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Abstract

Water isotope-enabled coupled atmosphere/ocean climate models allow for exploration
of the relative contributions to coral stable oxygen isotope (δ18Ocoral) variability aris-
ing from Sea Surface Temperature (SST) and the isotopic composition of seawater
(δ18Osw). The unforced behaviour of the isotope-enabled HadCM3 Coupled General5

Circulation Model affirms that the extent to which inter-annual δ18Osw variability con-
tributes to that in model δ18Ocoral is strongly spatially dependent, ranging from being
negligible in the eastern equatorial Pacific to accounting for 50 % of δ18Ocoral variance
in parts of the western Pacific. In these latter cases, a significant component of the
inter-annual δ18Osw variability is correlated to that in SST, meaning that local calibra-10

tions of the effective local δ18Ocoral–SST relationships are likely to be essential. Fur-
thermore, the relationship between δ18Osw and SST in the central and western equa-
torial Pacific is non-linear, such that the interpretation of model δ18Ocoral in the context
of a linear dependence on SST alone may lead to overestimation (by up to 20 %) of
the SST anomalies associated with large El-Niño events. Intra-model evaluation of a15

salinity-based pseudo-coral approach shows that such an approach captures the first-
order features of the model δ18Osw behaviour. However, the utility of the pseudo-corals
is limited by the extent of spatial variability seen within the modelled slopes of the
temporal salinity–δ18Osw relationship.

1 Introduction20

The stable oxygen isotopic composition of reef-dwelling coral aragonite (δ18Ocoral)
represents a temperature dependent fractionation away from the ocean water from
which calcification occurred. Consequently, δ18Ocoral depends on both the temperature,
taken here as being the Sea Surface Temperature (SST), and the isotopic composition
of the surface ocean water, denoted here as δ18Osw. The temperature sensitivity of25
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this fractionation yields a slope for the δ18Ocoral–SST relationship, denoted here as
RSST–coral, of ∼ −0.2 ‰K−1 (Lough, 2004; Juillet-Leclerc and Schmidt, 2001; Corrège,
2006; McConnaughey, 1989b; Zhou and Zheng, 2003). This relationship provides the
basis of the standard isotope paleo-temperature equation, shown here as Eq. (1), ne-
glecting any quadratic terms. The constant term, C, includes any vital-effect offsets5

from isotopic equilibrium (McConnaughey, 1989a,b).

δ18Ocoral=δ
18Osw +RSST–coral(SST−C) (1)

Certain long-lived corals generate sufficiently high growth rates that they allow for
the measurement of sub-annually resolved δ18Ocoral records over periods of multi-
ple decades. The combination of high growth rate, long lifespan and the simple, but10

well established, form of this proxy relationship provides a strong basis for the use of
fossil δ18Ocoral variability as a tool to reconstruct annual to multi-decadal tropical cli-
mate variability. Such records have been used to reconstruct pre-instrumental El-Niño
Southern Oscillation (ENSO) related climate variability over the last millennium (Cobb
et al., 2003; Dunbar et al., 1994), Holocene (Gagan et al., 2000; McGregor and Gagan,15

2004), last glacial cycle (Tudhope et al., 2001) and as far back as the Pliocene (Watan-
abe et al., 2011). However, the interpretation of such records is inherently complicated
by the fact that, in many tropical Pacific locations, the contribution from inter-annual
δ18Osw variability, relative to that from from SST, may not be negligible in the context
of the resultant δ18Ocoral variability (Tudhope et al., 2001; Cole and Fairbanks, 1990;20

Linsley et al., 2004). In regions with a very active hydrological cycle response to ENSO,
such as the western Pacific Warm Pool (Warm Pool) or the Inter-Tropical and South Pa-
cific Convergence Zones (ITCZ/SPCZ), the δ18Osw contribution may indeed dominate
the SST one, such that δ18Ocoral records from these locations have also been used to
also infer past ENSO-related variability in the hydrological cycle (Cole and Fairbanks,25

1990). This approach then requires knowledge of the hydrological cycle influences on
δ18Osw variability, some of which may be relatively simple, such as the amount of lo-
cal precipitation, and some of which may be very complex, such as the integrated
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hydrological cycle history of that precipitation. The dual climatic controls on δ18Ocoral

arising from SST and δ18Osw mean that quantifying the spatial and temporal patterns
of their relative influences remains a significant uncertainty in interpreting these impor-
tant proxy records and this provides the motivation for the present study. The particular
focus here is on the inter-annual variability of such records, such as might be associ-5

ated with reconstructing the ENSO system, but almost all of what is discussed here
would also apply to intra-annual variability as well.

In order for δ18Ocoral variability to be interpreted in terms of either SST or δ18Osw
(and perhaps be extension, precipitation or salinity) alone, one of several approaches
may be followed. Firstly, if independent constraints exist on past variability in either10

δ18Osw or SST, then Eq. (1) may be directly resolved for the missing term. Such an ap-
proach could potentially be pursued using an additional coupled proxy reconstruction
of SST, such as Sr/Ca trace metal records within the same coral skeletones (Gagan
et al., 2000; Corrège, 2006; Linsley et al., 2000). Secondly, constraints may exist on
the extent and structure of modern time-domain δ18Osw variability and these could be15

assumed to be applicable on the historical time-scales of interest. These first two ap-
proaches are not, however, considered further in the present study, as their present
utility is typically limited by proxy and/or instrumental data availability. In particular, in-
strumental records of δ18Osw are not available for most coral bearing locations and
those that do exist are typically too sparse in the time-domain to allow for robust quan-20

tification of inter-annual variability and its relationship with SST (Schmidt et al., 1999;
LeGrande and Schmidt, 2006). Alternatively, sufficient modern δ18Ocoral and SST data
may be available to empirically calibrate the δ18Ocoral–SST relationship at a given lo-
cation and this relationship may be assumed to remain stationary on the time-scales
of interest. However, in all situations where the unknown δ18Osw variability is coupled25

to any extent to that in SST, as might well be expected in the case of the closely cou-
pled ocean/atmosphere dynamics of the ENSO system, the form of this calibration will
not be a simple linear relationship with a slope of RSST–coral. Indeed, if the relation-
ship between δ18Osw and SST is non-linear, then the form of the empirical δ18Ocoral
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to SST calibration may also be non-linear. Finally, the only universally available frame-
work within which to interpret fossil δ18Ocoral records, for example in the absence of
sufficient modern coral data to establish the calibration relationship, is to make an a-
priori assumption regarding the time-domain structure of the local δ18Osw variability.
The simplest such assumption is that δ18Osw remains constant and hence contributes5

nothing to δ18Ocoral variability. A slightly more sophisticated assumption might, how-
ever, be that δ18Osw variability is independent of that in SST and hence contributes
a degree of noise to the expected δ18Ocoral–SST relationship. The principle motivation
for the present study is to explore the utility of these latter two approaches in the context
of an alternative, model-based, realisation of the tropical climate system, in which the10

SST and δ18Osw fields are fully known. Such model=based climate realisations also
allow for the evaluation to be made of the multi-decadal to centennial stationarity of
the model relationships between δ18Osw and SST, which is not possible based on the
instrumental record alones. This latter question is interesting in the context of ENSO
variability, as temporal changes in the dominant spatial “modes” of ENSO variability15

(McPhaden et al., 2011; Yeh et al., 2009) might plausibly lead to changes in certain
local/regional δ18Osw and SST relationships. This could mean that even in situations
where modern δ18Ocoral to SST calibrations are available they may not be sufficiently
long to fully capture the structures of these relationships.

Coupled ocean/atmosphere General Circulation Models (CGCMs) that resolve both20

aspects of ENSO dynamics and also water isotope processes provide the only alter-
nate climate realisation in which the current experiment may be undertaken. At present
however, relatively few such models contain the required hydrological cycle processes
to directly resolve water isotope variables. Consequently, this practical limitation has
motivated an alternative, model “pseudo-coral” approach, based on the use of a proxy25

variable for δ18Osw that is available within standard non-isotope-enabled CGCM out-
put, but that might be reasonably expected to respond to similar hydrological cycle
processes (Thompson et al., 2011). A linear regression of such a field, such as Sea
Surface Salinity (SSS) (Cole and Fairbanks, 1990; Fairbanks et al., 1997), is then used
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to estimate variability in δ18Osw and hence δ18Opseudo-coral. In the absence of tempo-

ral instrumental records of δ18Osw to constrain the SSS–δ18Osw regression at each
location of interest, the assumption has been made that the modern spatial slope be-
tween these variables may usefully represent the temporal slopes (Thompson et al.,
2011). However, existing work with the isotope-enabled Goddard Institute for Space5

Studies ModelE-R CGCM suggests that substantial differences may exist between the
temporal and spatial gradients between isotopic and conservative hydrological cycle
tracers (LeGrande and Schmidt, 2009). Therefore, an additional question that may be
addressed using fully isotope-enabled CGCMs is the evaluation of the uncertainties
associated with the pseudo-coral approach within the climate of that model.10

The present study presents and analyses results from a new multi-centennial pre-
industrial control simulation of an isotope-enabled version of the UK Met Office coupled
CGCM, HadCM3 (Gordon et al., 2000; Collins et al., 2001; Tindall et al., 2009). Follow-
ing a brief description of the experimental design, the remainder of the study is then
structured as follows. Firstly, the HadCM3 simulation is used to directly evaluate the15

spatial patterns across the tropical Pacific of inter-annual variability in SST and δ18Osw.
This in turn allows for the definition of a simple regime classification as to where the
interpretation of model inter-annual δ18Ocoral variability is likely to be robust to the
two simple assumptions regarding δ18Osw as presented above. Regardless of whether
such assumptions are justified, the predicted form of the regional model relationships20

between the variability in δ18Osw and SST may be evaluated in the model climate,
which in turn allows for quantification of the extent of local and regional variability in
the expected form of the δ18Ocoral to SST calibrations. The multi-decadal stationarity of
these relationships is then evaluated within the context of the unforced model climate
variability. An unforced control simulation is used for the present study, as it is thought25

that decadal/centennial changes in ENSO properties may be dominated by unforced
processes (Wittenberg, 2009). Finally, an intra-model comparison of a SSS-derived
pseudo-coral approach is made, in order to evaluate the extent to which the results
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derived from the present isotope-enabled CGCM could also have been obtained within
a pseudo-coral framework.

2 Experimental design and results

The model results presented here are all derived from a 750 yr pre-industrial con-
trol simulation of the isotope-enabled UK Met Office HadCM3 model (Gordon et al.,5

2000; Collins et al., 2001). All fields considered are presented on the model ocean
grid (1.25◦ latitude by 1.25◦ longitude), aside from precipitation, which is presented on
the model atmospheric grid (2.5◦ latitude by 3.75◦ longitude). Ocean fields are pre-
sented only for the tropical Pacific domain, taken here as that part of the Pacific Ocean
basin which falls in region 30◦ S to 30◦ N and 120◦ E to 70◦ W. In the case of the ocean10

“surface variables”, these represent an average of the upper 10 m of the water col-
umn. The inter-annual variability of the tropical climate in HadCM3 is known to be
dominated by ENSO-like processes, albeit with significant spatial biases relative to ob-
served ENSO behaviour (Collins et al., 2001; Guilyardi, 2006; Toniazzo, 2006). The
inter-annual anomalies associated with all the monthly mean model fields considered15

here are calculated by removal of the average annual cycle, as calculated over the
entire model simulation. When anomaly indices are presented for spatially averaged
regions, the area-weighted mean of the field was initially calculated prior to the calcu-
lation of anomalies. Figure 1 illustrates the mean climatology and inter-annual variance
of the model fields for SST (Fig. 1a, b) and SSS (Fig. 1c, d). The spatial biases asso-20

ciated with the HadCM3 ENSO phenomenon are most easily seen on the SST panels,
for which the climatological cold tongue extends too far westward, an example of the
so-called CGCM cold tongue bias (Guilyardi, 2006). Consequently, the region of equa-
torial SST that is positively correlated to eastern Pacific SST anomalies extends right
across the tropical Pacific domain as presented here. In the case of the model precipi-25

tation flux field, the very large spatial changes in average precipitation values (Fig. 1e)
mean that it is more useful to consider the relative extent of inter-annual precipitation
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variability, given here by the dimensionless ratio of the inter-annual variance to the
squared mean of the precipitation field (Fig. 1f).

Water isotope processes are incorporated in HadCM3 as described in Tindall et al.
(2009). The nature of the atmosphere and ocean GCMs employed in HadCM3 are such
that H2O18 is incorporated within the atmosphere model as a set of parallel fields to the5

standard ones for H2O16. Within the ocean model, H2O18 is treated as a conservative
tracer, representing a fraction of the total water present in that box. One consequence
of this treatment is that δ18Osw within the ocean GCM in isolation should necessarily
behave similarly to ocean salinity, which is also treated as a conservative tracer. Isotope
fluxes are included in all situations where water fluxes exist in HadCM3, including a rel-10

atively simple treatment within the land surface scheme (MOSES2.1, Cox et al., 1999;
Tindall et al., 2009). The isotope regime was spun up for 300 yr from an assumed ini-
tialisation state of 0 ‰ in the oceans, atmosphere and sea-ice and −40 ‰ in snow and
land-ice. Even after this spin-up phase, the global surface ocean δ18Osw is seen to drift
towards more positive values at a rate of 7.5×10−5 ‰yr−1. This drift is likely to due to15

incomplete closure of the water isotope budget, resulting from parameterisation within
HadCM3 of an iceberg calving flux to balance the freshwater budget. The global drift
across the 750 yr simulations represents ∼ 200 % the magnitude of the inter-annual
variability in the global average. Consequently, this trend is removed from the δ18Osw
field prior to all subsequent analysis and this detrended field is the one presented in20

Fig. 1g, h. The corresponding drifts in global SST and SSS are −5.0×10−5 Kyr−1 and
4.6×10−5 psuyr−1 respectively, both of which are over an order of magnitude smaller in
relation to their respective inter-annual variability than that seen for δ18Osw, such that
no drift correction is applied to these fields. The δ18Osw field is treated as a conserva-
tive scalar field for the calculation of means and anomalies, as the amount of O16 in the25

ocean water may be considered invariant. The climatological mean of the δ18Osw field,
as seen in Fig. 1g, is seen to capture the first-order structure and absolute values seen
in gridded interpolations of the available instrumental data (LeGrande and Schmidt,
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2006; Tindall et al., 2009). Further validation of the HadCM3 isotope regime using the
isotopic composition of precipitation is available in Tindall et al. (2009).

The model δ18Ocoral field (Fig. 1i, j) is calculated directly using the SST and δ18Osw

fields using Eq. (1), with an assumed RSST–coral value of −0.23 ‰K−1, after Zhou and
Zheng (2003), and a C value of 3.8 ‰, after Epstein et al. (1953). Although corals are5

known to show significant offsets from isotopic equilibrium (McConnaughey, 1989a,b),
which implies considerable uncertainty in the value of C, the focus on variability (rather
than absolute values) within this study means that this uncertainty is largely irrelevant
to the subsequent discussion. However, uncertainty in the value of RSST–coral carries
through into all the subsequent analysis. The Zhou and Zheng (2003) value is for10

inorganic aragonite precipitation experiments, although this remains within one dec-
imal point of the Epstein et al. (1953) value for calibration experiments with organic
calcite. Compiled calibration studies on coral aragonite suggest values within ±0.05
of the inorganic aragonite value (Corrège, 2006; Lough, 2004), although site-specific
studies suggest that variability may exist in the range −0.10 to −0.34 ‰K−1 (Evans15

et al., 2000). Whilst model δ18Ocoral results are presented in the first instance for the
−0.23 ‰K−1 case, sensitivity tests to values in the range −0.20 ‰K−1 to −0.25 ‰K−1

were also performed to account for a ±10 % uncertainty in the assumed global value of
the RSST-slope. No additional noise is added into the model δ18Ocoral values, such that
this field represents the idealised response of the coral stable oxygen isotope proxy20

system to the model climate. The mean δ18Ocoral field (Fig. 1i) follows the first order
features of the associated (inverted) SST field, whereas the inter-annual δ18Ocoral vari-
ance (Fig. 1j) represents a combination of the associated SST (Fig. 1b) and δ18Osw
(Fig. 1h) fields. This latter observation qualitatively affirms the potential importance of
both these climatic controls on the variability seen in tropical Pacific δ18Ocoral records.25

The experimental design involves two main structural assumptions, within the context
of which all subsequent results and discussions must be viewed. Firstly, if the RSST–coral
parameter in Eq. (1) contains spatial variability, perhaps due to regional biotic effects
(Evans et al., 2000), that is beyond the ±10 % uncertainty considered here, then this
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could substantially impact the local scale interpretation of the model results. Secondly,
there is the inherent assumption that the HadCM3 tropical climate and its inter-annual
variability are usefully representative of the real climate system. Given that significant
biases exist within the HadCM3 ENSO phenomenon, both in terms of its spatial man-
ifestation and average amplitude (Guilyardi, 2006), it follows that the model results5

should not be directly translated to interpretation of the real system. Nonetheless, the
first-order features of the model behaviour may still provide useful insights into the
corresponding first-order patterns within the real system.

3 Discussion

3.1 The spatial structure of the δ18Osw and SST contributions to δ18Ocoral10

variance

When considering the variance of inter-annual anomaly time-series as a measure of
the inter-annual variability of δ18Ocoral records, as denoted by var(δ18Ocoral), it fol-
lows from Eq. (1) that the contribution from variability in δ18Osw to this term depends
not only on var(δ18Osw) itself, but also on the covariance of δ18Osw with SST, de-15

noted cov(SST,δ18Osw). The combined contribution from these two terms to the total
var(δ18Ocoral), expressed as a fraction of that total, is defined as the “Fsw” metric (Eq. 2).

Fsw =
var(δ18Osw)+2RSST–coralcov(SST,δ18Osw)

var(δ18Ocoral)
(2)

The magnitude of Fsw represents the fraction of model var(δ18Ocoral) that would have20

been “missed” if δ18Osw had been assumed constant and hence allows for ready eval-
uation of the validity of that assumption within the model climate. Within regions of the
tropical Pacific for which |Fsw| < 0.1 (those lying between the solid red and blue contours
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on Fig. 2a), the interpretation of var(δ18Ocoral) in terms of inter-annual SST variability
alone would lead to an error of less than 10 % of the true value. This 10 % level is taken
as being one that could be reasonably considered to be negligible for the remainder of
the study. |Fsw| values of less than 0.1 occur across much of the subtropical Eastern and
central/eastern equatorial Pacific, including most of the NINO3 box region (5◦ N to 5◦ S5

and 210◦ E to 270◦ E, Fig. 2a). Model coral records from these locations could, there-
fore, on these criteria justifiably be interpreted directly in terms of inter-annual SST
variability alone. However, the value of Fsw generally becomes larger as one moves
westward in the tropical Pacific and such an interpretation would not be justified in
most locations west of the dateline as well as the northeastern sub-equatorial Pacific10

(Fig. 2a). The two regions for which the highest |Fsw| values are obtained (exceeding
0.5, such that more than half of model coral var(δ18Ocoral) would have been missed in
an SST-only interpretation) are the western Pacific Warm Pool and the SPCZ (Fig. 2a).
However, even in these two regions nowhere does |Fsw| exceed 0.9, such that there are
no locations where the model SST contribution could be neglected at the same relative15

confidence level as that for which δ18Osw can be so neglected in the eastern equa-
torial Pacific. Consequently, interpreting western Pacific model coral records in terms
of hydrological cycle variability alone is likely to be relatively more challenging than
interpreting eastern Pacific model corals in terms of SST variability alone. A caveat to
this result is that the extent of the model cold tongue bias means that inter-annual SST20

variability in the western equatorial Pacific and Warm Pool region is generally larger
in amplitude than is seen in the real climate system. The spatial distribution of |Fsw|
(Fig. 2a) follows the first-order pattern of mean precipitation within the model (Fig. 1e),
consistent with precipitation-related factors dominating δ18Osw variability (Tindall et al.,
2009).25

The sign of Fsw relates to the extent of any correlation present between δ18Osw and
SST. A negative value of Fsw can only arise when the cov(SST,δ18Osw) term is neg-
ative, indicating that inter-annual δ18Osw variability is positively correlated with that in
SST, leading to a reduction in var(δ18Ocoral) compared to what would have been seen
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were the two climatic variables to be independent. The only tropical Pacific regions for
which Fsw < −0.1 are parts of the subtropical eastern Pacific and the central American
coastal domain (Fig. 2a). Conversely, positive Fsw values arise if inter-annual δ18Osw
variability is anti-correlated with SST, as might be expected were only an SST-driven
precipitation anomaly effect to be important (Tindall et al., 2009). However, positive Fsw5

values may also arise in cases where inter-annual δ18Osw variability is non-negligible,
but largely (or entirely) independent of the corresponding SST variability. This situation
would imply that the assumption of a white noise contribution from the δ18Osw variabil-
ity to a SST-dominated model coral would be justified, even though the more agressive
one of constant δ18Osw may not be. Consequently, to determine which of these scenar-10

ios applies across the large areas of the western Pacific for which Fsw > 0.1, the contri-
bution from the δ18Osw–SST covariance term alone is also considered independently
as a second metric, “Fcov”, again expressed as the fraction of the total var(δ18Ocoral) for
which it accounts (Eq. 3).

Fcov =
2RSST–coralcov(SST,δ18Osw)

var(δ18Ocoral)
(3)15

There are very few regions for which the overall δ18Osw contribution is non-negligible
(|Fsw| > 0.1), but the covariance term is not also substantially positive (Fcov > 0.1)
(Fig. 2a, b). Almost everywhere that δ18Osw contributes substantially to inter-annual
model coral variability, it does so with a significant degree of anti-correlation to the as-
sociated inter-annual fluctuations in SST. Such a scenario is to be expected in a closely20

coupled SST/hydrological cycle system such as ENSO, but means that the treatment
of δ18Osw as a white noise addition to a simple δ18Ocoral to SST calibration is unlikely to
be an acceptable subsititute for knowledge of the true local calibration at locations for
which |Fsw| > 0.1. Within the Warm Pool and SPCZ regions, where the overall δ18Osw
contribution is the most important, Fcov rarely exceeds 0.2 and hence accounts for25

only a quarter to a half of the value of Fsw. In these cases, a substantial component
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of var(δ18Ocoral) arises both from inter-annual δ18Osw variability that is correlated to
that in SST and that which is independent of it. Even if model δ18Ocoral records from
these locations were to be interpreted as an ENSO climate proxy, representing the co-
varying components of δ18Osw and SST variability, rather than either of those variables
alone, such a calibration would still only be able to explain at most ∼ 75 % of the total5

var(δ18Ocoral). A caveat to this result is that the extent of the model cold tongue bias
means that inter-annual SST variability in most of the Warm Pool box remains posi-
tive correlated to that in the NINO3 region (termed the positive ENSO phase region).
However, similar values of Fcov to those seen in the Warm Pool box are seen in the
sub-equatorial negative ENSO phase regions within the model (Fig. 2b), suggesting10

that the effect of averaging over the different phase regions may be relatively small.
The model values of Fsw and Fcov are necessarily dependent on the assumed value

of RSST–coral. However, the uncertainty in Fsw (Fcov) arising from the sensitivity tests
with RSST–coral values in the range −0.20 to −0.25 ‰K−1, is seen to be less than ±0.1
(±0.05) in the case of more than 95 % of the tropical Pacific grid-boxes. Consequently,15

whilst the exact metric values presented here are necessarily contingent on the im-
posed parameters of the proxy relationship, the general conclusions of the study are
unlikely to be altered by local/regional fluctuations within the range investigated here.

3.2 Regional relationships between δ18Ocoral, δ18Osw and SST

The isotope enabled HadCM3 output defines the temporal relationships expected at20

different locations between δ18Osw and SST. If the form of Eq. (1) is assumed to be
valid, then the expected model calibration relationship between (idealised) δ18Ocoral
and SST at any given location is also constrained. To illustrate the range of variability
seen in these relationships on the regional scale, scatter plots of the spatially aver-
aged indices of the monthly inter-annual anomaly values are presented in Fig. 3 for the25

NINO3 box, a model Western Cold Tongue region (WCT, defined here as 5◦ N to 5◦ S
and 140◦ E to 180◦ E) and a model Warm Pool region (defined here as 10◦ N to 10◦ S
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and 120◦ E to 140◦ E). The locations of these three regions are shown by the green
boxes on Fig. 2 and are chosen principally to represent an East-West traverse across
the positive model ENSO phase region in the equatorial Pacific, across which the rel-
ative importance of the δ18Osw contribution to model var(δ18Ocoral) decreases as one
moves westward. The WCT region is so named as it represents the western part of the5

model SST cold tongue and is hence located further westwards than the equivalent
climatological domain in the real system. The monthly anomaly data points on Fig. 3
are color-coded according to the value of the associated NINO3 SST anomalies, with
the upper (lower) ten percentiles colored red (blue) to represent eastern Pacific El-Niño
(La-Niña) type climatic conditions. In the case of the Warm Pool box, the model cold10

tongue bias results in this lying weakly within the positive ENSO phase region, rather
than within the negative ENSO phase region as in the real climate system.

For the NINO3 box, δ18Osw and SST are largely independent of one another (Fig. 3c)
and the magnitude of the latter is relatively large in terms of var(δ18Ocoral), implying
a low Fsw value and a near-linear relationship between SST and δ18Ocoral (Fig. 3f). The15

slope of the best-fit linear regression through this data is indistinguishable (to 2 d.p.)
from that of the imposed proxy relationship slope (shown as the green references line
on Fig. 3d–f). As discussed above, an averaged NINO3 box δ18Ocoral record could,
therefore, be interpreted in terms of inter-annual SST variability alone with only rela-
tively small resultant uncertainties. In contrast, the inter-annual variability in δ18Osw and20

SST seen within both the WCT and Warm Pool boxes clearly contains some structured
relationships (Fig. 3a, b). The overall sense of this dependency is seen in both cases to
be an anti-correlation, indicative of the positive Fcov metric values associated with the
western Pacific (Fig. 2b) and consistent with SST-driven precipitation changes. How-
ever, the δ18Osw–SST relationships are also seen to be non-linear and this is particu-25

larly pronounced in the case of the WCT box. The extent of the WCT box non-linearity
is sufficiently important as to susbtantially impact the associated δ18Ocoral–SST rela-
tionship, such that although the best-fit linear slope (black regression line, with the two-
tailed 95 % confidence interval on the slope shown by the grey lines and calculated
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using the conservative assumption of a de-correlation time of 4 yr) remains close to
that of the imposed proxy relationship, the El-Niño tail deviates substantially from such
a trend (Fig. 3e). A non-linear relationship of this kind could have important implica-
tions for interpreting proxy records and is investigated further in the following para-
graphs. The Warm Pool box δ18Osw–SST relationsip is both steeper and less strongly5

non-linear than that for the WCT box, leading to a situation in which the associated
δ18Ocoral–SST relationship does not visually manifest substantially non-linearity, but is
described by a best-fit linear slope that deviates by ∼ 40 % from the imposed value
(Fig. 3d). A similar relative deviation away from unity is also necessarlily seen in the
slope of the δ18Ocoral–δ

18Osw relationship (not shown). Furthermore, there is consider-10

ably more spread around the best-fit linear model than was seen for either the NINO3
or WCT boxes. As discussed above, model δ18Ocoral records from the Warm Pool re-
gion may still be interpretable in terms of a linear relationship with SST (or δ18Osw)
variability alone, but such an approach requires the establishment of a regional cali-
bration of the desired relationship and even then this should be expected to contain15

considerable noise.
To quantify the extent of non-linearity in the predicted model δ18Ocoral–SST calibra-

tion relationships, the Root Mean Square Error (RMSE) associated with the best-fit
linear δ18Ocoral–SST relationships are calculated over the upper and lower ten per-
centiles of the SST data and then divided by the value for the entirety of the data-20

set. These upper-tail and lower-tail non-linearity δ18Ocoral–SST metrics are referred to
as RMSE90 and RMSE10 respectively. A parallel approach could be pursued for the
δ18Ocoral–δ

18Osw relationship, but this is not considered at present, as the model re-
gion that shows the most evident non-linearities, the WCT, would be much harder to
interpret in terms of δ18Osw than SST (having an Fsw value of 0.25). The regional WCT25

box shows a value of RMSE90 value of 2.0, indicating a standard error associated with
the El-Niño tail twice as great as the combined data, whereas the associated RMSE10
value and that of both metrics for NINO3 and the Warm Pool boxes remain within ±0.2
of unity (Fig. 3d–f). Considering the grid-box scale spatial distribution of these metrics,
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it is seen that the lower-tail metric remains close to unity everywhere (Fig. 4a), but the
upper tail metric shows values exceeding 2 across much of the central and western
equatorial Pacific (Fig. 4b). It is noted that the first-order pattern of the regions mani-
festing high RMSE90 values is similarly restricted to the central Pacific as that for which
the inter-annual variability in precipitation is very high relative to the associated mean5

value (Fig. 1f). Using this observation and the regional average over the WCT box as an
example, we can now seek to understand the origins of these effects. The relationship
between inter-annual SST and precipitation anomalies within the WCT box is seen to
be non-linear, with large El-Niño events associated with precipitation an order of mag-
nitude greater than the mean value (Fig. 5a). In the case of the ENSO system, such10

non-linearity will arise from both thermodynamically and dynamically induced changes
in precipitation. Furthermore, the isotopic composition of precipitation (δ18Oprecip) over
the open tropical ocean in the HadCM3 isotope regime is typically dominated by the
precipitation amount effect (Tindall et al., 2009), such that high precipitation condi-
tions also tend to be associated with relatively isotopically light precipitation, again in15

a non-linear fashion (Fig. 5b). The combination of these two non-linear relationships is
that the net delivery of O18 to the surface ocean becomes more negative in a strongly
non-linear fashion with the underlying SST anomalies (Fig. 5c). For values of the net
precipitation isotope anomaly more negative than −50 (‰×mmday−1) the effect on
the model surface ocean layer δ18Osw budget is sufficient to account for a 0.1 ‰ shift20

towards lighter δ18Osw values (Fig. 5d), sufficient in turn to be noticeable relative to
the associated SST variability (Fig. 3b). Such relatively large precipitation events are
seen to occur almost exclusively during large eastern Pacific El-Niño events, but not
during all such events (Fig. 5c, d). The dynamical contribution to the non-linear form
of the δ18Osw–SST relationship will itself be spatially variable, such that the WCT box25

average case presented here should be considered as an example of these relation-
ships only. However, based on the process arguments advanced here it would seem
reasonable to expect some manifestation of such effects in any case where two cri-
teria are fulfilled; firstly, that ENSO-related precipitation extremes are relatively large
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compared to the level of background variability and secondly, that the associated back-
ground variability in δ18Osw is relatively small, in the context of δ18Ocoral, compared to
that in SST. If correct, then a form of correction for spatial model bias by spatial anal-
ogy may be possible, such that, for example, the relationships seen within the model
WCT box may be similar to those expected for the central Pacific NINO3.4 box (5◦ N to5

5◦ S and 190◦ E to 240◦ E). These criteria also allow us to understand why the Warm
Pool and SPCZ regions do not also manifest a high RMSE90 value (Fig. 4b), in spite
of containing large inter-annual precipitation variability and at least some non-linearity
in their δ18Osw–SST relationships (Fig. 3a for the Warm Pool box). In these cases, the
inter-annual δ18Osw variability is relatively large compared to that in SST (the Warm10

Pool box yields an |Fsw| of 0.66). Consequently, the overall δ18Osw–SST relationship
is relatively steep (for all ENSO phases) compared to that seen in the WCT (Fig. 3a,
b), such that there is less scope for the manifestation of non-linearity in the associated
δ18Ocoral–SST relationship.

The non-linear relationships presented by the model SST and hydrological cycle15

variability have several potential implications for the interpretation of δ18Ocoral records.
Firstly and most generally, the asymmetric relationship between precipitation anoma-
lies and δ18Oprecip (Fig. 5b) means that the noise added to the best-fit δ18Ocoral–SST

relationship by δ18Osw will always be greatest at the tail of the distribution associ-
ated with positive precipitation anomalies. Within the positive (negative) ENSO phase20

region, the uncertainties associated with reconstructing El-Niño (La-Niña) events in
terms of SST will exceed those associated with La-Niña (El-Niño) events of equal
magnitude. Secondly and perhaps most importantly, the interpretation of western and
central equatorial Pacific model δ18Ocoral in terms of an assumed linear relationship
with SST may overestimate the magnitude of large SST anomalies in relation to mod-25

erate sized ones. In the case of grid-squares for which RMSE90 exceeds 2, including
the regional average over the WCT box, the error in estimating the SST anomalies
associated with the largest El-Niño events approaches 20 % of their true value. This
remains the case even if a local calibration is available to constrain the best-fit linear
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δ18Ocoral–SST slope, although the model also suggests that the RSST–coral slope could
in fact also be used in all such regions with relatively little error. Furthermore, given
that substantial non-linearities only occur in the western and central equatorial Pacific
and not in the eastern equatorial Pacific (Fig. 4b), the estimation from coral records
of the relative event amplitudes of “Central Pacific” and “Eastern Pacific” type El-Niño5

events (Yeh et al., 2009) may be differentially affected by this uncertainty, in the sense
of overestimating the relative size of Central Pacific events. Whether these non-linear
effects will be detectable in real coral data is, however, contingent not only on the ex-
tent to which HadCM3 usefully represents the real system but also on the additional,
non-climatic noise present within real proxy records.10

3.3 Assessing the stationarity of the relationships between δ18Ocoral, δ18Osw

and SST

By dividing the 750 yr model simulation into fifteen, non-overlapping 50 yr intervals and
recalculating the Fsw, Fcov, RMSE10 and RMSE90 metrics over these intervals, an as-
sessment may be made of the multi-decadal stationarity of the relationships between15

δ18Ocoral, δ
18Osw and SST within the temporal variability of the unforced model climate.

The 50 yr interval length is chosen to correspond roughly to the period for which a rel-
atively high density of instrumental SST measurements are available for the tropical
Pacific region (Rayner et al., 2003). Figure 6 shows the values of these four metrics
averaged over the Warm Pool, WCT and NINO3 regions for both the whole control20

simulation (black dots) and 50 yr intervals (grey dots). The inter-interval variability in
the Fsw (Fig. 6a) and Fcov (Fig. 6b) metrics is less than 0.05 for the NINO3 box and
less than 0.1 for the WCT and Warm Pool boxes. This variability is sufficiently small
that none of the conclusions derived in Sect. 3.1 would be altered were any given 50 yr
interval of model behaviour to have been used instead of the whole simulation. There-25

fore, if any forced contributions to 20th C changes in ENSO behaviour are neglected,
the instrumental SST record should in principle be sufficient in duration to characterise
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the relative contributions from δ18Osw and SST to var(δ18Ocoral). This in turn suggests
that, provided an equally long modern coral record is available for such locations, the
δ18Ocoral to SST calibration approach should allow for the robust representation of the
first-order features of the true long-term relationship.

In the case of RMSE10 (Fig. 6c) and RMSE90 (Fig. 6d), the 50 yr interval values5

show more relative variability than was seen for the fraction of variance metrics, as the
apparent extent of non-linearity present in the δ18Osw–SST relationships is sensitive to
the event magnitude distribution, which is harder to characterise over shorter periods.
However, the RMSE10 and RMSE90 interval values are seen to remain within the range
0.5–1.5 in all cases except for RMSE90 within the WCT box (Fig. 6c, d). In this latter10

case, for which significant El-Niño tail non-linearity in the δ18Ocoral–SST relationship is
present in the whole record average, it is seen that this conclusion would now be de-
pendent on the choice of 50 yr interval. This situation arises because a given interval
of this duration may happen to not contain any El-Niño events of sufficient magnitude
to manifest the non-linear precipitation-induced δ18Osw–SST relationship discussed15

in Sect. 3.2. Therefore, if the instrumental record is sufficiently long to capture the
full extent of unforced ENSO event magnitudes (Wittenberg, 2009), it may then also
fail to capture the second-order features, such as the non-linearities discussed here,
of western and central equatorial Pacific δ18Ocoral–SST relationships. Equivalently, the
intercomparison of modern and fossil (or fossil and fossil) coral records in terms of their20

western and central equatorial Pacific El-Niño-related SST event magnitude distribu-
tions is likely to only be robust when continuous records of longer than 50 yr duration
are available.

3.4 Comparing HadCM3 δ18Ocoral and δ18Opseudo-coral

Let us now imagine that the HadCM3 control simulation did not in fact directly re-25

solve δ18Osw within the model climate. In such a case, a model pseudo-coral based
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on a plausible substitute variable, such as SSS, could perhaps have been used in
a forward model for the unknown δ18Osw fluctuations (Thompson et al., 2011). One
advantage of such an approach, relative to making the simpler assumptions regarding
δ18Osw outlined above, is that the relationship between SSS and δ18Osw may rea-
sonably be expected to be more linear than that between SST and δ18Osw (Cole and5

Fairbanks, 1990; Fairbanks et al., 1997). Initial support for such an assertion within the
HadCM3 climate comes from the first-order similarity in the spatial patterns of inter-
annual variance in SSS and δ18Osw (Fig. 1c, d, g, h). However, the validity of such
an approach also requires that the additional processes occurring within the isotope-
enabled HadCM3 atmosphere model that also affect δ18Osw, such as those that affect10

δ18Oprecip, are unimportant in relation to those occurring within the oceanic conser-
vative tracer regime. To investigate this assumption, the regional scale relationships
between SSS and δ18Osw are presented for the Warm Pool, WCT and NINO3 boxes
and are three are seen to be well represented by a positive linear model (black lines
on Fig. 7). This further supports the principle of the pseudo-coral approach and even15

suggests that it should be able to capture the non-linear behaviour seen in the WCT
δ18Osw–SST relationship. However, the slopes and associated r2 values range from
0.16 ‰psu−1 (r2 = 0.91) for the Warm Pool box to 0.07 ‰psu−1 (r2 = 0.38) for the
NINO3 box. Although the latter regression in particular contains considerable uncer-
tainty, the two-tailed 95 % confidence bounds for the regression slopes (grey lines on20

Fig. 7) do not overlap between the values seen for the Warm Pool and WCT box on
one hand and the NINO3 box on the other. It follows that the unforced HadCM3 climate
contains considerable spatial variability in the temporal slope of its inter-annual SSS–
δ18Osw relationships, which cannot be fully captured by the use of any single value.
Furthermore, all three regional temporal slope values are significantly lower than the25

value of 0.27 ‰psu−1 (shown as the solid green line on Fig. 7) derived from the spa-
tial relationship seen between the available SSS and δ18Osw data (Fairbanks et al.,
1997; LeGrande and Schmidt, 2006). This discrepancy is not due to the exclusion
of intra-annual variability from the model regressions, as the same calculations yield
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very similar values. It may, however, be attributable to either model bias and/or the
incomplete spatio-termporal sampling offered by the available instrumental sites. To
evaluate the first possibility, the spatial slope of the HadCM3 δ18Osw–SSS relationship
is also calculated using the mean values for these variables at each grid box within
the tropical Pacific domain, which yield a slope of 0.19 ‰psu−1 (shown as the dashed5

green line on Fig. 7), r2 = 0.83. Consequently, whilst some of the spatial instrumen-
tal to temporal HadCM3 slope discrepancy may potentially be accounted for by model
bias in terms of the spatial slope, this does not remove the existence of a significant
difference. Regardless of whether the instrumental or HadCM3 derived spatial δ18Osw–
SSS slope is used, the application of such a value will result in the overestimation of10

the temporal SSS–δ18Osw slope in HadCM3 for all three regions considered here and
indeed at almost all grid-squares within the tropical Pacific (not shown). The extent of
this overestimation will itself be spatially dependent, being most severe in the eastern
equatorial Pacific and least severe in the Warm Pool.

The use of spatial SSS–δ18Osw slopes within the pseudo-coral approach means15

that HadCM3 SSS-derived pseudo-corals will overestimate the relative contribution
from δ18Osw to var(δ18Opseudo-coral). If the instrumental spatial slope estimate of

0.27 ‰psu−1 were to be imposed, then the pseudo-coral would yield apparent Fsw
values that are 0.10 to 0.15 higher than the true (in the sense of the isotope-enabled
model) value in the case of the WCT and Warm Pool box averages. In these cases, this20

bias represents less than 40 % of the true value, such that the pseudo-coral represents
a considerable absolute improvement on the approach of assuming constant δ18Osw.
However, such an approach also leaves considerable residual error and this is likely
to be in the sense of overestimating the hydrological cycle contribution, rather than
underestimating it as would necessarily be the case in the assumed constant value25

approach. In the case of the NINO3 region, for which the true model Fsw values are
very small, the pseudo-coral approach leads to an apparent Fsw value of 0.09 which,
although small in absolute terms, represents a larger proportionate error in estimat-
ing the true value of this term than would have occurred had constant δ18Osw been
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assumed instead. In summary, whilst intra-model comparisons for the isotope enabled
HadCM3 suggest that the salinity pseudo-coral approach is well founded in principle,
at least within the model climate. establishing the local (or even regional) slopes of
the temporal δ18Osw–SSS relationship remains a substantial limiting uncertainty in the
application of such a method to non-isotope-enabled GCMs. The HadCM3 results are5

consistent with those from other isotope enabled GCMs (LeGrande and Schmidt, 2009)
in suggesting that the temporal slopes of such relationships cannot be readily estimated
using associated spatial slopes, even were the latter to be well known.

4 Conclusions

Isotope-enabled CGCMs provide an alternative realisation of the tropical climate in10

which to explore the possible uncertainties associated with interpreting δ18Ocoral
records of past ENSO variability in the context of standard assumptions regarding the
δ18Osw contribution to this proxy system. Analysis of unforced climate variability within
the isotope-enabled HadCM3 CGCM shows that the extent to which δ18Osw is impor-
tant to inter-annual δ18Ocoral variability is strongly spatially dependent. In the eastern15

equatorial Pacific this contribution is very small, such that model corals from this region
could be robustly interpreted in terms of SST variability alone. In contrast, the western
equatorial Pacific δ18Osw variability accounts for 10–50 % of coral variance, a compo-
nent of which is correlated to the inter-annual SST variability, meaning that local calibra-
tions of the local δ18Ocoral–SST relationships are likely to be essential. The model also20

suggests that the relationship between central and western equatorial Pacific δ18Osw
and SST becomes non-linear during large El-Niño events. This non-linearity occurs
due to relatively large ENSO-related precipitation events and implies difficulty in recon-
structing the relative magnitudes of SST anomalies associated with El-Niño events in
the central Pacific. Furthermore, evaluation of the stationarity of the model relationships25

suggests that more than 50 yr of data is required in order to constrain the extent of such
non-linearities. Intra-model evaluation of a model salinity-based pseudo-coral approach
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shows that such a method captures the first-order features of the model δ18Osw rela-
tionships although considerable residual uncertainty remains due to the difficulty of
estimating the regional slopes of the temporal salinity–δ18Osw relationships.

Acknowledgements. This work was funded through NERC grant NE/H009957/1.

References5

Cobb, K. M., Charles, C. D., Cheng, H., and Edwards, R. L.: El Niño/Southern Oscil-
lation and tropical Pacific climate during the last millennium, Nature, 424, 271–276,
doi:10.1038/nature01779, 2003. 743

Cole, J. E. and Fairbanks, R. G.: The Southern Oscillation recorded in the δ18O of corals from
Tarawa Atoll, Paleoceanography, 5, 669–683, 1990. 743, 745, 76010

Collins, M., Tett, S. F. B., and Cooper, C.: The internal climate variability of HadCM3, a version
of the Hadley Centre coupled model without flux adjustments, Clim. Dynam., 17, 61–81,
2001. 746, 747
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Fig. 1. The mean climatology (left hand panels) and inter-annual variance (right hand panels) of
selected model fields over the entire 750 yr control simulation, displayed for the tropical Pacific
domain. The reference period for the removal of the annual climatology, prior to the variance
calculations, was taken as the entire simulation. Note that the precipitation variability (F) is
presented as a dimensionless ratio of the inter-annual variance of precipitation divided by the
squared mean values. The contoured levels are highlighted on the colorbars.
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Fig. 2. The spatial distributions over the tropical Pacific domain of (A) the Fsw metric, which
shows the fraction of model inter-annual δ18Ocoral variance arising from δ18Osw variability.
(B) The Fcov metric, which shows the fraction of model inter-annual δ18Ocoral variance aris-
ing from the component of δ18Osw variability that co-varies with that in SST. The three regional
boxes discussed in the text are highlighted in green, WP=Warm Pool, WCT=Western Cold
Tongue.
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Fig. 3. Scatter plots of the relationships between the inter-annual monthly anomalies of δ18Osw

and SST (upper panels) and δ18Ocoral and SST (lower panels), as calculated for the spatial
averaged indices over the Warm Pool, Western Cold Tongue and NINO3 boxes. The locations
of these regions are shown on Fig. 2. The data points are color-coded according to the corre-
sponding NINO3 SST anomalies, with the upper ten percentiles shown in red (eastern Pacific
El-Niño type conditions) and the lower ten percentiles in blue (eastern Pacific La-Niña type
conditions). The black regression lines on the lower plots show the best-fit linear regressions
through the data, with the slope and r2 values annotated on the plots. The RMSE10 and
RMSE90 metric values associated with the best-fit linear slopes are also annotated on these
plots. The grey lines show the two-tailed 95 % confidence bounds on the best-fit regression
slopes, based on the assumption of an assumed decorrelation time of 4 yr. The green lines
show the imposed RSST–coral slope of −0.23 ‰K−1.
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Fig. 4. The spatial distributions over the tropical Pacific domain of (A) the RMSE10 non-linearity
metric, which shows the extent of non-linearity in the model δ18Ocoral–SST relationship for
the eastern Pacific La-Niña tail of ENSO events. (B) The RMSE90 non-linearity metric, which
shows the extent of non-linearity in the model δ18Ocoral–SST relationship for the eastern Pacific
El-Niño tail of ENSO events. The three regional boxes discussed in the text are highlighted in
green, WP=Warm Pool, WCT=Western Cold Tongue.
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Fig. 5. Scatter plots of the Western Cold Tongue box (the location of which is shown on Figs. 2,
4) relationships between (A) the inter-annual monthly anomalies of precipitation with SST, (B)
the monthly inter-annual anomalies of precipitation and the isotopic composition of that precip-
itation (δ18Oprecip), (C) the product of the precipitation anomalies and δ18Oprecip, referred to as
the precipitation isotope anomaly, with SST and (D) the precipitation isotoppe anomaly and the
δ18Osw anomalies. The data points are color-coded according to the corresponding NINO3 SST
anomalies, with the upper ten percentiles shown in red (eastern Pacific El-Niño type conditions)
and the lower ten percentiles in blue (eastern Pacific La-Niña type conditions).
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Fig. 6. Values of the (A) Fsw, (B) Fcov, (C) RMSE10 and (D) RMSE90 metrics calculated over
the Warm Pool, Western Cold Tongue (WCT) and NINO3 boxes using both the entire 750 yr of
model simulation data (black dots) and also this same data split into fifteen non-overlapping 50
yr intervals (grey dots). The locations of these regions are shown on Figs. 2/4. The solid and
dashed reference lines represent the contoured levels shown on Fig. 2 (for Fsw and Fcov) and
Fig. 4 (for RMSE10 and RMSE90).
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Fig. 7. Scatter plots of the relationships between the inter-annual monthly anomalies of δ18Osw
and SSS as calculated for the spatial averaged indices over the Warm Pool, Western Cold
Tongue and NINO3 boxes. The locations of these regional boxes are shown on Figs. 2, 4. The
black regression lines show the best-fit linear regressions through the data, with the slope and
r2 values annotated on the plots. The grey lines show the two-tailed 95 % confidence bounds
on the best-fit regression slopes, based on the assumption of an assumed decorrelation time of
4 yr. The solid green lines show the slope of 0.27 ‰psu−1 derived from a spatial regression of
available instrumental data (LeGrande and Schmidt, 2006). The dashed green lines show the
slope of 0.19 ‰psu−1 derived from a spatial regression (across all grid-squares in the tropical
Pacific domain) of the temporal means of the model data.
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