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a b s t r a c t
One of the motivations for studying warm climates of the past such as the early Eocene, is the enhanced
understanding this brings of possible future greenhouse conditions. Traditionally, climate information
deduced from biological or chemical proxies have been used to “test” computer model simulations of past
climatic conditions and hence establish some of the uncertainties associated with model-based predictions.
However, extracting climate information from proxies is itself an interpretative process and discrepancies
between climate information inferred from different types of proxy undermines the assumption that modeldata conﬂicts automatically mean that the model is inherently ﬂawed. A new approach which both
acknowledges and reduces the uncertainties associated with both model and data is required.
Although the oxygen isotopic ratio (δ18O) preserved in calcareous marine fossils has been used to reconstruct
past seawater temperature for several decades, signiﬁcant uncertainties associated with this method persist.
These include assumptions about past seawater δ18O for which no proxy exists and which is a key control on
the temperature inferred from fossil carbonate. Here we present the results of an early Eocene simulation made
using a state-of-the-art General Circulation Model (GCM; HadCM3) with CO2 set at six times pre-industrial
values and which has oxygen isotopes incorporated into the full hydrological cycle and hence simulates the
δ18O of past seawater. This allows us to explore the implications of the different seawater δ18O correction
factors commonly used for δ18O-based temperature reconstruction. It also allows us to focus model-data
comparison on δ18O rather than interpret ocean temperature, an approach that reduces uncertainties in
model-data comparison since the effects of both the temperature and the isotopic composition of ocean water
on δ18O of carbonate are accounted for. The good agreement between model and data for both modern and
well-preserved early Eocene carbonate increases conﬁdence in climate reconstructions of this time.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Climate model predictions of future warm conditions are predicated
on the assumption that the models are able to simulate correctly
warmer climates than the present. One way to evaluate model
performance in this area is to compare model simulations of warm
periods in the past (e.g. Cretaceous and Eocene) with geological data. A
direct comparison of model temperature results with temperature data
derived using proxies from warm periods show some disagreements.
Replicating the low equator to pole temperature gradient reconstructed
from temperature proxy data for these ancient warm periods (e.g.
Shackleton and Boersma, 1981) is particularly challenging for models
(e.g. Huber and Sloan, 2001; Huber, 2008). However, data model
comparison is much more difﬁcult for these ancient periods than for
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the present day, since the quantitative data used for evaluation has not
been measured directly, but instead is derived from climate proxies
which are themselves associated with interpretative uncertainties.
The stable oxygen isotope composition of marine calcite (δ18Oc) is
the most mature and extensively used of the sea surface temperature
(SST) proxies available (Henderson, 2002). The δ18O signature of the
seawater (δ18Ow) is incorporated into the shells of marine organism
such as foraminifera. However, during shell formation the δ18Ow signal
is altered by fractionation which is controlled by the temperature- and,
to a lesser extent, the salinity of the habitat, and vital effects. Empirical
equations relating δ18Oc, δ18Ow and temperature have been derived for
a number of foraminiferal species (e.g. Bemis et al., 1998) and applied to
reconstruct past climates (e.g. Shackleton and Boersma, 1981).
For the modern, δ18Ow is well constrained (LeGrande and Schmidt,
2006), however past δ18Ow is unknown and has to be estimated,
leading to substantial uncertainties in reconstructed temperature. The
aim of this paper is to address and reduce the errors associated with
estimating past δ18Ow by using a state-of-the-art General Circulation

266

J. Tindall et al. / Earth and Planetary Science Letters 292 (2010) 265–273

Fig. 1. Global distribution of temperature and δ18O in the surface waters derived from isotope-enabled HadCM3 model simulations; (a) modern temperature, (b) Eocene
temperature (c) modern δ18O distribution, (d) Eocene δ18O distribution + 1‰. (e) Eocene δ18O distribution. Data locations shown here are as follows: 865, Allison Guyot; 1257-8,
Demerara Rise; 690, Maud Rise; 1209, Shatsky Rise; 363 and 525-9, Walvis Ridge; 702, Islas Orcardas; T, Tanzania; NZ New Zealand; and 738 Kerguelen Plateau.

Model (GCM), to simulate the spatial distribution of δ18Ow. By simulating
the early Eocene climate we provide a model-derived δ18Ow resource
that can be used to convert measured δ18Oc to palaeo-temperature in a
way that is consistent with model physics.
Previous studies have estimated past δ18Ow either by:
1. Applying a globally homogeneous value for δ18Ow based on
estimates of ice volume change. The lack of substantial ice volume
during Palaeogene results in lower δ18Ow than today, but estimates
of this ice volume effect on global δ18Ow for the early Eocene vary
considerably from −1.20‰ (Shackleton and Kennett, 1975) via
−1‰ (Zachos et al., 1994) and −0.98‰ (Bralower et al., 1995b) to
− 0.75‰ (Pearson et al., 2007). The temperature uncertainty
associated with these different estimates of δ18Ow which can be
calculated using the empirical equation of Erez and Luz (19831) is
∼ 2 °C.
1

T = 17.0–4.52[δ18Oc - δ18Ow] - 0.03[δ18Oc - δ18Ow].

2. Applying an offset reﬂecting the modern variability of δ18Ow with
latitude (Zachos et al., 1994). Implicit in this correction is the
assumption that both the intensity and latitudinal structure of the
hydrological cycle has remained constant through time. Longitudinal variations are ignored even though modern δ18Ow varies by
more than 2‰ (Fig. 1c) with longitude leading to uncertainties in
estimating SST of more than 8 °C.
Recently, isotope-enabled climate models have been used to
estimate the δ18Ow for “palaeocoeans” (Roche et al., 2006; Zhou
et al., 2008; Roberts et al., 2009). Model-derived δ18Ow varies with
both longitude and latitude, and is in good agreement with observations where these exist for comparison (e. g. Tindall et al., 2009). Here,
we use a newly isotope-enabled version (Tindall et al., 2009) of the
Hadley Centre atmosphere–ocean GCM, HadCM3 (Gordon et al.,
2000), to estimate δ18Ow for the Holocene and early Eocene climate
(50–54.7 Ma). The modelled δ18Ow is evaluated against values of
δ18Ow previously used for the early Eocene and the consequences for
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interpreting SST from measured δ18Oc preserved in foraminiferal
carbonate from this time period are discussed. This approach provides
valuable insights into the behaviour of the climate under warm
conditions and allows a more accurate and rigorous comparison
between model results and palaeodata.
2. Methods
The model used to simulate the early Eocene climate, HadCM3, has
been widely used to study past, present and future climates (e.g. IPCC,
Solomon et al., 2007).The version used here has a horizontal resolution
in both the atmosphere and the ocean2 of 3.75° × 2.5°.The atmospheric
component has 19 vertical levels and 30 min timesteps, while the
oceanic component has 20 vertical levels and 1 h timesteps. The
HadCM3 ocean is represented by a rigid lid model, which means that
the volume of the ocean is ﬁxed and water conservation is dependent
on salinity conservation. The Eocene simulation has no ﬂux adjustment and the salinity drift is <0.03 psu/century. By the end of the
simulation the mean salinity of the ocean was 35.2 psu, which is within
the range suggested by (Hay et al., 2006).
The early Eocene simulation uses a palaeogeography created using
similar methods to Markwick and Valdes (2004). This palaeogeography is such that there is no baroclinic ﬂow and limited barotropic ﬂow
between the global oceans and the Arctic Ocean since the Greenland–
Norwegian seaway is closed and the Turgai Strait is only one gridbox
wide and 80 m deep. The effects of opening these gateways are
discussed by Roberts et al. (2009).
There is considerable uncertainty over the atmospheric CO2
concentration for the early Eocene (see Solomon et al., 2007). A number
of different proxies have been used to estimate CO2 concentrations, but
for this time period, the results span a large range and are not entirely
coincident. Published CO2 values include: ∼700–4600 ppm from Boron
isotopes (Pearson and Palmer, 1999, 2000; Pagani et al., 2005); 350–
2700 ppm from δ13C of pedogenic minerals and 400 ppm from stomatal
densities and indices in plants (Royer et al., 2001; Royer, 2006 and
references therein), For this simulation CO2 was set to 1680 ppm, which
is six times pre-industrial levels. This reﬂects the extreme warmth that
characterises the early Eocene (Pagani et al., 2006; Huber, 2008) and is
in line with Solomon et al. (2007, see Fig. 6.1). There is very limited
proxy evidence of CH4 and N2O for the early Eocene and hence these
were set to pre-industrial values. We note that the uncertainty in
radiative forcing will be dominated by the large uncertainty in early
Eocene CO2 levels so that using pre-industrial concentrations for CH4
and N2O is reasonable. All permanent land ice was removed from the
model for the early Eocene simulation although the model permits
seasonal sea ice and snow to form.
The Eocene climate has been spun-up from a state of rest using a
mixture of multi-century coupled simulations combined with oceanonly simulations for a total of 6000 years. This was sufﬁcient for the
ocean and atmosphere to reach dynamic equilibrium with the boundary
conditions.
In order to ensure that spatial patterns in δ18Ow are driven exclusively by isotope physics, the Eocene ocean isotopes were globally
initialized at δ18Ow = −1‰ which is the average of the range of
plausible values for an ice-free world (Shackleton and Kennett, 1975;
Zachos et al., 1994; Pearson et al., 2007). The model was then run for
an additional 550 years. By the end of the simulation, surface, δ18Ow
changes by <0.01‰/century suggesting that the model has run long
enough to spin-up δ18Ow in the top model layers. Since δ18Ow in the
intermediate and deep ocean would require a longer spin-up, the
present study only considers δ18O from planktic foraminifera that
lived in the mixed layer (e.g. top few hundred meters) of the ocean
while excluding thermocline and sub-thermocline dwelling species.

2

The oceanic resolution in the standard version of HadCM3 is higher (1.25° × 1.25°).

267

Modelled δ18Oc was obtained using species speciﬁc calibration
equations and modelled δ18Ow and modelled temperature from the
5th model layer (41.5–57.5 m) which represents these mixed-layer
habitats. The calibration equations used are based on empirical
observations of Globigerinoides sacculifer, Orbulina universa and Globigerina bulloides (Erez and Luz, 1983; Bemis et al., 1998) to represent
species with different planktic ecologies and habitats. There are a
number of uncertainties associated with applying these equations to
δ18Oc measured on fossil foraminifera. These include: post-depositional alteration of fossil carbonate; the lack of temperature calibrations for extinct species (all pre-Neogene planktic foraminifera are
now extinct); seasonality of the foraminiferal blooms; depth migration of the organism during its ontogeny exposing it to different
oxygen isotope compositions of seawater (δ18Ow) and temperatures as
a result of ecological variability (Hemleben, 1989); formation of
gametogenic calcite with a different δ18O composition (Kozdon et al.,
2009) and the effect of the carbonate ion concentration on δ18Oc
(Spero et al., 1997). An evaluation of some of these ecological controls
on δ18Oc from core-top foraminifera and their impact on modelled
δ18Oc has been carried out by Schmidt and Mulitza (2002).
Pre-industrial modelled δ18Oc was compared with several late
Holocene planktic foraminiferal species (Waelbroeck et al., 2005)
with appropriate calibration equations. Since model-data comparison
for the early Eocene is inherently more uncertain, quality control of
the measured δ18Oc dataset is essential. Two criteria were used in
compiling the early Eocene foraminiferal δ18Oc dataset:
1. Only δ18Oc measured on acarininids and morozovellids, both of
which are thought to have lived in the mixed layer (e.g. Pearson et al.,
2001) were used to compare with modelled mixed-layer δ18Oc.
2. In order to achieve maximum data coverage, all data available from
the early Eocene (50–54.7 Ma, Gradstein et al., 2004) were included.
This age range avoids the transient warming during the Paleogene
hyperthermals, where temperatures can be 5–8 °C higher than
average (e.g. Lourens et al., 2005; Zachos et al., 2006).
Poor foraminiferal preservation was not used as a criterion for
excluding measured δ18Oc from the dataset despite the fact that
diagenesis is known to alter the isotopic composition of foraminiferal
carbonates (Killingley, 1983) and where primary surface δ18Oc is
modiﬁed by deep water pore-waters, this may result in several degrees
underestimation of sea surface temperatures (Schrag et al., 1995). The
inclusion of both poorly preserved and well-preserved δ18Oc data
allows us to assess whether data preservation affects model-data
agreement. We test the hypothesis that well-preserved foraminifera
and foraminifera from high latitudes (where diagenetic alteration does
not signiﬁcantly modify the δ18Oc) will agree with modelled δ18Oc,
while sites describing altered foraminifera will report palaeotemperatures lower than the model predicts. There are a number of
sites where information on foraminiferal preservation is not available
(Table 1). The measured δ18Oc data recorded from these sites are
evaluated in the light of the general model-data ﬁt. Table 1 provides
information about the sites we include in this study, including the
early Eocene location and average δ18Oc of each site.
3. Results
Fig. 1a,b shows modelled SST for the pre-industrial climate and the
early Eocene respectively. Globally, the early Eocene SSTs are warmer
than the pre-industrial with a global average temperature increase of
10 °C (pre-industrial 17 °C and early Eocene 27 °C). Consistent with
this warmer climate, the Eocene simulation shows a global precipitation increase of 18% over the pre-industrial. Over most of the globe,
the early Eocene SST is between 5 °C and 10 °C warmer than the preindustrial, but the modelled difference is much larger (10 °C–20 °C)
over the 90°W–90°E region of the Southern Ocean and the North
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Fig. 2. Zonal mean δ18Oc for the ocean surface (0–10 m), calciﬁcation depth of mixed-layer foraminifera (41.5 m to the bottom of the mixed layer) and the range of longitudinal
variation in δ18Oc for this depth interval plotted against latitude for (a) the present day and (b) the Early Eocene. The equation used to calculate δ18Oc from modelled temperature and
δ18Ow shown as bold lines and shading is from (Erez and Luz, 1983) and is based on empirical observations of Globigerinoides sacculifer. Faint lines indicate the range of temperature
reconstructions possible based on different mixed-layer dwelling foraminifera. Late Holocene planktic foraminiferal δ18O data are from (Waelbroeck et al., 2005); symbols indicate
different foraminiferal species: (1) Globigerina bulloides; (2) Neogloboquarinda pachyderma (s); (3) N. pachyderma (d); (4) Globigerinoides ruber (pink); (5) G. ruber (white);
(6) G. sacculifer. Data sources for the Late Paleocene–Early Eocene foraminiferal δ18O data spanning the period between 50 and 54.7 Ma shown are from Bralower et al. (1995a,b), Bice
and Norris (2005), Stott et al. (1990), Dutton et al. (2005b), Pearson et al. (2007), Oberhansli et al. (1991), Shackleton et al. (1984), Zachos et al. (1994), Barrera and Huber (1991),
Shackleton and Kennett (1975), Lu and Keller (1993) and Hollis et al. (2009). For the Early Eocene results (b) the average modelled δ18Oc value between 41.5 m and the bottom of the
mixed layer for the grid square that corresponds to the paleo-latitude of each data site is also shown (squares). Modelled δ18Oc results for Islas Orcardas Rise and New Zealand are so
similar (Table 1) as to be indistinguishable on this ﬁgure. Two of the three Walvis Ridge sites (Table 1) are so close together they are combined and compared with a single model grid
cell. The model results required to calculate the zonal mean data for both modern and Eocene are available in the Supplementary data table. The Eocene model results for each oceanic
grid square at depths of 0–10 m, and 41.5 m to the bottom of the mixed layer are available online at http://www.bridge.bris.ac.uk/resources/simulations by requesting a password
from the corresponding author.

Paciﬁc. In contrast, the temperature increase over the Arctic is small
(<5 °C). This may be because the paleogeography allows only limited
ﬂow between the North Atlantic–Arctic gateway. The model simulations suggest that the equator to North Pole surface air temperature
difference was 16 °C smaller in the early Eocene than the preindustrial (36 °C and 52 °C respectively). The corresponding SST
difference was 4 °C larger in the early Eocene than the pre-industrial
(32 °C and 28 °C respectively). This contrast results from sea ice

formation in the pre-industrial simulation which provides a lower
limit on SST.
Fig. 1c,e shows δ18Ow at the ocean surface for the pre-industrial
climate and the early Eocene. Mean ocean δ18Ow for the early Eocene
simulation is 1‰ lower than the pre-industrial, as speciﬁed by the
initial conditions. To facilitate a clearer comparison of modern and early
Eocene δ18Ow distribution, 1‰ was added to the early Eocene surface
δ18Ow (Fig. 1d). This comparison suggests that early Eocene latitudinal
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and longitudinal δ18Ow gradients were larger than today's. One notable
difference between the early Eocene and the modern distribution is the
relatively enriched δ18Ow in the Eocene Atlantic which is balanced by
relatively depleted δ18Ow in the Eocene Arctic (Fig. 1c,d). This
distribution occurs because, in our early Eocene simulation, the main
transport of water between the Atlantic and the Arctic is via
precipitation which is strongly depleted in δ18O. If more oceanic
exchange were possible, by using a different paleogeography for
example, this contrast between the Atlantic and Arctic would not be so
large (Roberts et al., 2009).
Fig. 2a compares δ18Oc data for several late Holocene planktic
foraminiferal species (Waelbroeck et al., 2005) and modelled δ18Oc for
the pre-industrial ocean both at the surface and for the 5th model layer
(41.5–57.5 m). Irrespective of the calibration equation used, the data
mirror the shape of the model-derived zonally averaged δ18Oc, but have
a large spread (Fig. 2a). The shaded area shows the longitudinal
variability in modelled δ18Oc for each latitude. Most late Holocene data
lie within the shaded area, indicating that when longitudinal variability
is accounted for, model and data agree well (see also Supplementary
data Table 2 for cell-by-cell comparison). Data outside the longitudinal
range are mainly associated with oceanic frontal systems and at high
latitudes, with variable environmental conditions resulting in strongly
seasonal changes of environmental conditions and calciﬁcation depth,
and with low carbonate ion concentrations all of which inﬂuence δ18Oc.
For the early Eocene, all the sites except New Zealand, contain
δ18Oc data within the range of δ18Oc predicted by the model for that
site's latitude (Fig. 2b; shaded area). At only three sites, however,
(Tanzania, Islas Orcadas Rise and the Kerguelen Plateau) is there a
coincidence between the foraminiferal δ18Oc and the δ18Oc predicted
by the model for the appropriate gridbox (squares on Fig. 2b).

With the exception of New Zealand, there is better model-data
agreement at high latitude sites than at low latitude sites. This is to be
expected since the effect of diagenetic alteration of foraminiferal calcite
is likely to offset the δ18Oc to a lesser extent at high latitudes. Despite
this, there is only an overlap between gridbox speciﬁc model results and
data at Islas Orcadas Rise and the Kerguelen Plateau. It is unclear why
there is disagreement at the Campbell Plateau and Maud Rise, but it
could be due to many factors such as inaccurate model boundary
conditions or insufﬁcient processes being included in the model.
Despite numerous uncertainties in modelling the Eocene climate,
the results of the model-data comparison largely agree with the
expectations, providing conﬁdence in both the model results and the
well-preserved data. It is therefore valid to consider the estimates of
temperature from the sites where the model and data agree, in order
to provide a ‘best guess’ of early Eocene SSTs and to assess how
different values of δ18Ow affect these temperature estimates.

4. Discussion

1. Impact of homogeneous δ18Ow reconstructions on latitudinal temperature gradients. The observation that homogeneous ice volume

4.2. The impact of δ18Ow on temperature estimates
Fig. 3 (squares) shows temperature inferred from the average
foraminiferal δ18Oc at each site using modelled δ18Ow and the temperature equation of Erez and Luz (1983). Also shown are temperatures
calculated using homogeneous ice volume corrections (circles), the
Zachos et al. (1994) latitudinally varying δ18Ow (diamonds) and zonal
mean temperatures obtained from the model (lines). The only sites
shown are those where gridbox speciﬁc modelled δ18Oc results agree
with measured δ18Oc data. Although it is difﬁcult to draw general
conclusions from such a limited dataset, comparison of the three
different methods of generating δ18Ow for inclusion in temperature
reconstructions from δ18Oc raises three important issues:

4.1. Model-data comparison of δ18Oc and the impact of diagenesis
Of the three published tropical sites, only the “pristine” foraminifera from Tanzania (Pearson et al., 2001, 2007) yield δ18Oc values that
agree with the model results (Fig. 2b). The other two, Allison Guyot
and Demerara Rise, where the preservation is described as recrystallised (for Allison Guyot, Pearson et al., 2006), and variable from good
or moderate to recrystallised (for Demerara Rise, Bice and Norris,
2005) comprise δ18Oc datasets which are higher than that modelled
leading to cooler temperature reconstructions (Fig. 2b). Discrepancies
between our model results and the data are not restricted to the
tropics, but can also be found at mid-latitude sites e.g. Shatsky Rise and
to a lesser extent, Walvis Ridge (Fig. 2b). These are sites with moderate
to good preservation (Dutton et al., 2005a,b) indicating recrystalisation (Pearson et al., 2007).
The major model-data discrepancy occurs at the New Zealand site.
Only four of the data from this location lie within our speciﬁed age range,
but they all have δ18Oc values signiﬁcantly lower than the minimum
calculated by the model for that paleo-latitude (55 S) and for the closest
grid cell (Fig. 2b) which is nearly identical to that predicted for Islas
Orcadas at the same latitude (Table 1). Hollis et al. (2009) indicate that
the preservation of the foraminifera used for these analyses is variable
with evidence of recrystallisation and secondary inﬁlling, so once again
diagenetic alteration may, at least in part, account for the model-data
discrepancy observed. In addition, Fig. 1d indicates that the model
predicts quite a steep gradient in δ18Ow in this region and it is possible
that the coastal setting of these samples may also account for some of
the model-data inconsistency. The stable isotope analyses presented in
this paper are one of a suite of proxies that are used to investigate Eocene
sea temperature in New Zealand. Temperatures inferred from Mg/Ca
and TEX86 results are also sufﬁciently high to prompt the authors to
suggest that “SSTs in excess of 30 °C at 55°S seem unrealistic” (Hollis
et al., 2009).

Fig. 3. Latitude versus simulated Eocene and modern sea surface temperature at 0–10 m
and between 41.5 m and the bottom of the mixed layer (Supplementary data table). For
data sites where the measured δ18Oc dataset overlaps with modelled δ18Oc, temperature
for the average of the measured δ18Oc dataset (Table 1) has been calculated using the
equation based on G. sacculifer (Erez and Luz, 1983) for a range of published ice volume
corrections (Shackleton and Kennett, 1975; Bralower et al., 1995b; Pearson et al., 2001).
Temperature is also calculated using the latitudinal correction of Zachos et al. (1994) as
well as using the modelled δ18Ow for the appropriate grid square (Table 1).
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corrections tend to ﬂatten the latitudinal temperature gradient
relative to that derived using modelled δ18Ow (Poulsen et al., 1999;
Zhou et al., 2008) is observed in this study. At the tropical site,
Tanzania, temperatures calculated using published early Eocene
homogeneous ice volume correction factors (dots on Fig. 3) for
δ18Ow (−0.75, −0.98 and −1.25‰) are 2.4 to 4.5 °C lower than
that calculated using the model's δ18Ow result (−0.25‰; Table 1)
for the closest cell (squares on Fig. 3). If the model had been
initialized with δ18Ow = −0.75 (instead of δ18Ow = −1), which is
within the bounds of uncertainty for the early Eocene climate, the
modelled temperature would be 1.1 °C larger, increasing the
difference further (3.5 to 5.6 °C). Of the high southern latitude
sites, only the SST derived using a homogeneous ice volume
correction factor of − 0.75‰ comes close to the temperature
derived using modelled δ18Ow (squares) for Islas Orcades Rise
while those for Kerguelen Plateau are all signiﬁcantly (1.7–3.7 °C)
lower. Possible errors resulting from homogeneous ice volume
corrections are minor compared with those caused by the inclusion
of diagenetically altered tropical material, but they still exacerbate
the perceived model-data discrepancy in latitudinal temperature
gradients associated with the “cool tropics paradox” (D'Hondt and
Arthur, 1996).
2. Reconstruction of latitudinal gradients from limited datasets. This
study indicates the potential pitfalls in reconstructing latitudinal
temperature gradients from a small number of sites without
accounting for longitudinal variation in δ18Ow. Of the three sites
where modelled and measured δ18Oc are consistent, only the
reconstructed temperature for Tanzania is close to the zonal mean
temperature for that latitude (Fig. 3). Because of signiﬁcant
longitudinal variability of δ18Ow at both the other sites (Fig. 1d
and e; Islas Orcades Rise and Kerguelen Plateau) their reconstructed temperatures are not representative of the zonal mean.
The inclusions of these non-representative sites in a small dataset
will lead to an inaccurate latitudinal temperature gradient.
3. The impact of longitudinal δ18Ow variability on latitudinal temperature reconstructions. Because modelled Eocene and pre-industrial
zonal mean temperature gradients are similar, the latitudinal
correction to δ18Ow (Zachos et al., 1994) generates temperature
data (diamonds) that accord well with model-derived zonal mean
temperature (lines). However, the discrepancy displayed at the
Kerguelen Plateau between these results (lines and diamonds) and
the temperature calculated using modelled δ18Ow (squares)
illustrates the problem that arises when longitudinal variation in
δ18Ow is signiﬁcant. Using the latitudinal correction to reconstruct
past δ18Ow, the comparable latitudes of the Kerguelen Plateau and
Islas Orcardas Rise result in similar temperatures (Fig. 3 diamonds).
Our results suggest, however, that this latitudinal correction
misrepresents the modelled δ18Ow distribution which indicates
that δ18Ow was ∼ 0.5‰ lower at the Kerguelen Plateau than at the
Islas Orcardas Rise (Table 1; Fig. 1d,e). The effect is an underestimation of temperature at Kerguelen Plateau of >2 °C. Longitudinal variability when using the latitudinal correction is not just
locally problematic. For example, the Kerguelen Plateau discrepancy results from a contrast in the δ18Ow distribution throughout
the Southern Ocean where modelled longitudinal variations in
δ18Ow in the Eocene Southern Ocean (Fig. 1d) are much larger
(∼1.5‰) than for the pre-industrial climate (∼ 0.6‰; Fig. 1c).
Further north, contrasts in the δ18Ow distribution result in the
latitudinal ice volume correction generally overestimating δ18Ow
relative to the model results in the Paciﬁc and underestimating low
latitude δ18Ow while overestimating high latitude δ18Ow in the
Atlantic (Fig. 1c,d).
These results suggest that we can obtain a more accurate and
enhanced understanding of past ocean temperature structure using
modelled δ18Ow in combination with δ18Oc from foraminifera rather
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than the δ18Ow correction factors that have been available up until
now.
4.3. Comparison with other proxies
Oxygen isotopes are not the only SST proxy used to reconstruct
past climates and it is tempting to use other proxies (e.g. Mg/Ca
elemental ratio and TEX86, Tripati and Elderﬁeld, 2004; Pearson et al.,
2007) to assess the modelled δ18Ow distribution for the early Eocene.
Unfortunately, published multi-proxy studies illustrate that the
resulting temperature reconstructions are commonly discrepant
(Kucera et al., 2005) because each proxy is subject to its own set of
interpretative uncertainties. For example, temperature reconstructions from Mg/Ca ratios are affected by diagenesis, dissolution (e.g.
Brown and Elderﬁeld, 1996; Rosenthal et al., 2000), the unknown Mg/
Ca ratio of Eocene seawater (Lear et al., 2002) and the carbonate ion
changes associated with high CO2 concentrations (Nyland et al.,
2006).
The recent development of the TEX86 palaeothermometer means
that the only three sites provide early Eocene data for comparison with
this study: Tanzania (Pearson et al., 2007); the Arctic (Sluijs et al.,
2006) and New Zealand (Hollis et al., 2009). The proxy's relatively
short history also means that research delineating the factors that
inﬂuence its correlational relationship with temperature is still rather
limited. Thus far, studies have demonstrated the effect of thermocline
depth and riverine input especially in coastal settings (Huguet et al.,
2007; Kim et al., 2008) on temperature reconstruction and that
seasonality of production leads to large errors (Herfort et al., 2006) as a
result of a lack of understanding of crenarchaeotal ecology and
physiology. TEX86 results from the three early Eocene datasets have
been interpreted as indicating generally warmer SSTs than those
reconstructed from δ18Oc, although in the case of Tanzania, the discrepancy is dependent on the calibration equation used (Pearson et al.,
2007; Hollis et al., 2009). The larger disagreement between very warm
SSTs and model results for the Arctic have been attributed at least in
part to uncertainties associated with the surface water structure in the
Eocene and the nature of the deep chlorophyl maximum (Huguet et al.,
2007; Kim et al., 2008). The high temperatures derived from TEX86
data from the New Zealand site are broadly consistent with those
interpreted from the very low δ18Oc values measured at the same site
(Fig. 2b, Hollis et al., 2009). One possible solution is that the New
Zealand data is so coastal that it represents very localised conditions
that are not visible in the averaged model results for a grid cell more
than 250 km2. If this is the case, it underlines the importance of
longitudinal variability (a more extreme version of the Kerguelen
Plateau) and illustrates the need for reconstructions of δ18Ow at as high
a resolution as possible.
5. Conclusions
The addition of δ18O into the hydrological cycle of the HadCM3
GCM allows a robust comparison between model simulations of past
climates and fossil δ18Oc. We ﬁnd good agreement between model and
data for both late Holocene δ18Oc and most well-preserved Eocene
δ18Oc. Our results support neither the cool Eocene tropics nor a
substantially reduced latitudinal temperature gradient; however they
strongly support suggestions that diagenetic alteration of δ18Oc is
common in tropical and mid-latitude settings. Using an isotopeenabled GCM such as HadCM3 allows details of past spatial
temperature gradients and regional circulation patterns essential to
our understanding of climatic behaviour to be discriminated and
reduces the uncertainty in converting δ18Oc to temperature by
quantifying δ18Ow. Ultimately, successful simulations of the extreme
warm climatic conditions of the early Eocene will permit greater
conﬁdence in the model's ability to predict future warming although
further work on both the models and data is required to establish the
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detailed nature of the physical and ecological processes active
particularly at very high latitudes.
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