their 𝛿18O signatures are required. This requires some form of conversion between
a relevant metric of ENSO and local temperature/𝛿18Osw parameter space, which may be performed “online”
within a climate model framework, by directly incorporating oxygen isotopes into general circulation mod-
els (Russon et al., 2013; Schmidt et al., 2007; Werner et al., 2016; Zhu et al., 2017). However, the majority of
general circulation model simulations do not include this capacity, and it is often desirable to perform evalua-
tions using observational data as well. To enable comparison against coral data in such cases, “forward model”
conversions between local physical conditions and coral 𝛿18O have been employed in previous studies
(Dee et al., 2016; Thompson et al., 2011). The temperature component of the model is relatively straight-
forward, relying on the temperature dependence of inorganic aragonite deposition (Epstein et al., 1953;
Fairbanks et al., 1997). However, forward modeling 𝛿18Osw is quite complex; the approach to date relies on the
covariance between salinity and 𝛿18Osw to predict the 𝛿18Osw component of coral 𝛿18O using linear regression
against local salinity (Brown et al., 2008; LeGrande & Schmidt, 2006; Thompson et al., 2011). Although this
approach works as a first approximation, in reality the processes affecting 𝛿18Osw may be distinct from those
governing salinity variations (Stevenson et al., 2015), and the associated errors can in fact lead to uncertainties
of 50% or more on the forward modeled coral 𝛿18O variance (Stevenson et al., 2013).

Improving forward models of seawater 𝛿18O is crucial for improving ENSO reconstructions; since such models
currently rely to a large extent on the relationship between salinity and seawater 𝛿18O, it is therefore also
crucial to understand the controls on these relationships. To date, the extreme sparsity of seawater 𝛿18O data
has prevented the comprehensive analysis of the S:𝛿18Osw relations; only a few observations are available at
any given location (LeGrande & Schmidt, 2006). Nonetheless, it is well established that substantial regional
structure exists in the salinity:seawater 𝛿18O relation (Conroy et al., 2014, 2017; LeGrande & Schmidt, 2006).
The recent construction of the isotope-enabled Regional Ocean Modeling System (isoROMS; Stevenson et al.,
2015) is designed to address this knowledge gap, by creating a spatially and temporally complete set of salinity
and seawater 𝛿18O data covering as long a time period as possible. The Regional Ocean Modeling System
(ROMS) has the capacity to simulate circulation on arbitrarily fine scales, and the inclusion of oxygen isotope
tracers allows isoROMS to serve as an estimate of twentieth century 𝛿18Osw variations (an approximation of the
fields which might result from a reanalysis). A proof of concept study with isoROMS showed the utility of the
model over the late twentieth century (Stevenson et al., 2015); here we present results from a new isoROMS
simulation with increased temporal extent and spatial resolution.

2. Experimental Setup
2.1. ROMS Configuration
ROMS is a free-surface, terrain-following ocean model that uses a split-explicit time-stepping algorithm
(Shchepetkin & McWilliams, 2005) and has been employed to simulate a variety of island environments
(Janeković et al., 2013; Souza et al., 2015), including the impact of local circulation on 𝛿18Osw near the Line
Islands (Stevenson et al., 2015). Here we use a slightly updated version of the isoROMS configuration described
in Stevenson et al. (2015); the representation of seawater 𝛿18O takes advantage of ROMS’ native passive tracer
simulation capacity, with evaporative fractionation computed using the scheme developed by Merlivat and
Jouzel (1979). This approach is described for isoROMS in detail by Stevenson et al. (2015) and follows methods
commonly used in isotope-enabled general circulation models (Noone & Simmonds, 2002; Nusbaumer et al.,
2017; Schmidt et al., 2005).

The present ROMS grid is similar to the Pacific-wide simulation described in Stevenson et al. (2015),
covering the entire Pacific basin north of 30∘S but with increased resolution near the equator to allow
improved simulation of small-scale features. The vertical resolution has also been increased relative
to Stevenson et al. (2015), from 15 to 30 levels. This increase is most pronounced in the upper few
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Figure 1. Performance of NINO3.4 sea surface temperature (SST) anomaly in Regional Ocean Modeling System (ROMS)
relative to Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5).

hundred meters of the water column, enabling a more accurate representation of mixing and diffusion
of surface-driven precipitative/evaporative fluxes. As in Stevenson et al. (2015), surface boundary condi-
tions for most physical quantities (heat flux, wind stress, sea level pressure, and air temperature/humidity)
are derived from the Common Ocean-Ice Reference Experiment, Phase II (CORE2) data set of Large and
Yeager (2008), and seawater isotopologue concentrations are initialized from the time-mean product of
LeGrande and Schmidt (2006).

The use of the isotope-enabled configuration of ROMS requires the specification of the isotopic composition
of precipitation (we note that potential influences from water vapor isotopic exchange are here neglected,
as equilibrium between precipitation and the surrounding vapor is assumed; Merlivat & Jouzel, 1979).
The isotopic composition of precipitation is generally not well constrained observationally, although a lim-
ited amount of data has been collected by the Global Network of Isotopes in Precipitation project (Rozanski
et al., 1993) as well as other targeted investigations (Bailey et al., 2013; Conroy et al., 2016; Moerman et al.,
2013). To provide the necessary input field for isoROMS, we use precipitation 𝛿18O values taken from a twen-
tieth century simulation using the isotope-enabled version of the Community Atmosphere Model version 5
(iCAM5; Nusbaumer et al., 2017). This allows the inclusion of seasonal and interannual variations in precipi-
tation 𝛿18O; seasonal variations in precipitation 𝛿18O are well represented in iCAM5 (Nusbaumer et al., 2017),
while interannual variations are more difficult to validate owing to the lack of continuous observational data.

The treatment of freshwater exchanges between the atmosphere and ocean (e.g., evaporation and precip-
itation) differs in this study from Stevenson et al. (2015). Rather than simply imposing the E-P field from
the German contribution to the Estimating the Circulation and Climate of the Ocean project (GECCO2) state
estimate, the present simulation employs a two-step process designed to provide optimal representation of
salinity while allowing the use of precipitative isotopologue fluxes from iCAM. An initial experiment over the
CORE2 period (1948–2009) was performed with E-P prescribed from GECCO2 and applying a correction term
to the freshwater flux to improve salinity performance (a so-called “salt flux correction”; see also Stevenson
et al., 2015). From this simulation, the evaporation field output from ROMS and the iCAM precipitation field
were then combined to create a new freshwater flux, and a free-running simulation was performed with this
new flux prescribed over the 1948–2009 period. This approach ensures that the net surface freshwater flux
and surface isotopic balance are consistent while maintaining the mean and background trends in salinity
consistent with GECCO2; as such, this is an improvement over the artificial decoupling introduced by the
method of Stevenson et al. (2015).

2.2. Model Validation
The performance of the production run is evaluated relative to both physical and geochemical observa-
tions. The NINO3.4 SST anomaly has been computed for the ROMS production run (Figure 1); when anomaly
time series are compared between ROMS and Extended Reconstructed Sea Surface Temperature Version 3b
(ERSSTv3b), the correlation is 0.86. The absolute temperature time series also correlates extremely well with
ERSSTv3b (R2 = 0.89; not pictured), despite slight biases toward cold conditions earlier in the run, likely related
to adjustment between the atmospheric forcing and initial ocean state. isoROMS captures the mean structure
of 𝛿18Osw quite well, as evidenced by the similar patterns in climatological-mean 𝛿18Osw between isoROMS
and the LeGrande and Schmidt (2006) product over 1980–2009 (Figure 2).
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Figure 2. Climatological mean 𝛿18Osw in (a) isotope-enabled Regional Ocean Modeling System (isoROMS) and (b) the
LG06 data set over 1980–2009.

To validate isoROMS performance at proxy sites, we focus on Pacific locations with multidecadal coral 𝛿18O
time series sampled at seasonal or higher temporal resolution; the total list of sites is given in Table 1.
Temperature and salinity performance at the study sites is roughly comparable to the isoROMS simulation
used in Stevenson et al. (2015). The R2 values for temperature are on the order of 0.7 for sites in the central
equatorial Pacific and 0.8 to 0.9 in locations in the southwest Pacific where the seasonal cycle is the dominant
time scale. Performance is less accurate in the western equatorial Pacific, but the R2 values are still generally
above 0.4. As was the case in Stevenson et al. (2015), the representation of salinity is less accurate than temper-
ature, with the maximum R2 value near 0.7; we anticipate that the correspondence between isoROMS salinity
may be higher using satellite-derived estimates, but this was not possible given the end point of 2009 for the
current simulations. Salinity is generally best represented in the western/central equatorial and southwestern
Pacific, and the mismatches between GECCO2 and isoROMS salinity estimates are of the same magnitude as
those between the GECCO2 and Delcroix et al. (2011) salinity products (not pictured). We thus consider the
physical climate within isoROMS relatively well represented.

The 𝛿18Osw time series from isoROMS are compared with coral-derived values for locations at which paired
coral 𝛿18O and Sr/Ca measurements were available, enabling the computation of seawater 𝛿18O as the resid-
ual of the two (e.g., Cahyarini et al., 2008). Where possible, we have used the seawater 𝛿18O values computed
by the original authors: this is the case for Christmas, Palmyra, and Fanning (Nurhati et al., 2009, 2011).
In cases where the raw coral 𝛿18O and Sr/Ca data were available but the resulting seawater 𝛿18O had not
been made public, we have computed seawater 𝛿18O following the method of Cahyarini et al. (2008) which
relates “centered” (mean removed) SST to Sr/Ca, and coral 𝛿18O to SST, using empirically derived calibration
relationships:

Δ𝛿18Osw = (𝛿18Ocoral − 𝛿18Ocoral) −
𝛾1

𝛽1
(Sr/Ca − Sr/Ca) (1)

Here overbars indicate temporal means, 𝛾1 is the regression of coral 𝛿18O versus SST (here assumed equal to
−0.21‰/∘C), and 𝛽1 the regression slope of Sr/Ca versus SST. The Advanced Very High Resolution Radiometer
(AVHRR) Optimum Interpolation Sea Surface Temperature version 2 (OISSTv2) product was used for calibration
via least squares regression of local SST onto Sr/Ca during the period from 1981 to the end of the record.
Tests in cases where published 𝛿18Osw was available showed that the 𝛿18Osw time series calculated here are
correlated at 0.95 or above with 𝛿18Osw time series provided by the original authors (not pictured).
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Table 1
Performance of isoROMS at Simulating Temperature, Salinity, Coral 𝛿18O, and Seawater 𝛿18O at Coral Study Sites Over
1965– 2009

Site RT RS Rcoral Rsw Coral period Coral reference

Timor 0.86 0.09 0.09 0.07 1965–2004 Cahyarini et al. (2014)

Butaritari 0.58 0.54 0.21 0.10 1965–2009 Carilli et al. (2014)

Maiana 0.62 0.45 0.40 – 1965–1994 Urban et al. (2000)

Nauru 0.47 0.43 0.29 – 1965–1995 Guilderson and Schrag (1999)

Tarawa 0.62 0.45 0.24 – 1965–1990 Cole et al. (1993)

Secas 0.57 0.72 0.02 – 1965–1984 Linsley et al. (1994)

Laing 0.43 0.40 0.11 – 1965–1993 Tudhope et al. (2001)

Madang 0.44 0.44 0.11 – 1965–1991 Tudhope et al. (2001)

Palau 0.67 0.32 0.35 – 1965–2008 Osborne et al. (2014)

Rabaul 0.49 0.33 0.14 0.21 1965–1997 Quinn et al. (2006)

Christmas 0.71 0.35 0.33 0.02 1972–1998 Nurhati et al. (2009)

Fanning 0.74 0.27 0.42 0 1972–2005 Nurhati et al. (2009)

Palmyra 0.71 0.45 0.39 0 1972–1998 Nurhati et al. (2009)

Fiji 0.89 0.43 0.30 – 1965–2001 Linsley et al. (2004)

New Caledonia 0.91 0.41 0.57 0.01 1968–1992 Quinn and Sampson (2002)

Rarotonga 0.91 0.42 0.45 – 1965–1996 Linsley et al. (2006)

Vanuatu 0.89 0.56 0.37 0.17 1965–1992 Kilbourne et al. (2004)

Note. Values given are R2 between observed data and monthly mean isoROMS output averaged over a 2∘ × 2∘ box sur-
rounding each proxy site (temperature and salinity) or from the grid point closest to the coral site (𝛿18O). Data sources
are ERSSTv5 for temperature (RT ), GECCO2 for salinity (RS), and coral data described in the text for coral and seawater
𝛿18O (Rcoral and Rsw). The period used for computing coral and seawater 𝛿18O coefficients is listed as “Coral period.”
The original reference for the coral data is listed in the “Coral reference” column.

Table 1 lists R2 values for coral and seawater 𝛿18O, as specified above. In most cases, the simulation of coral 𝛿18O
is comparable to or somewhat less accurate than the simulation of salinity and are similar to the performance
of the isoROMS configuration presented in Stevenson et al. (2015). However, the model’s ability to correctly
simulate coral 𝛿18O appears to result in large part from its accurate temperature representation, and in gen-
eral the model’s ability to reproduce the 𝛿18Osw time series is lower, with 𝛿18Osw from ROMS exhibiting lower
variance than coral-derived 𝛿18Osw at most sites. The fact that coral 𝛿18O variance is fairly well represented
by ROMS would then suggest the potential for compensating errors in 𝛿18Osw and temperature; however,
tests using ROMS temperature to estimate 𝛿18Osw by subtraction from coral 𝛿18O reveal close agreement with
coral-derived 𝛿18Osw (not pictured), indicating that ROMS-derived temperature is not causing these issues.
Without a more detailed observational 𝛿18Osw data set, it is difficult to attribute model/proxy offsets to either
true deficiencies in ROMS (e.g., errors in simulation of hydrological processes, vertical mixing, or others) or
the uncertainties associated with the computation of 𝛿18Osw from coral 𝛿18O and Sr/Ca (e.g., uncertainties
in the Sr/Ca:SST calibration coefficient or noncontemporaneous high-frequency noise in the 𝛿18O and Sr/Ca
data sets). Given all of these caveats, the fact that there is considerable shared variance between isoROMS
and coral-derived 𝛿18Osw (see time series in Figures 3 and 4) is an encouraging sign, and we anticipate that
future model improvements and refinements in 𝛿18Osw geochemical estimation will lead to still more accurate
simulation of 𝛿18Osw variations.

2.3. Site Classification
For ease of discussion in later sections, we have classified the set of study sites into several categories based
on the prevailing circulation regimes at their locations:

1. Central Pacific. These sites all lie within the Line Islands chain, near the longitude of the ENSO center of
action. Most have been shown to be dominated by variations in temperature (Cobb et al., 2003, 2013;
Nurhati et al., 2011). Nonetheless, seawater 𝛿18O variations can be important at these sites, particularly
during extreme El Niño events; these influences vary from site to site, due to the changing role of ocean
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Figure 3. Performance of the Regional Ocean Modeling System (ROMS) at simulating coral 𝛿18O and coral-derived
seawater 𝛿18O estimates. Solid lines indicate coral-derived observational data, while isotope-enabled ROMS output is
shown as dashed lines. (a) Timor; (b) Butaritari; (c) Rabaul; and (d) Christmas.

dynamical processes and impacts from the Intertropical Convergence Zone (ITCZ; McGregor et al., 2011;
Nurhati et al., 2009, 2011; Stevenson et al., 2015).

2. West Central Pacific. These sites lie near the eastern edge of the warm pool and have been shown to be
affected by both temperature and 𝛿18Osw variations (Carilli et al., 2014; Cole et al., 1993; Urban et al., 2000).
Their location west of the ENSO center of action leads to a lag relationship with ENSO phase, and both
surface-driven and advective processes have been shown to operate at these sites (Carilli et al., 2014).

3. East Pacific. The Galapagos is the only site in this category, lying in the far eastern equatorial Pacific and
dominated by temperature variations. We note that this results in possible biases due to site-specific
influences but, in the absence of other collocated sites, believe that the uniqueness of the Galapagos
warrants its separate classification here. As for the central Pacific sites, precipitative excursions during
El Niño can create large 𝛿18Osw changes; shifts in equatorial upwelling and impacts from the Equatorial
Undercurrent are also potentially significant (Karnauskas et al., 2010).

4. Warm Pool. These sites lie within the climatological extent of the warm pool, farther west than the west cen-
tral Pacific sites. They generally experience higher variations in seawater 𝛿18O relative to temperature (Quinn
et al., 2006; Tudhope et al., 2001). The mean precipitation is large at these locations and the thermocline
relatively deep. Mean temperature and 𝛿18Osw gradients are small at these sites, indicating that advective
influences should arise primarily from shifts in regional circulation rather than larger-scale patterns.
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Figure 4. Same as Figure 3, for additional sites. Solid lines indicate coral-derived observational data, while
isotope-enabled ROMS output is shown as dashed lines. (a) Fanning; (b) Palmyra; (c) Amedee; and (d) Vanuatu.

5. Maritime Continent. These sites are also quite far west but have been separated from the warm pool sites
due to their locations in the Indonesian Throughflow (Timor) or proximity to Australia (Flinders and Great
Barrier Reef (GBR)). Precipitation is also quite high here, and seawater 𝛿18O variations are dominant.

6. Southwest Pacific. These sites lie in the region of influence of the South Pacific Convergence Zone (SPCZ)
and exhibit strong variations in both temperature and seawater 𝛿18O. They span a wide range of longitudes
but are not near any major landmasses and have previously been demonstrated to vary coherently both
with one another and with salinity fronts associated with the SPCZ (Dassie et al., 2014; Linsley et al., 2006;
Wu et al., 2014).

7. Intertropical Convergence Zone. These sites lie north of the equator in the central/eastern Pacific and are
strongly influenced by seasonal and interannual migrations of the ITCZ. They are dominated by seawa-
ter 𝛿18O to a large extent, and surface fluxes are expected to generate the majority of coral 𝛿18O variance
(Linsley et al., 1994).

3. Processes Affecting Seawater 𝜹18O and Salinity

We begin by examining the dominant dynamical influences on both salinity and 𝛿18Osw in isoROMS. Figure 5
depicts the spatial patterns and temporal loadings associated with the first three principal components (PCs)
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Figure 5. First three modes of variability in surface salinity anomaly and seawater 𝛿18O in isoROMS over 1965–2009. (a, b, d, e, g, h) Spatial patterns associated
with modes. (c, f, i) Principal component (PC) time series associated with modes. Note that the signs of the PC time series have been reversed for some modes to
illustrate covariability in salinity and 𝛿18O PCs (e.g., 𝛿18O mode 3).

of anomalies in both fields, calculated using monthly mean output from isoROMS. The first two salinity modes
(Figures 5b, 5e, and 5h) are similar to those previously documented by Singh et al. (2011): the first mode resem-
bles the salinity signature of the Central Pacific El Niño, explaining 22.5% of total variance and containing a
tripolar structure along the equator. In contrast, the second mode (11.0% variance) contains a dipolar struc-
ture centered near 160∘E, associated with variations of the SPCZ and Walker circulation during the eastern
Pacific variety of El Niño. The third mode is associated with the salinity trend (8.15% variance), and the spatial
pattern is consistent with previous observationally derived estimates of late twentieth century salinity trends
(Cravatte et al., 2009; Durack et al., 2012).

The dominant empirical orthogonal functions (EOFs) of 𝛿18Osw anomaly are calculated using the same
methodology as for salinity and the results shown in Figures 5a, 5d, and 5g. Relative to salinity, the 𝛿18Osw

modes are ordered differently in terms of variance explained: the dominant mode is the trend, explaining
24.8% of the total variance. The western Pacific warm pool exhibits strong freshening (salinity)/depleting
(𝛿18Osw) trends, as does the ITCZ region; in contrast, saltening/enrichment is occurring in the subtropical South
Pacific near 20∘S. The larger proportion of variance explained by the trend mode in 𝛿18Osw relative to salinity
may indicate a role for evaporative enrichment/shifts in precipitation 𝛿18O structure in generating the trend.

A cross comparison of 𝛿18Osw and salinity modes shows differences suggestive of varying hydrological influ-
ences on the two fields. For instance, the EOF pattern of 𝛿18Osw mode 2 shows stronger anomalies over the
warm pool than does salinity mode 2. This may reflect a higher sensitivity of 𝛿18Osw to precipitative fluxes, as
changes in the 𝛿18O of precipitation can sometimes play an important role. The 𝛿18Osw pattern in mode 2 also
shows more coherent structure over the ITCZ region, while salinity mode 2 features a more elongated loading
extending from the warm pool into the SPCZ region. In both the warm pool and SPCZ regions, this suggests
that hydrological effects of extreme El Niño events (Cai et al., 2014; Widlansky et al., 2013) may be mitigated in
their 𝛿18Osw expressions, potentially due to shifts in evaporative fractionation, and therefore that such events
may not necessarily be efficiently recorded as 𝛿18O anomalies in coral records.

Differences in salinity/𝛿18Osw expressions of ENSO dynamics appear to affect the distinct behaviors of salinity
mode 1 and 𝛿18Osw mode 3. The PC time series of these modes correspond less well than the other PC pairs
in Figure 5, and the equatorial centers of action in the EOF spatial patterns are noticeably offset from one
another. The salinity mode 1 EOF features strongest loading near 160∘E, consistent with the salinity expression
of eastern Pacific El Niño events (see also Figure 7). In contrast, 𝛿18Osw mode 3 has the peak of equatorial
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Figure 6. Same as Figure 5, for EOFs/PCs of precipitation and P-E. Again, some PC time series have been reversed for consistency (in this case, precipitation mode
2). EOF = empirical orthogonal function; PC = principal component.

variability closer to 130∘E, near the Philippines. We hypothesize that this relates to the shift in atmospheric
convection during El Niño events playing an enhanced role in generating far western Pacific 𝛿18Osw relative
to salinity anomalies.

It should be noted that for both salinity and 𝛿18Osw, the dominant modes of variability reflect a significant
role for ocean dynamics; this highlights the need to move beyond the interpretation of 𝛿18Osw variations as
strictly surface driven (as previously noted by Stevenson et al., 2015, in the context of topographically driven
upwelling around Christmas Island). To illustrate this point, Figure 6 shows the dominant modes of variability
in precipitation and P-E anomalies, following the same conventions as Figure 5. ENSO teleconnection pat-
terns are observable in mode 1, with spatial patterns distinct from salinity or 𝛿18Osw. Likewise, modes 2 and 3
reflect variations in ITCZ migration and convection over the warm pool but with unique spatial and temporal
signatures. Also notable is the lack of a coherent trend in any of the three modes in Figure 6, suggesting that
it may be possible to generate a secular 𝛿18Osw trend without trends in surface freshwater fluxes.

Figure 7 shows the composite anomalies in temperature, salinity, and 𝛿18Osw at the peak of both central Pacific
and eastern Pacific El Niño events defined as in Yeh et al. (2009). These maps confirm that the expressions
of El Niño in 𝛿18Osw and salinity do differ in important ways: in particular, the anomaly in eastern equatorial
Pacific salinity (Figure 7e) does not extend as far east in 𝛿18Osw (Figure 7c) at the peak of eastern Pacific El
Niño events. The largest similarities between salinity and 𝛿18Osw appear in the central to western equatorial
Pacific, a correspondence that will be discussed further in subsequent sections. The coral 𝛿18O patterns differ
much more strongly between eastern and central Pacific El Niño years than do the 𝛿18Osw fields, suggesting
that temperature may be the dominant distinguishing factor in coral 𝛿18O signatures of ENSO diversity.

We next explore the dynamics of the features in Figure 7 by constructing the seawater 𝛿18O budget over the
surface (0–10 m) layer. The procedure follows Stevenson et al. (2015), where the budget of seawater 𝛿18O is
derived from the budgets of the individual isotopologue concentrations using the quotient rule. However,
rather than using the budgets of the total isotopic ratio (R), the present analysis uses a Reynolds decompo-
sition of the H16

2 O and H18
2 O budgets to derive the anomalous seawater 𝛿18O budget. This allows exploration

of El Niño and La Niña influences relative to the seasonal cycle, as has been done extensively for temperature
(Graham et al., 2014; Stevenson et al., 2017) and salinity (Hasson et al., 2013).
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Figure 7. Composite (a, b) sea surface temperature, (c, d) seawater 𝛿18O, and (e, f ) salinity anomalies for eastern and central Pacific El Niño events, during DJF of
the El Niño peak. Here “Year 0” refers to the year of event initiation, and “Year 1” to the following year, such that DJF of the El Niño peak occurs during the winter
of Years 0–1. DJF = December-January-February.

We express the budgets of each isotopologue (here referred to generally as O or individually as either O16 or
O18) in the form

𝜕O
𝜕t

= Φ − v⃗ ⋅ ∇⃗O + D (2)

where Φ is the surface flux term and D is the term representing mixing/diffusion, calculated as the residual of
all other terms. The Reynolds-decomposed form of the isotopologue budget is

𝜕O′

𝜕t
= Φ′ − v̄ ⋅ ∇⃗O′ − v′ ⋅ ∇⃗Ō − v′ ⋅ ∇⃗O′ + v′ ⋅ ∇⃗O′ + D (3)

The budget of the anomalous isotopologue ratio is

𝜕R′

𝜕t
= 𝜕

𝜕t
[

O18

O16
− (

O18

O16
)] = 1

O16
[
𝜕O′

18

𝜕t
− R

𝜕O′
16

𝜕t
] (4)

where the multiplicative factors contain the total time-varying values of O16 and R.

The individual terms in the R′ budget can then be computed by substituting the relevant components of the
isotopologue budgets into (3). When this is performed, Figure 8 shows the resulting contributions of each dur-
ing the development phase of La Niña events and of Eastern Pacific El Niño events. The time rates of change
are large in each case, particularly in the west/central equatorial and southwest Pacific, consistent with the
expected patterns of seawater 𝛿18O during El Niño and La Niña events. The surface fluxes are extremely strong
throughout the equatorial Pacific. However, in many locations these fluxes are mixed into the subsurface rel-
atively rapidly; as such, we plot the surface contribution term here as the sum of flux and mixing/diffusion, to
represent the net influence of surface processes on seawater 𝛿18O.

A key insight from Figure 8 is the importance of advection. For example, although there is significant sea-
water 𝛿18O depletion during El Niño in the western/central equatorial Pacific (Figure 8a) and the reverse
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Figure 8. Terms in the 𝛿18O budget during JJA of eastern Pacific El Niño and La Niña development during 1965–2009. Units are per mil/month.
JJA = June-July-August.

during La Niña (Figure 8b), the net surface influences tend to oppose these tendencies (Figures 8g and 8h).
The dominant drivers of seawater 𝛿18O reduction in this region is zonal advection, with some contribution
from meridional advection. This is consistent with previous budget analyses (Stevenson et al., 2015), as
well as observational work at Butaritari showing significant correlations between 𝛿18O and surface currents
(Carilli et al., 2014). Zonal advection is strong in this region due to the large seawater 𝛿18O gradient at the edge
of the warm pool; the meridional gradients also appear to play a role. In both cases, contributions from both
anomalous advection of mean gradients and mean advection of anomalies gradients are important, although
are not depicted separately here in the interests of brevity.

4. The Seawater 𝜹18O:Salinity Relationship
4.1. Spatial Structure
We next investigate how the distinct behaviors of salinity and 𝛿18Osw affect relationships between the two
variables, which is of key importance for forward model development. Figure 9 maps the regression slope
derived from each individual ROMS surface grid point and shows a great deal of spatial structure, both zon-
ally and meridionally. As suggested by LeGrande and Schmidt (2006; hereafter LG06), the salinity:seawater
𝛿18O slopes are higher in the South Pacific than in the equatorial region. At lower latitudes, precipitation 𝛿18O
is relatively enriched, and so its impact on 𝛿18Osw is minimal, while at higher latitudes the 𝛿18O of precipi-
tation can be quite depleted and thus can produce a stronger change in 𝛿18Osw, which is more in line with
changes in salinity. The zonal equatorial structure is also consistent with observational results (Conroy et al.,
2017), with higher slopes in the western equatorial Pacific than the eastern: slopes in the west are in the range
of 0.4‰/psu to 0.5‰/psu, while in the east slopes are nearer 0.1‰/psu. The cause for the enhanced west-
ern equatorial Pacific slope is likely the higher mean precipitation over the warm pool, which should tend to
enhance covariance between salinity and seawater 𝛿18O. In contrast, in the eastern equatorial Pacific, evapo-
rative fractionation is more important, as is vertical mixing, which can have differential impacts on salinity and
seawater 𝛿18O. However, the salinity:seawater 𝛿18O slope varies substantially on spatial scales much smaller
than the tropical Pacific or South Pacific taken as a whole. We note that the patterns in Figure 9 may vary some-
what due to processes operating on different temporal scales; temporal dependencies are discussed further
in section 4.3.
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Figure 9. (a) Regression slope and (b) R2 value for the SSS:seawater 𝛿18O relationship during 1965–2009. Numbers
indicate proxy sites used in other analyses. SSS = sea surface salinity; 1 = Timor; 2 = Palau; 3 = Laing; 4 = Madang;
5 = Manus; 6 = Rabaul; 7 = Flinders; 8 = GBR; 9 = Amedee; 10 = Vanuatu; 11 = Nauru; 12 = Butaritari; 13 = Maiana;
14 = Tarawa; 15 = Fiji; 16 = Palmyra; 17 = Fanning; 18 = Christmas; 19 = Rarotonga; 20 = Clipperton; 21 = Secas;
22 = Galapagos.

4.2. Site-Specific Relationships
We next examine the structure of the salinity:seawater 𝛿18O relationship at individual sites. In Figures 10–12,
monthly averaged salinity and seawater 𝛿18O in the upper model grid point closest to the coordinates of each
study site are plotted for 1965–2009, and the best fit regression line derived from model output is shown
alongside the regression from LG06. Here the LG06 slope is either the “tropical Pacific” (0.27‰/psu) or the
“South Pacific” (0.45‰/psu) value, as indicated in the relevant panels. The best fit regression slopes for each
individual site are listed in Table 2—it is immediately obvious that the slopes are similar overall to LG06 but
that there is significant variation from site to site.

In Figures 10–12, El Niño, La Niña, and ENSO-neutral periods are plotted using distinct colors and plot symbols,
which shows a diversity of responses in salinity:seawater 𝛿18O space across sites. Here El Niño and La Niña
events are defined based on the NOAA classification, which uses the Oceanic NINO Index: El Niño winters are
those encompassing January 1970, 1973, 1977, 1980, 1983, 1987, 1988, 1992, 1998, 2003, 2004, and 2007;
likewise, La Niña winters are 1971, 1974, 1976, 1989, 1999, 2000, and 2008. For plotting purposes, El Niño and
La Niña periods are defined as July–June centered on January of the years above, while all other times are
considered ENSO-neutral.

The clearest ENSO signal in Figures 10–12 is seen in the west central Pacific sites, which show a relatively
clean separation in phase space between El Niño and La Niña. Here El Niño is associated with low salinity and
𝛿18O values, with the converse during La Niña. This does not occur in the majority of sites in other categories,
despite the overall positive correlations between seawater 𝛿18O and salinity. In fact, in many locations there
does not appear to be a clear difference in salinity as a function of ENSO phase at all. This is likely due to the
use of the full calendar year centered on El Niño-La Niña peaks, which may blur the ENSO signal in regions
less strongly teleconnected than the west central Pacific sites.

The west central sites (Figure 11) show a slight tendency toward nonlinearity in their salinity:𝛿18Osw relation.
This is evidenced by the fact that low-salinity values are accompanied by 𝛿18O values more negative than pre-
dicted by the linear fit, lending these plots a curved appearance. This effect is present but smaller at some
warm pool sites (e.g., Laing, Madang, and Timor). At the west central sites, Figure 8 shows that the dominant
contributor to 𝛿18Osw depletion during El Niño development is zonal advection. This is therefore the most
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Table 2
Regression Slopes 𝛽 , Uncertainties on Regression Slopes Using a 36-Month Randomly Selected Window, and R2 Values for
Overall Salinity:Seawater 𝛿18O Relationships for the 1965– 2009 Interval in isoROMS

Site Class 𝛽 𝛽CI R2

Flinders Maritime Continent 0.49 +0.23/+0.63 0.50

GBR Maritime Continent 0.43 +0.24/+0.53 0.52

Timor Maritime Continent

Butaritari West Central Pacific 0.30 +0.11/+0.55 0.66

Maiana West Central Pacific 0.26 −0.02/+0.40 0.64

Nauru West Central Pacific 0.27 +0.10/+0.48 0.66

Tarawa West Central Pacific 0.26 −0.03/+0.41 0.64

Clipperton ITCZ 0.35 +0.21/+0.43 0.32

Secas ITCZ 0.28 +0.20/+0.50 0.40

Laing Warm pool 0.43 +0.14/+0.52 0.51

Madang Warm pool 0.43 +0.12/+0.57 0.48

Manus Warm pool 0.41 +0.22/+0.52 0.64

Palau Warm pool 0.39 +0.17/+0.59 0.31

Rabaul Warm pool 0.52 +0.22/+0.73 0.62

Christmas Central Pacific 0.35 +0.18/+0.68 0.38

Fanning Central Pacific 0.23 −0.12/+0.47 0.19

Palmyra Central Pacific 0.29 +0.04/+0.53 0.38

Fiji Southwest Pacific 0.38 +0.12/+0.47 0.38

New Caledonia Southwest Pacific 0.34 0.00/+0.57 0.23

Rarotonga Southwest Pacific 0.39 +0.13/+0.53 0.30

Vanuatu Southwest Pacific 0.29 +0.06/+0.48 0.31

Galapagos Eastern Pacific 0.19 +0.14/+0.30 0.20

Note. isoROMS = isotope-enabled Regional Ocean Modeling System; ITCZ = Intertropical Convergence Zone.

likely explanation for the nonlinear behavior of 𝛿18Osw in Figure 11. We hypothesize that the strong precipita-
tive anomalies near the warm pool edge modify the 𝛿18Osw gradient more efficiently than the salinity gradient,
creating enhanced 𝛿18Osw anomalies relative to salinity. In contrast, Laing, Madang, and Timor lie in a domain
strongly impacted by meridional advection (Figure 8). This is driven by the relaxation/strengthening of the
trade winds during the ENSO cycle, enhancing/reducing the transport of low-𝛿18Osw waters away from the
equator. The 𝛿18Osw gradient is weaker meridionally than zonally, explaining the smaller magnitude of the
nonlinearity at these sites relative to the west central grouping. Nonetheless, the coherent nature of this non-
linear behavior suggests the possibility for a nonlinear prediction based on salinity to provide an improved
𝛿18Osw forward model.

At the southwest Pacific sites, the salinity:𝛿18Osw nonlinearity is not visually obvious. However, these sites show
significant scatter overall, with a much larger range of seawater 𝛿18O values appearing for a given salinity.
Based on Figure 8, the dominant influence on these sites during ENSO variations is surface flux changes, with
some contribution from meridional advection. This could lead to scatter in the salinity:𝛿18Osw relation through
variations in precipitation 𝛿18O, the efficacy of subsurface mixing, or water mass exchanges across 𝛿18Osw

gradients (Linsley et al., 2006).

A high degree of scatter in the salinity:𝛿18Osw relationship is also observed in Figure 12 for the eastern and
central Pacific, as well as the ITCZ, sites. In the ITCZ case, it is likely that variations in precipitative fluxes due
to seasonal and ENSO variations are responsible for much of this; the importance of meridional advection
in Figure 8 also suggests a role for water mass exchanges in affecting the salinity:seawater 𝛿18O relationship
(a hypothesis also put forward for the Panama Bight region by Benway & Mix, 2004). For the eastern and
central Pacific sites, the causes are likely both surface driven and dynamical. Strong ITCZ variations exist
at Palmyra, for example, but meridional advection is also important here (Figure 8; Cobb et al., 2003).
Subsurface mixing/diffusion are expected to be stronger at Christmas and Fanning due to their closer
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Figure 10. SSS:𝛿18O relationships for monthly averaged Regional Ocean Modeling System (ROMS) output over the 1965-2009 period for Maritime Continent and
warm pool sites. Red lines indicate the best fit linear regression slope from ROMS, while dashed black lines indicate the corresponding slope for either the
“tropical” or “southern” Pacific from LeGrande and Schmidt (2006). SSS = sea surface salinity. (a) Timor; (b) Flinders; (c) Great Barrier Reef (GBR); (d) Rabaul;
(e) Laing; (f ) Madang; (g) Palau; and (h) Manus.

proximity to the equator (Nurhati et al., 2011), while at the Galapagos these processes may also be amplified
by Equatorial Undercurrent variability (Karnauskas et al., 2010).

4.3. Temporal Stability
The final aspect of the seawater 𝛿18O:salinity relationship that must be considered is temporal variability.
Particularly in locations where the ENSO signal is strong, the choice of study period may impact this slope
by aliasing different levels of ENSO activity into the analyses. This is investigated qualitatively in Figure 13,
which shows salinity:seawater 𝛿18O regression maps for three subintervals of the 1965–2009 period. Little
change is observed in locations where the slope is already low (e.g., the eastern equatorial Pacific). However,
strong modulation occurs in the central/western equatorial Pacific, near the Line Islands and the west cen-
tral Pacific sites from Table 1. This highlights the importance of sustained monitoring efforts to adequately
constrain long-term salinity and seawater 𝛿18O variations in the presence of possible “regime shifts” in the
salinity:𝛿18Osw relationship.

As an estimate of the uncertainties arising solely from temporal variability, a Monte Carlo analysis has been
performed for each of the study sites in Table 1. Here a random starting time is chosen within the 1965–2006
period and the salinity:seawater 𝛿18O regression slope computed for the 3-year period following that point.
The choice of a 3-year interval is arbitrary but here chosen to represent typical lengths of salinity and 𝛿18O
monitoring campaigns conducted to date (e.g., Conroy et al., 2017). Table 2 shows the 90% confidence inter-
vals derived from 1,000 bootstrap samples using this approach. The slopes vary substantially at all sites, with
a typical range of 0.2‰/psu to 0.6‰/psu—at most locations, the range of values encompasses both the
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Figure 11. Same as Figure 10, for “west central” and “southwest Pacific” sites. (a) Tarawa; (b) Maiana; (c) Nauru; (d) Butaritari; (e) New Caledonia; (f ) Vanuatu;
(g) Fiji; and (h) Rarotonga.

tropical Pacific and South Pacific regional slopes computed by LG06. This is striking, as it indicates that at least
on interannual time scales, the temporal variability in the salinity:seawater 𝛿18O relationship is actually larger
than the spatial variability.

5. Discussion and Conclusions

The changing role of seawater 𝛿18O in generating variations in coral 𝛿18O on interannual time scales is a key
uncertainty in coral-based ENSO reconstructions (Cobb et al., 2013). Without an accurate method for pre-
dicting both coral and seawater 𝛿18O as a function of ENSO dynamics, it is impossible to determine how
well climate models represent the time history of ENSO; and in turn, without the ability to evaluate current
salinity-based methods for predicting seawater 𝛿18O (Brown et al., 2008; Thompson et al., 2011), it is impossi-
ble to guide future improvements to coral forward modeling (Stevenson et al., 2013, 2015). Toward that end,
this study has provided the first detailed dynamical analysis of controls on twentieth century seawater 𝛿18O in
a physically realistic and spatiotemporally complete framework. These results thus complement existing stud-
ies based on observational data with limited extent (Conroy et al., 2014, 2017) and those using coupled model
output (Russon et al., 2013), which may cover extremely long time scales but are subject to larger biases.

The relationship between salinity and seawater 𝛿18O in isoROMS is structurally similar to results from observa-
tions (Conroy et al., 2014, 2017; LeGrande & Schmidt, 2006), with lower slopes in the eastern equatorial Pacific
relative to the central and western equatorial Pacific and higher slopes in the off-equatorial regions relative to
the equatorial. However, the spatial structure of the regression relationship is quite complex, with variations
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Figure 12. Same as Figure 10, for “central Pacific,” “ITCZ,” and “eastern Pacific” sites. ITCZ = Intertropical Convergence Zone. (a) Christmas; (b) Palmyra; (c) Fanning;
(d) Galapagos; (e) Clipperton; and (h) Secas.

on spatial scales much smaller than suggested by LG06; slopes tend to be higher in regions directly impacted
by the major tropical convergence zones, as well as in western equatorial Pacific locations with high clima-
tological precipitation. The extremely low slopes observed in the eastern equatorial Pacific appear to result
from strong vertical mixing and diffusive influences as well as shifts in water masses, which lead to differential
salinity and seawater 𝛿18O responses and drive down covariance.

When examined at specific fixed study sites, the relationship between salinity and seawater 𝛿18O behaves
quite differently in various circulation regimes. At equatorial sites near the edge of the warm pool (“west
central Pacific” sites), salinity and seawater 𝛿18O covary quite strongly, and the local linear regression explains
a substantial portion of the variance in 𝛿18Osw. This coherent relationship is driven primarily by zonal advective
anomalies during the ENSO cycle, as the gradients in salinity and 𝛿18Osw are strongly modified, as are anoma-
lies in wind-driven currents. However, there is a noticeable nonlinearity in the relationship, with low-salinity
periods associated with extremely negative seawater 𝛿18O values. In locations within the warm pool and
under the ITCZ and SPCZ (“warm pool,” “southwest Pacific,” and “ITCZ” sites) no substantial nonlinearities
are seen, but the scatter in the salinity:seawater 𝛿18O relationship is quite large. This appears to result from
a combination of changes to precipitation 𝛿18O, variations in subsurface mixing, and advective contribu-
tions. Finally, in the central/eastern equatorial Pacific (“eastern” and “central Pacific” sites), including the Line
Islands chain which lies near the center of the NINO3.4 index region, there is both large scatter and substan-
tial deviation from the overall relationship during ENSO extremes. The mechanisms for these influences differ
from site to site within the eastern and central Pacific groupings, with enhanced contributions from equato-
rial upwelling/mixing at sites nearer the equator (Christmas, Galapagos) and contributions from precipitative
fluxes and meridional advection more significant further from the equator (Palmyra). Such processes may
help explain some of the observed spatial dependence of salinity:𝛿18Osw relationships (Conroy et al., 2017;
LeGrande & Schmidt, 2006).

ENSO dynamics sometimes play a significant role in altering the salinity:𝛿18Osw relation, but this is not the
case at all sites. At the west central Pacific sites (Figure 11), the salinity:seawater 𝛿18O relationship appears rel-
atively coherent, indicating that salinity-based forward models should perform well regardless of ENSO phase
and lending support to previous work in the region (Nurhati et al., 2009). However, in locations with large
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Figure 13. SSS:𝛿18O relationships for isotope-enabled Regional Ocean Modeling System over three subintervals
within the simulation period. Numbers indicate proxy sites used in other analyses. SSS = sea surface salinity; 1 = Timor;
2 = Palau; 3 = Laing; 4 = Madang; 5 = Manus; 6 = Rabaul; 7 = Flinders; 8 = GBR; 9 = Amedee; 10 = Vanuatu; 11 = Nauru;
12 = Butaritari; 13 = Maiana; 14 = Tarawa; 15 = Fiji; 16 = Palmyra; 17 = Fanning; 18 = Christmas; 19 = Rarotonga;
20 = Clipperton; 21 = Secas; 22 = Galapagos. (a) 1965–1979; (b) 1980–1993; and (c) 1994–2009.

scatter, a prediction of seawater 𝛿18O based on salinity (e.g., Thompson et al., 2011) may be strongly biased
by ENSO variability within the study period—or simply unable to capture 𝛿18Osw variance due to noise in
the relationship. This suggests potential uncertainties in interpreting existing 𝛿18O records at these locations
as representative of salinity (Dassie et al., 2018; Linsley et al., 2006). Finally, at some locations (in particular,
Fanning, Madang, and Vanuatu) the slope of the salinity:seawater 𝛿18O relationship is also fundamentally
different for ENSO-active periods, due to extreme salinity and 𝛿18O excursions related to El Niño or La Niña.

Although the major spatial features of the salinity:seawater 𝛿18O relationship are fairly stable through time, the
values of the regression coefficients are not. Significant variations on decadal time scales are observed within
ROMS, with the strongest changes seen in the central and western equatorial Pacific. Changes in coefficients
are even larger on interannual time scales; a Monte Carlo analysis indicates that over an arbitrarily chosen
3-year period, the regression coefficient may change by up to 0.5‰/psu at most locations, likely owing to the
action of the ENSO extremes occurring during that period.

These results have implications for the reconstructions both of ENSO and of paleosalinity (Conroy et al.,
2017; Rohling & Bigg, 1998; Schmidt, 1999). The large temporal variability in the salinity:𝛿18O slope implies
that reconstructing past ENSO extremes may be associated with much larger uncertainties than previously
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Figure 14. Correlation coefficient for (a) coral and (b) seawater 𝛿18O time series with the NINO3.4 index computed from
isoROMS, over 1965–2009. Filled circles indicate study sites, as in Figure 13.

thought. Figure 14 shows the correlations between coral and seawater 𝛿18O and the NINO3.4 index in
isoROMS; these coefficients do not always share the same sign, demonstrating that seawater 𝛿18O can have
either a magnifying or damping influence on coral 𝛿18O. If the seawater 𝛿18O component of 𝛿18O variability is
not correctly represented in forward modeled 𝛿18O estimates from observations or climate models, the esti-
mated ENSO extremes may therefore be overly large or small accordingly. Likewise, the reverse is true: using
coral 𝛿18O records to extend observationally derived estimates of long-term salinity trends (Durack et al., 2012;
Thompson et al., 2011) will be strongly influenced by these uncertainties as well. We note that these results
are subject to caveats related to model performance; for further validation, both sustained monitoring efforts
and additional model-based investigations are crucial for understanding the true extent of variability in the
salinity:𝛿18Osw relationship and are highly recommended.
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error has since been corrected, and this can be considered the authoritative version of record.
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