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Abstract The first isotope-enabled general circulation model (GCM) simulations of the Pliocene are used
to discuss the interpretation of 𝛿18O measurements for a warm climate. The model suggests that spatial
patterns of Pliocene ocean surface 𝛿18O (𝛿18Osw) were similar to those of the preindustrial period; however,
Arctic and coastal regions were relatively depleted, while South Atlantic and Mediterranean regions were
relatively enriched. Modeled 𝛿18Osw anomalies are closely related to modeled salinity anomalies, which
supports using 𝛿18Osw as a paleosalinity proxy. Modeled Pliocene precipitation 𝛿18O (𝛿18Op) was enriched
relative to the preindustrial values (but with depletion of <2‰ over some tropical regions). While usually
modest (<4‰), the enrichment can reach 25‰ over ice sheet regions. In the tropics 𝛿18Op anomalies are
related to precipitation amount anomalies, although there is usually a spatial offset between the two. This
offset suggests that the location of precipitation change is more uncertain than the amplitude when
interpreting 𝛿18Op. At high latitudes 𝛿18Op anomalies relate to temperature anomalies; however, the
relationship is neither linear nor spatially coincident: a large 𝛿18Op signal does not always translate to a large
temperature signal. These results suggest that isotope modeling can lead to enhanced synergy between
climate models and climate proxy data. The model can relate proxy data to climate in a physically based way
even when the relationship is complex and nonlocal. The 𝛿18O-climate relationships, identified here from a
GCM, could not be determined from transfer functions or simple models.

1. Introduction

The mid-Pliocene Warm Period (mPWP), which occurred between 3.264 and 3.025MaB.P., has been intensively
studied. This period is conventionally viewed as having a warm and stable climate, where global annual mean
sea surface temperatures were 2–3∘C higher than preindustrial values [Dowsett et al., 2010; Haywood et al.,
2000], the same as is predicted by the Intergovernmental Panel on Climate Change (IPCC) by the end of this
century [Stocker et al., 2013]. Global ice volume was reduced by up to one third with large fluctuations over
Greenland and West Antarctica [Dolan et al., 2011], and global sea level was ≈22m higher [Miller et al., 2012].
Despite these differences, the mPWP represents a familiar world as it shares many features with the modern:
the continental configuration, orography (outside the ice sheet regions), and ocean bathymetry are all similar
to today’s. By understanding the climate of the mPWP, we can understand how the climate system operates
in a warmer world.

The mPWP has been the focus of the Pliocene Research Interpretations and Synoptic Mapping(PRISM)
[Dowsett et al., 1994] project and the Pliocene Model Intercomparison Project (PlioMIP) [Haywood et al., 2010,
2011]. PRISM has synthesized geological data to provide global paleoenvironmental reconstructions of the
mid-Pliocene, and the current version, PRISM3D, has been used to provide either boundary conditions or
validation data sets for model simulations undertaken as part of PlioMIP [Dowsett et al., 2013].

Although not included in the PRISM3 data set, there is a wealth of oxygen isotope data. These have been
collected over several decades and include oxygen isotopes measured in ocean-dwelling foraminifera [e.g.,
Wara et al., 2005; Tian et al., 2002] and coral [Watanabe et al., 2011]. Oxygen (O) isotope measurements are
generally converted to a 𝛿 notation by referencing the ratio of the heavy to light isotope (R =18O/16O) against
a standard as

𝛿18O = ((Rsample∕Rstandard) − Rstandard) × 1000. (1)

Although widely available, there are difficulties in extracting climate signals from 𝛿18O. The largest source
of 𝛿18O observations of Pliocene age is provided by foraminifera. For foraminifera the 𝛿18O signal in the
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calcite shell (𝛿18Oc) provides an imprint of the 𝛿18O of seawater (𝛿18Osw) in which the foraminifera lived,
which is modified by the temperature (T) of the seawater at the time. Hence, 𝛿18Oc, in surface dwelling plank-
tonic foraminifera, can be used to determine either paleosurface 𝛿18Osw or paleosurface ocean temperature,
according to equations such as

T = a − b(𝛿18Oc − 𝛿18Osw) + c(𝛿18Oc − 𝛿18Osw)2, (2)

where a, b, and c depend on the species considered [Bemis et al., 1998].

For a foraminifera test to faithfully record Pliocene conditions it must be exceptionally well preserved and not
have been subject to diagenetic alteration. Williams et al. [2005] noted that 𝛿18Oc from a number of Pliocene
foraminifera from the North Atlantic suggested cooler temperatures than those derived from Mg/Ca data or
the HadCM3 climate model. Such a signal could have occurred if the data had been subject to diagenesis. For
exceptionally well-preserved foraminifera, which have not been subjected to diagenesis, climate information
can be derived from 𝛿18Oc providing the 𝛿18Osw, and the temperature signals can be disentangled, for exam-
ple, by using paired Mg/Ca and 𝛿18Oc data from the same foraminifera test [e.g., Karas et al., 2009]. In this way
the temperature is estimated from the Mg/Ca data which is then used along with equation (2) to determine
𝛿18Osw; however, because this is a two-step process, measurement and calibration errors will be compounded
and can become significant [Rohling, 2007]. When derived, the 𝛿18Osw can then provide information about
the global ice volume and the local salinity. Moreover, if a foraminifera test is sufficiently well preserved to
estimate 𝛿18Osw, then the foraminifera would also be sufficiently well preserved to estimate temperature if
the 𝛿18Osw term in equation (2) can be determined from an independent source. Problems with disentan-
gling temperature and 𝛿18Osw are common to all ocean 𝛿18O archives, including corals [Watanabe et al., 2011],
diatoms [Snelling et al., 2014], and molluscs [Jones and Allmon, 1995]. For any of these measurements to be
utilized, a robust, independent estimate of either 𝛿18Osw or temperature is required [Williams et al., 2009].

Although less numerous than ocean-based measurements, land-based measurements of Pliocene age 𝛿18O
are also available and include pedogenic carbonates [Winnick et al., 2013], tree rings [Hill et al., 2011; Csank
et al., 2013; Ballantyne et al., 2010], and speleothems [Vaks et al., 2013]. Like the ocean-based measurements,
𝛿18Oc in speleothems incorporate a signal from both temperature and the 𝛿18O of the source water, mean-
ing that either temperature or the 𝛿18O of the source water must be estimated by an alternative method
to utilize this data. Interpreting the oxygen isotope ratio of tree ring cellulose is subject to a different prob-
lem. This is predominantly controlled by the oxygen isotope ratio of the source water to the tree, although
it is also affected by evaporative enrichment in the leaves and fractionations during cellulose synthesis [e.g.,
Roden et al., 2000]. Providing that the 𝛿18O of the source waters can be determined from tree rings, they can
then be related to climate parameters (such as temperature and precipitation) using modern relationships,
by assuming that these modern relationships are representative of paleoclimates.

In order to relate Pliocene-aged 𝛿18O measurements to climate, an answer to one of two important ques-
tions is required. If 𝛿18Op or 𝛿18Osw can be obtained, the question is “How were water isotopes in precipitation
or seawater related to standard climate variables (temperature, precipitation, and salinity) in the Pliocene?”
Alternatively, if it is necessary to disentangle a temperature signal from 𝛿18Op or 𝛿18Osw within an observa-
tion, it is necessary to know “What were 𝛿18Op and 𝛿18Osw during the Pliocene?” Both of these questions
can be addressed in this paper because the processes governing 𝛿18O throughout the hydrological cycle are
well understood and have been incorporated into climate models [Joussaume et al., 1984; Jouzel et al., 2000;
Mathieu et al., 2002; Noone and Simmonds, 2002; Lee et al., 2007; Risi et al., 2010; Werner et al., 2011] including
complex atmosphere-ocean general circulation models (GCMs) [Schmidt et al., 2007; Zhou et al., 2008; Tindall
et al., 2009]. These models have been used to investigate climates including the mid-Holocene [e.g., Hoffmann
et al., 2000], the Last Glacial Maximum [e.g., Hoffmann et al., 2000], the Last Interglacial [Sime et al., 2013], and
the Paleogene [Zhou et al., 2008; Tindall et al., 2010; Roberts et al., 2011].

Here the first simulations of the Pliocene climate using a model equipped with 𝛿18O tracers will be presented.
The results from these simulations can be used to address Pliocene-aged 𝛿18O measurements. The purpose
of this paper is to provide a reference for future studies that measure oxygen isotopes in Pliocene-aged
climate archives. It will provide modeled estimates of 𝛿18O in seawater that can be used to either (a) aid in
the interpretation of ocean-based temperature proxies or (b) be compared with 𝛿18Osw obtained from paired
measurements of Mg/Ca and 𝛿18Oc. To this end, we will also discuss the relationship between 𝛿18Osw and
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salinity for the Pliocene climate. To facilitate the interpretation of land-based measurements, modeled esti-
mates of 𝛿18Op are included. It will be shown how these relate to more widely used climate parameters, such
as Pliocene temperature and precipitation, in order to provide a physically based framework for interpreting
land-based measurements.

The layout of this paper is as follows: section 2 will describe the model and simulations used, and section 3
will present modeled values of 𝛿18O in seawater and 𝛿18O in precipitation for the Pliocene. A quantitative
discussion of the relationships between 𝛿18O and climate will be addressed in sections 4 (for 𝛿18Op) and 5 (for
𝛿18Osw). The paper is summarized in section 6.

2. Methods
2.1. Model Description
The model used in this study is the Hadley Centre General Circulation Model (HadCM3) [Gordon et al., 2000;
Pope et al., 2000] with water isotope tracers included throughout the hydrological cycle [Tindall et al., 2009].
HadCM3 is a general circulation model (GCM) that has been used in many scientific studies including the IPCC
4th assessment report [Solomon et al., 2007]. Although it is no longer state-of-the-art, having been superseded
by the HadGEM family of earth system models [Collins et al., 2011; Hewitt et al., 2011], HadCM3 is the optimal
tool for this study. The complexity of the HadGEM models means that it is not feasible to use them in a study,
such as this, which requires a millennial scale model simulation.

HadCM3 has a resolution of 3.75∘ × 2.5∘ with 19 vertical levels in the atmosphere and 1.25∘ × 1.25∘ with
20 vertical levels in the ocean. It uses the Gregory and Rowntree [1990] convection scheme, a large-scale
cloud scheme based on Smith [1990] with modifications described by Gregory and Morris [1996] and the
Edwards and Slingo [1996] radiation scheme. In the ocean HadCM3 comprises a simple sea ice model, which
is based on the zero-layer model of Semtner [1976] (and includes ice drifts, leads, and snow cover). The ver-
sion of HadCM3 used here comprises the MOSES2 land surface exchange scheme which includes the TRIFFID
dynamic vegetation model [Cox et al., 1999], such that the vegetation will fully interact with the climate.

HadCM3 has been used in a number of studies of the mPWP and in particular has been run as part of PlioMIP
[Bragg et al., 2012; Haywood et al., 2013a]. It is generally in good agreement with reconstructions, although
it does underpredict the Pliocene sea surface temperature (SST) warming over the North Atlantic region
[Prescott et al., 2014] and the Northern Hemisphere high-latitude terrestrial warming [Salzmann et al., 2013].

The oxygen isotope component of HadCM3 has been shown to provide a good representation of 𝛿18Osw

and 𝛿18Op for the preindustrial climate [Tindall et al., 2009], and it has been used to investigate a number of
paleoclimates such as the 8.2ka event [Tindall and Valdes, 2011], the Last Interglacial [Sime et al., 2013], and
the Eocene [Tindall et al., 2010]. The oxygen isotope component of HadCM3 has also been used to interpret
coral records for the preindustrial period [Russon et al., 2013].

2.2. Experimental Design
The mPWP simulation with 𝛿18O tracers was initialized from a standard preindustrial 𝛿18O simulation which
had been run for several millennia. The preindustrial experiment was then reconfigured into a PlioMIP exper-
iment [Bragg et al., 2012] by changing the ice sheets, the orography, and vegetation parameters according
to PRISM3D [Dowsett et al., 2010]; river outflow points and continental configuration were kept as preindus-
trial. Although using a preindustrial continental configuration instead of a Pliocene configuration could have
a small impact on ocean circulation and therefore the spatial distribution of 𝛿18Osw, the impact should be
relatively minor since the continental configuration of the mPWP is reasonably close to modern. Following the
PlioMIP protocol, CO2 levels were set to 405ppmv and orbital parameters were set to 3.205Ma. For model-data
comparison 3.205Ma was chosen as a Pliocene time slice, because the orbital parameters are close to modern
and climate is relatively stable for the precession cycle centered on this time [Haywood et al., 2013b]. Initial
vegetation patterns for the Pliocene were prescribed from PRISM3; however, HadCM3 used dynamic vege-
tation such that the relative proportions of different vegetation types at the end of a long simulation are
unrelated to the initial vegetation patterns used. Although output from the TRIFFID model cannot be directly
compared with Pliocene vegetation reconstructions [Salzmann et al., 2013] which are presented as biomes, the
results from this simulation have been converted to biomes using BIOME4 [Kaplan, 2001] and are presented
in Pound et al. [2014].
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Both the 𝛿18Osw and salinity values of the ocean were initialized from the preindustrial simulation, because
this represented a previously spun-up system. In reality, the Pliocene ice sheets reduction of ≈ 1/3 relates to
a sea level rise of 28m, a reduction of mean ocean salinity of 0.25psu, and a reduction of mean ocean 𝛿18Osw

of 0.3‰. Therefore, mPWP values of salinity and 𝛿18Osw are obtained by subtracting 0.25psu and 0.3‰ from
all values at a postprocessing stage. Although there is some uncertainty over the true value of Pliocene sea
level, the value of 28m used here is slightly higher than suggested by Miller et al. [2012] and Stocker et al.
[2013]; therefore, the values of 0.25psu and 0.3‰ could be reduced, if required, to provide information about
alternate scenarios with different ice sheet configurations.

The mPWP HadCM3 simulation and a parallel preindustrial simulation were run for 2500years, and results are
presented from the final 30years.

3. Mean 𝜹
18O Values for the mPWP

3.1. Seawater 𝜹18O
Figure 1 shows the Pliocene ocean surface mean 𝛿18Osw averaged over the last 30years of the experiment both
in absolute terms (Figure 1a) and as an anomaly from the preindustrial simulation (Figure 1b). (Preindustrial
𝛿18Osw predicted by the model is compared to observations in Tindall et al. [2009]). Model predictions suggest
that for most of the globe the spatial patterns of 𝛿18Osw were very similar between the Pliocene and the prein-
dustrial period, and therefore, 𝛿18Osw could be estimated based on the global ice volume. However, there are
regional differences, and paleodata from these regions should be interpreted by including uncertainties in
𝛿18Osw. The most notable difference is over the Arctic Ocean where the model suggests that Pliocene 𝛿18Osw

was up to 1‰ lower than would be estimated by correcting the preindustrial with Pliocene ice volume. Over
a region of the South Atlantic 𝛿18Osw is up to 0.3‰ higher than would be obtained from correcting with ice
volume, and in several coastally trapped regions (namely, the eastern coasts of Asia and India and the region
around Antarctica), the model suggests that 𝛿18Osw was 0.1‰ to 1‰ lower.

Over the Mediterranean the model suggests that 𝛿18Osw is 0.3‰ higher than the ice volume would suggest.
(Since the ice volume correction used is −0.3‰, this coincidentally suggests that Mediterranean 𝛿18Osw at
3.205Ma could have been close to the preindustrial values). The spatial resolution of HadCM3 is too coarse to
explicitly include the exchange of water between the Mediterranean and the North Atlantic (the exchange
being parametrized through use of a “diffusive pipe”), and so this result must be treated with caution.
However, for the modern, both the exchange between the Mediterranean and the Atlantic and the salinity of
the inflow and outflow waters are comparable to observations [see Ivanovic et al., 2013], adding confidence
to these results. In a warmer world, where the hydrological cycle is more intense, it is likely that both salinity
and 𝛿18Osw gradients between the Mediterranean and the Atlantic will be stronger; hence, the more enriched
𝛿18Osw in the Mediterranean that we see in this simulation is reasonable.

Since climate proxies may not represent annual mean conditions but instead can represent a particular
season, seasonal variability of 𝛿18Osw is also considered. Figure 2 shows the difference in modeled Pliocene
𝛿18Osw from the annual mean value for each season, December-January-February (DJF), March-April-May
(MAM), June-July-August (JJA), and September-October-November (SON). It is seen that over most of the
ocean, 𝛿18Osw does not vary throughout the year; however, in most coastal regions it is necessary to consider
the season that the climate proxy represents. In general, HadCM3 suggests that Northern Hemisphere coastal
regions are up to 0.5‰ enriched in 𝛿18Osw (relative to the annual mean) in DJF and MAM but depleted by up
to 0.5‰ (relative to the annual mean) in JJA and SON. In the Southern Hemisphere this pattern is reversed
and usually weaker. A very similar seasonal pattern of 𝛿18Osw appears in the preindustrial HadCM3 simulation
(not shown), implying that there are no factors specific to the mPWP climate that are causing this variability.
Therefore, to interpret data close to 3.205Ma (which corresponds to the orbital configuration used), it is
reasonable to use modern observations of the seasonal distribution of 𝛿18Osw; however, a different orbital
configuration could lead to a different pattern of 𝛿18Osw seasonal distribution in coastal regions. The need to
focus on a relatively short time slice for model comparisons and data synthesis was discussed by Haywood
et al. [2013b] and implies that these results are only directly applicable to the 3.205Ma time slice which was
used in this simulation. The patterns shown in Figure 2 are related to the amount of surface and subsurface
runoff from the land in various seasons. There is more runoff from the land surface in the summer season,
and since runoff originates from meteoric waters it is more depleted in 𝛿18O than the ocean water. The runoff
therefore leads to a small reduction in 𝛿18Osw close to the coast. This reduction will be amplified in those
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Figure 1. Pliocene 𝛿18Osw as predicted by HadCM3 (a) absolute values and (b) difference from preindustrial values.

seasons where there is more precipitation and hence more runoff; however, it is noted that the model
resolution (3.75∘ × 2.5∘) is not high enough to simulate the full amplitude of the seasonal cycle close to the
coast. It is also noted that the river outflow points in the Pliocene simulation are the same as in the preindustrial
simulation and that large changes in river outflow could affect the location of changes in coastal 𝛿18Osw.

3.2. The 𝜹
18O in Precipitation

Figure 3 shows 𝛿18O in precipitation (𝛿18Op) for the Pliocene and the 𝛿18Op anomaly between the Pliocene
and the preindustrial values. In general, Pliocene 𝛿18Op was enriched at high latitudes and depleted in the
tropics relative to the preindustrial values, leading to a smaller equator to pole 𝛿18Op gradient in the Pliocene.
This follows the temperature change (Figure 4a) where polar amplification of temperature change means that
the modeled equator to pole temperature gradient was reduced in the Pliocene. The standard interpretation
of 𝛿18Op is that it is directly related to temperature at high latitudes and inversely related to precipitation at
low latitudes [Dansgaard, 1964], the inverse relationship with precipitation being commonly known as the
“amount effect.” This standard interpretation appears to apply for the Pliocene-preindustrial 𝛿18Op anomaly,
to a certain extent. For example, over Antarctica, Greenland, Western Canada, Alaska, and Eastern Russia,
the increase in 𝛿18Op in the Pliocene simulation can be directly related to the warmer temperatures in these
regions. However, over the remainder of northern Eurasia, there is a notable increase in temperature with only
a small increase in 𝛿18Op, showing that the standard linear interpretation is not always valid.
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Figure 2. Difference between the seasonal and annual values of the Pliocene-preindustrial 𝛿18Osw anomalies.

At lower latitudes, the 𝛿18Op anomaly (seen in Figure 3b) is inversely related to precipitation amount
(Figure 4b) over many regions. In accordance with expected changes in the hydrological cycle in a warmer
world [Broecker and Putnam, 2013] the Pliocene Intertropical Convergence Zone (ITCZ) is generally stronger,
narrower, and shifted northward relative to that in the preindustrial period. These ITCZ changes are usually
(but not always) visible in 𝛿18Op, with reduced 𝛿18Op over large parts of the tropical region associated with
the stronger ITCZ. Over the South Atlantic, the reduction in precipitation (due to the northward ITCZ shift) is
clearly visible in 𝛿18Op; indeed, this is the only tropical feature in 𝛿18Op that has a notable effect on the 𝛿18Osw

(Figure 1b). Comparing Figures 3b and 4b further, we see that there is not a clear one-to-one correspondence
between precipitation amount and 𝛿18Op over tropical regions. For example, in the Pacific and Indian Oceans,
the increase in rainfall is associated with a corresponding decrease in 𝛿18Op; however, just north of the equa-
torial Atlantic there is an increase in rainfall that does not affect 𝛿18Op. In tropical regions 𝛿18Op is determined
by local conditions and moisture convergence [Lee et al., 2009]; hence, it appears that the increased precip-
itation falling just north of the Atlantic is not depleted in 𝛿18O because the decrease in rainfall upstream of
this location would increase the 𝛿18O in vapor reaching this area. Over the tropics, the relationship between
the 𝛿18Op anomaly and the local precipitation anomaly between the Pliocene and the preindustrial period
is statistically significant (p < 0.0001); however, the correlation is low, such that local precipitation amount
only explains about 20% of the variability in local 𝛿18Op. The 𝛿18Op is more strongly correlated with regional
preciptitation, such that 48% of the variability in local tropical 𝛿18Op is explained by the average precipitation
over the area within 25∘ of the gridbox. A more quantitative discussion of the relationship between 𝛿18Op and
precipitation amount is included in section 4.

Over land there are notable reductions in 𝛿18Op over a large region north of the Indian ocean which covers
much of southern Asia. However, while the 𝛿18Op reduction over China can be related to the direct effect of
the East Asian monsoon being stronger in the Pliocene than in the preindustrial period [Zhang et al., 2013]
and changes near the equator can be attributed to the changes in the ITCZ, in many regions of South Asia a
reduction in 𝛿18Op is seen that is not related to local changes in temperature or precipitation. Figure 4b shows
no visible differences in precipitation patterns over the Arabian Peninsula due to this region being very dry
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Figure 3. (a) Modeled Pliocene 𝛿18Op and (b) modeled Pliocene-preindustrial 𝛿18Op anomaly.

and a change in precipitation of less than 2mm/month being too small for the plotting scale. Further analysis
shows that HadCM3 simulates a reduction of rainfall of 20–40% in the Pliocene which extends in a band
over the north of Africa, Arabia, and southwest Asia. If the local amount effect were dominant in determining
𝛿18Op in these regions then an increase in 𝛿18Op would result, which is in contrast to what the model shows.
It is therefore suggested that the reduced 𝛿18Op over Arabia and southwest Asia that occurs without a corre-
sponding local precipitation increase is related to the increase in precipitation upstream of this region, which
leaves the water vapor reaching this region depleted in 𝛿18O relative to today. A GCM that was equipped
with water-tagging tracers to analyze the source regions of meteoric waters (as was done by Vuille et al., 2003
[2003]) would be able to investigate this hypothesis more fully.

4. Quantitative Relationship Between 𝜹
18Op and Climate

One of the aims of this paper is to understand the relationship between 𝛿18Op and climate for the Pliocene;
hence, this will now be considered quantitatively. The 𝛿18Op-precipitation amount relationship (the amount
effect) is known to hold spatially [Dansgaard, 1964], although it does not apply everywhere. For example,
over China the determining controls of 𝛿18Op vary regionally and include local and upstream condensation
over SE China and evaporative enrichment of falling raindrops over NW China [Lee et al., 2012]. Here it is
found that the tropical Pliocene minus preindustrial 𝛿18Op anomaly at a gridbox is better correlated with the
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Figure 4. (a) Modeled Pliocene-preindustrial temperature anomaly and (b) modeled Pliocene-preindustrial precipitation
anomaly.

regional precipitation anomaly (defined as precipitation occurring within 25∘ of a site; R2 = 0.48) than the local
precipitation anomaly (defined as precipitation occurring in that gridbox; R2 = 0.22). This is because the 𝛿18Op

anomaly is usually offset from the precipitation anomaly to which it relates. The exact nature of this offset
varies by region (Figure 5). Over the Indian and Atlantic Oceans the 𝛿18Op anomaly occurs to the south of the
precipitation anomaly. Over South America the 𝛿18Op anomaly and precipitation anomaly coincide, while in
the Pacific Ocean there is a general pattern of reduced 𝛿18Op and increased precipitation, which are neither
locally related or offset in any direct or obvious way (see Figure 5d). The relationship is such that absence of a
𝛿18Op signal does not imply absence of a local climate signal, and data from a number of sites over a region
would be needed in order to hypothesize about the regional and local precipitation patterns. Such data may
be difficult to obtain for the Pliocene. However, the relationship between 𝛿18Op and tropical precipitation is
discussed here for completeness and because it may also apply to more recent climates where climate proxy
data are more abundant.

Areas of 𝛿18Op which are related to tropical precipitation changes are highlighted in Figures 5a–5e by the
thick black lines. Boundaries of each area are determined according to where the amplitude of the 𝛿18Op

signal is less than 0.5‰ or the amplitude of the precipitation signal is less than 15mm/month. To quan-
tify the 𝛿18Op-precipitation amount relationship, we therefore calculated the maximum and mean 𝛿18Op

change for each highlighted area; these values are shown in Figure 5f for 𝛿18Op (red) and precipitation amount
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Figure 5. (a–e) Relationship between 𝛿18Op anomalies and precipitation anomalies on a regional basis. (f ) The range of precipitation and 𝛿18Op anomalies that
are enclosed by the thick black lines for each region.
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Table 1. Spatial Linear Relationships Between 𝛿18Op and Temperature for the
Pliocene and Preindustrial According to the Equation
T = (slope × 𝛿18Op)+ Intersecta

Intersect Slope r2 Modern Explvar

Preindustrial

Asia 16 3.1 0.83

Antarctica 7 0.6 0.87

North America 20 2.8 0.69

Europe 28 4.2 0.81

Greenland −18.0 0.76 0.26

Pliocene

Asia 19 3.3 0.78 0.76

Antarctica 24 0.95 0.86 0.66

North America 27 3.3 0.80 0.77

Europe 32 4.4 0.86 0.80

Greenland −8.0 1.2 0.44 0.21
aFor the Pliocene “modern explvar” shows the proportion of temperature vari-

ability explained when using the modern relationship instead of the regression
calculated from the Pliocene. The relationships have been derived separately for
each continent, and only sites poleward of 30∘ have been used to calculate the
regressions.

(black). Crosses denote the mean values, while the error bars denote the range of values (minimum val-
ues being defined by the boundaries). This analysis gives a very strong relationship between 𝛿18Op and
precipitation amount (R2 = 0.9; when mean and maximum values are included). The relationships are rea-
sonably consistent between different regions. Mean relationships are calculated as follows: Pacific =−31 mm
month−1‰−1, Atlantic =−33 mm month−1‰−1, South America =−40 mm month−1‰−1, Indian =−48 mm
month−1‰−1, and South Asia =−29 mm month−1‰−1. Relationships between the maximum signals are
calculated as follows: Pacific =−29 mm month−1‰−1, Atlantic =−28 mm month−1‰−1, South America
=−30 mm month−1‰−1, Indian =−80 mm month−1‰−1, and South Asia =−20 mm month−1‰−1. These
are much larger than the local best fit 𝛿18Op anomaly-precipitation amount anomaly relationship (−14 mm
month−1‰−1). The strong and relatively consistent relationships between 𝛿18Op and tropical precipitation
amount suggests that if enough 𝛿18Op samples could be obtained, past precipitation amount could be quan-
titatively obtained from 𝛿18Op with a reasonable level of accuracy. However, local precipitation at a single site
could not be reasonably determined from local 𝛿18Op.

At high latitudes, 𝛿18Op is predominantly determined by temperature, and hence, the high-latitude
temperature-𝛿18Op relationship will be analyzed in two ways. First, we will consider the spatial gradients
between 𝛿18Op and temperature for the Pliocene and the extent to which these differ from the modern. This
analysis is useful for studies which have 𝛿18Op observations across a region [e.g., Winnick et al., 2013]. Second,
we will consider quantitatively the relationship between the temperature anomaly and the 𝛿18Op anomaly for
the Pliocene (see Figures 3b and 4a), as this would be more useful for interpreting data at a single site.

The spatial relationship using a least squares regression between temperature and 𝛿18Op is shown in Table 1
for the preindustrial and the Pliocene simulations for different regions. This shows the slope and the inter-
sect of the linear 𝛿18Op-T relationship (T= a + (b × 𝛿18Op)) and the coefficient of determinant (r2). Since
the relationships are similar for the Pliocene and for the preindustrial period, Table 1 also shows the amount
of Pliocene temperature variance that could be explained by using the modern 𝛿18Op-T relationship. Over
most continents the spatial regression is similar for the Pliocene and the preindustrial period, and using the
slope derived from the preindustrial values instead of that derived from the Pliocene is not a major detri-
ment. However, over Greenland and Antarctica it appears detrimental to use the modern relationships to
estimate Pliocene temperatures from 𝛿18Op. Over Antarctica using the modern relationships will reduce the
amount of temperature variance that can be explained by 𝛿18Op from 86% to 66%, while over Greenland it is
reduced from 44% to 21%. Figure 6 shows the relationship between 𝛿18Op and temperature from Greenland
and Antarctica where red crosses are taken from the Pliocene simulation and black crosses are taken from the
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Figure 6. Relationship between 𝛿18Op and temperature for
Antarctica and Greenland. Red crosses and lines show data and
least squares regression equation for the Pliocene. Black crosses
and lines show data and least squares regression equation for the
preindustrial period.

preindustrial simulation. Over Antarctica the
linear relationship between 𝛿18Op and tem-
perature is similar for the two climates. The
best fit linear relationships for the preindus-
trial period and the Pliocene are shown by
the black and red lines, respectively. How-
ever, the relationship becomes problematic
for those points in the Pliocene simulation
where the temperature is warmer than 5∘C.
The 𝛿18Op for these sites is much lower than
would be expected from the linear rela-
tionship, and using the preindustrial linear
regression for these sites would underpre-
dict the temperature by up to 25∘C. On
closer inspection these sites represent those
Antarctic regions which the PRISM3 data set
suggest were ice free in the Pliocene, and the
model suggests that these sites were warmer
during the summer than the ice-covered part
of Antarctica or the Southern Ocean. In con-
trast, 𝛿18Op over these regions is the same
as the 𝛿18Op over the Ocean near Antarc-
tica, presumably because the vapor reaching
Antarctica must have arrived via the South-
ern Ocean where its isotope composition
was modified according to local conditions.
The 𝛿18O in moisture reaching this region is
therefore more representative of the cold-
est conditions the vapor experienced on its
trajectory than of local conditions at the
site, which are warmer. Points which have
changed from being ice covered in the prein-
dustrial period to ice free in the Pliocene do
not have 𝛿18Op and temperature related in
the same way as points which have remained

ice covered throughout, as removing ice from a gridbox has a much stronger effect on local temperature than
on 𝛿18Op.

It is perhaps unsurprising that the 𝛿18Op-temperature relationship changes more between the Pliocene and
the preindustrial period over Greenland than it does over any other region. The extent of the Greenland
ice sheet in the Pliocene simulation was only about 40% of that in the preindustrial period, and this
causes the 𝛿18Op-temperature relationship to be much stronger in the Pliocene. However, the preindustrial
𝛿18Op-temperature relationship for ice-free points (T =−2.3 + (1.6 × 𝛿18Op)) is closer to the Pliocene rela-
tionship and better able to predict Pliocene temperatures throughout Greenland. These simulations suggest
that the modern spatial relationships between 𝛿18Op and temperature could be used for the Pliocene in those
regions where there are no major changes to the boundary conditions (e.g., ice extent) which would affect
local 𝛿18Op and local temperature in a different way.

Although spatial gradients between 𝛿18Op and temperature are similar for the Pliocene and the preindus-
trial period, this is partly due to the fact that both temperature and 𝛿18Op generally decrease with increasing
latitude, and the continentality effect on 𝛿18Op will be similar for both climates. A more rigorous test on
the temperature and 𝛿18Op relationship for the Pliocene climate will now be undertaken by comparing the
Pliocene-preindustrial anomaly of 𝛿18Op with that of temperature over different regions of the globe.

The relationship between the local 𝛿18Op anomaly and the local temperature anomaly is relatively weak, even
over regions where the spatial relationship is strong. For example, the model suggests R2 = 0.29 over Europe,
R2= 0.04 over North America, and R2 = 0.37 over Antarctica. Figure 7 shows the 𝛿18Op anomaly and the
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Figure 7. Modeled 𝛿18Op anomalies and temperature anomalies over North America and Europe.

temperature anomaly over North America and Europe. It is seen that both continents show a general increase
of both 𝛿18Op and temperature; however, for neither region does the maximum 𝛿18Op signal correspond to
the maximum temperature signal and hence the relatively poor local relationship between the two anomalies.

Over North America the maximum 𝛿18Op signal occurs to the northwest of the continent, while the south
and east of the continent have 𝛿18Op relatively unchanged; the maximum temperature anomaly occurs to
the northeast. This difference is likely because the precipitation over the northwest originates in the Northern
Pacific, which is warmer in the Pliocene simulation (Figure 4a), while the precipitation over the southeast
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originates in the equatorial Atlantic, which is relatively unchanged between the simulations, indicating the
importance of understanding changes in source water. Changes in temperature, however, are more strongly
determined by local factors including changes in snow cover and do not react to the Pliocene boundary
conditions in exactly the same way as 𝛿18Op.

The relationship between 𝛿18Op and temperature anomalies for the Pliocene is more complex than any local
regression, and there is no obvious formula to relate the two for past climates (despite spatial patterns being
strongly correlated). Isotope-enabled simulations such as this can therefore be used to interpret past proxy
data and relate the data to climate. If the model 𝛿18Op change is consistent with the 𝛿18Op change from the
data, then the model can be used to analyze possible climate patterns at that time, not just local to the site
but over a much larger region.

The isotope-enabled Pliocene simulation can be used as an independent way of relating 𝛿18Op to tempera-
ture at high latitudes. For example, tree ring data over Bylot Island, Canada [Csank et al., 2013] (73∘N 78∘W),
which likely represents a snapshot of an interglacial period within the Plio-Pliestocene, showed 𝛿18Op enriched
by 2–6‰ relative to preindustrial values, which was attributed to a mean annual temperature increase of
11.4∘C. Model results at this location for the Pliocene interglacial at 3.205Ma show 𝛿18Op enriched by 2.2‰,
corresponding to temperatures 9.5∘ warmer than preindustrial values. The relationship between 𝛿18Op and
temperature inferred from the data for an interglacial Plio-Pliestocene climate is therefore in agreement with
that in the model.

However, caution must be taken with applying these 𝛿18Op results to all Pliocene-aged climate proxies. For
example, Pliocene-aged speleothems from the Negev Desert, Israel [Vaks et al., 2013], showed 𝛿18O of approx-
imately −9.7 to −11.2‰ and reduced relative to the Pleistocene. HadCM3 does not agree with these data, as
HadCM3 simulates 𝛿18Op as being 1‰ enriched in this location relative to the preindustrial values. Further
analysis reveals that at this location, Pliocene precipitation simulated by HadCM3 was extremely low such
that under this precipitation scenario speleothems would not be able to grow at all. Hence, there is a clear
mismatch between the model and data in this region, part of which may be due to trying to relate the model
simulation which was intended to represent 3.205Ma to wider Pliocene interglacial conditions (see Prescott
et al. [2014] for a discussion about orbital variability in the Pliocene).

5. The 𝜹
18Osw and Paleosalinity

Figure 8 shows the difference between mPWP sea surface salinity and preindustrial sea surface salinity from
HadCM3. The salinity correction due to the global ice volume is −0.25psu; this is close to that estimated by
the model over most of the ocean. However, there are also regional hydrological changes, where a global ice
volume correction alone is not sufficient to accurately determine the mPWP-preindustrial salinity anomaly.
By comparing the mPWP-preindustrial salinity anomaly (Figure 8) with the corresponding 𝛿18Osw anomaly
(Figure 1b), we see that the model suggests a clear relationship between the local salinity anomaly and the
𝛿18Osw anomaly (R2 = 0.64). This contrasts with 𝛿18Op anomalies which were not related to local climate and
suggests that 𝛿18Osw could potentially be used to quantitatively determine local salinity changes.

The existence of a relationship between 𝛿18Osw and salinity is well known [Fairbanks et al., 1997] and is rea-
sonable since both salinity and 𝛿18Osw are governed by the hydrological cycle. The 𝛿18Osw has therefore been
used to determine the salinity of the ocean for past climates such as the Pliocene [e.g., Karas et al., 2011;
Beltran et al., 2007]. However, the relationship in HadCM3 between salinity and 𝛿18Osw is not exact, nor is it per-
fectly linear, even for the relatively small change in climate between the mPWP and the preindustrial period.
Some features, such as the low values off the east coast of Asia, are stronger in salinity than in 𝛿18Osw, while
high-latitude features appear stronger in 𝛿18Osw. Here we will investigate the extent to which 𝛿18Osw can be
used to derive Pliocene salinity (provided the 𝛿18Osw signal can be disentangled from the temperature signal
in 𝛿18O archives).

The relationship between 𝛿18Osw and salinity for the modern period is regionally determined [e.g., LeGrande
and Schmidt, 2006], and the regional relationship has been applied to past climates such as the Pliocene.
However, De Schepper et al. [2009] noted that the exact salinity 𝛿18Osw relationship for the Pliocene is unknown;
hence, Pliocene salinity can only be interpreted from 𝛿18Osw records in terms of relative salinity (i.e., whether
salinity was increasing or decreasing through time). While relative salinity changes are useful, it would also
be beneficial to have an indication of the possible amplitude of salinity changes for past climates; therefore,
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Figure 8. Modeled Pliocene-preindustrial salinity anomaly.

we will use the results herein to investigate the possible quantitative relationship between the two fields and
whether this is different from today’s.

LeGrande and Schmidt [2006] found the modern relationship between 𝛿18Osw and salinity over the major
ocean basins to have a slope of between 0.15 and 0.55 and an intersect of between −4.6‰ and −19.0‰. This
compares well with our model results which were calculated spatially over the globe as

𝛿18Osw = 0.20 × salinity − 6.82∶ r = 0.80. (3)

For the Pliocene simulation the relationship is similar but slightly stronger and is

𝛿18Osw = 0.22 × salinity − 7.84∶ r = 0.84. (4)

The very strong correlation between 𝛿18Osw and salinity is due to the fact that both fields are larger at the
equator than at the poles.

To assess whether spatial gradients of Pliocene 𝛿18Osw can be used to estimate spatial patterns of Pliocene
salinity, we first compare Pliocene salinity obtained directly from the model (Figure 9a) with Pliocene salin-
ity estimated from modeled 𝛿18Osw and equation (4) (Figure 9c; the difference between the two is shown in
Figure 9b). It can be seen that over most of the globe the salinity is well predicted from 𝛿18Osw, but there
are notable errors. The errors in estimating Pliocene salinity in this way are similar to, but slightly larger than,
using this method for the preindustrial period (shown in Figure 9d). Hence, to a first approximation, if mod-
ern 𝛿18Osw can correctly predict modern salinity at a location, then it is reasonable to use Pliocene 𝛿18Osw to
estimate Pliocene salinity; however, errors may be larger in the Pliocene.

The mean absolute error (MAE) in salinity estimated using the different methods are now compared. When
salinity is estimated according to spatial gradients (Figures 9b and 9c), the MAE = 0.7 psu; however, when
salinity is estimated by correcting the modern using a global ice volume correction, the MAE is smaller
(0.6psu). Hence, for a climate with a familiar continental configuration, correcting using the global ice volume
is a better way of estimating past salinity than using spatial gradients of 𝛿18Osw. However, the spatial gradients
could be used as an independent test of salinity estimates.

Since the anomaly patterns of 𝛿18Osw (Figure 1b) and salinity (Figure 8) are similar, we now consider whether
we can use these anomalies to improve on the salinity estimated using the global ice volume correc-
tion. The linear relationship between the Pliocene-preindustrial 𝛿18Osw anomaly (𝛿18Osw(anom)) and the
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Figure 9. Pliocene salinity (a) from HadCM3, (c) estimated from spatial gradients of 𝛿18Osw, and (e) estimated using the
Pliocene-preindustrial 𝛿18Osw anomalies. Errors in estimated salinity are shown for (b) Pliocene using spatial gradients
only, (d) preindustrial period using spatial gradients only, and (f ) Pliocene when using the Pliocene-preindustrial
𝛿18Osw anomaly.

Pliocene-preindustrial salinity anomaly (salinity(anom)) follows the same form as used by Rostek et al. [1993]
for the Indian Ocean and is calculated globally as

𝛿18Osw(anom) = 0.23 × salinity(anom) − 0.28∶ r = 0.71. (5)

The slope of this anomaly relationship (equation (5)) is similar to the slope of the spatial relationships
(equations (3) and (4)); hence, HadCM3 suggests that the slope is reasonably robust for these time periods
and the anomaly between them. The intersect term in equation (5) is close to what would be estimated from
the ice volume correction, which is

intersectexpected = 𝛿18Oswivc − salivc

slope
, (6)

where salivc is the salinity ice volume correction (=−0.25), 𝛿18Oswivc is the 𝛿18Osw ice volume correction
(=−0.3), and slope is the slope of equation (5) (=0.23). Hence, intersectexpected is −0.22, which compares
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well with the value obtained from the linear regression of −0.28. Using the anomaly relationship to estimate
salinity(anom) from 𝛿18Osw(anom) and combining this with modern salinity gives the estimated Pliocene
salinity shown in Figure 9e (with the difference from HadCM3 salinity shown in Figure 9f ). Using the anomaly
method, the MAE = 0.3 and is a substantial improvement over using either the ice volume correction or using
spatial gradients. There are some caveats to using the anomaly approach. First, the modern land-sea mask
was used in our simulations, and so the true agreement between preindustrial salinity and Pliocene salinity
may be less in the real world than it is in the model. Also, these results assume that the relationship between
𝛿18Osw and salinity is known and is the same as is predicted by the model; if the true relationship between
𝛿18Osw(anom) and salinity(anom) is not known (and instead has to be estimated), this would have a detrimen-
tal effect on paleosalinity predictions. However, the consistency of the slope of the 𝛿18Osw-salinity relationship
between the Pliocene and the modern period is an encouraging step toward producing more quantitative
reconstructions of Pliocene salinity.

6. Summary

In many ways the boundary conditions for modeling the mPWP at 3.205Ma are very similar to those of
the preindustrial period, although there are important differences. Carbon dioxide levels have increased
substantially, ice sheets are reduced, and there are subtle changes to orography. However, for many PlioMIP
experiments (including this one) the land-sea mask is the same as in the preindustrial period (which can lead
to similar ocean circulation), and orbital parameters at 3.205Ma are similar (which can lead to similar seasonal-
ity). For fields such as 𝛿18Op and particularly 𝛿18Osw the changes in the model’s boundary conditions are only
sufficient to lead to subtle differences between the preindustrial period and the mPWP. However, this paper
has shown that these changes can be important in certain regions and at certain timescales and potential
changes must be considered in order to get maximum accuracy from the interpretation of climate proxy data.

This paper has focused on two questions that are needed to help interpret 𝛿18O data. The first of these is
“What values of 𝛿18Osw and 𝛿18Op are expected over the globe for the Pliocene climate?” and is important to
disentangle the convoluted signal that is obtained in some 𝛿18O archives. Model results suggest that Pliocene
𝛿18Osw was within 0.1‰ of the value expected from a simple ice volume correction over most of the ocean,
although there are differences. The most notable of these is the Arctic Ocean, which was subject to increased
precipitation in the Pliocene. This precipitation was depleted in 𝛿18Op relative to standard ocean water and
would reduce the 𝛿18Osw in that basin. Other regions of difference include the following: enclosed basins (such
as the Mediterranean) which are influenced by the more intense hydrological cycle in the Pliocene and as a
result are expected to have more enriched 𝛿18Osw (and increased salinity); the South Atlantic, which is more
enriched in 𝛿18Osw due to the northward shift of the ITCZ; and coastally trapped regions which are affected by
the amount of runoff from the land surface. Surface runoff can also lead to seasonal differences in 𝛿18Osw near
the coast and must be taken into account when interpreting seasonal, coastally trapped, 𝛿18O measurements.
HadCM3 suggests that 𝛿18Op in ice-free regions was usually within 4‰ of modern values and was enriched
relative to today at high latitudes, over parts of South America and Africa, and depleted relative to today over
South Asia. However, over the ice sheets the 𝛿18Op anomaly was much larger reaching values of up to 25‰.

The second question addressed in this paper was “What is the relationship between 𝛿18O and climate for the
Pliocene?” or more specifically “What information about climate is available after we have disentangled 𝛿18Op

or 𝛿18Osw from an archive?” For 𝛿18Op, the answer to this question varies spatially. Over the tropics we find a
clear relationship between 𝛿18Op and precipitation, but the precipitation signal is usually offset from the 𝛿18Op

signal. Because of this, the absence of a 𝛿18Op signal does not imply the absence of a local precipitation signal.
It is suggested that data from a number of sites is necessary to provide inferences about Pliocene regional
or local precipitation. Where evidence of regional 𝛿18Op changes can be found, the size of the precipitation
change can be approximated. However, a model such as the isotope-enabled version of HadCM3 would be
needed to provide information about the locations of the precipitation change.

The spatial relationship between 𝛿18Op and high-latitude temperature over continents in the Pliocene is
relatively strong and is similar to that in the modern period. Hence, this study implies that the modern spatial
𝛿18Op-temperature relationship could be used to quantitatively estimate temperature gradients over a region.
However, the local relationship between the 𝛿18Op anomaly and the temperature anomaly is relatively weak,
and model simulations such as those included here could be invaluable for interpreting preindustrial-Pliocene
𝛿18Op anomalies at high latitudes.
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Since the present-day continental configuration was used in these experiments, there are not large changes
in the spatial patterns of 𝛿18Osw or salinity between the two climates. These simulations suggest that a
reasonable estimate of salinity can be obtained using a combination of a global ice volume correction and a
salinity anomaly which has been determined from the 𝛿18Osw anomaly. However, this method of estimating
paleosalinity may not hold for climates with very different orbital configurations or paleogeographies, and
a more complex method, such as that suggested by Rohling [2007] and LeGrande and Schmidt [2011], may
be needed.

The changes in 𝛿18Op and 𝛿18Osw between the preindustrial period and the Pliocene are not usually large and
are not always related to climate in an obvious way. Yet the estimates provided here, and their relationship
to climate, will be useful for interpreting the large amount of 𝛿18O data that has been collected in the past
and which continues to be collected. This would include data from tree rings, corals, and foraminifera. The
results here can also facilitate a more accurate model/data comparison. For example, it was previously noted
that 𝛿18O measurements are often paired with Mg/Ca measurements from the same foraminifera test in order
to estimate temperature (from Mg/Ca) and 𝛿18Osw (from the foraminifera 𝛿18O). While previously the tem-
perature could be compared with model results in order to assess model-data agreement, the results herein
would allow an additional and independent model-data comparison based on 𝛿18Osw. This would lead to an
enhanced and more accurate model-data comparison, which could highlight agreement or problems with
either the model and the data and help to take forward our understanding of the Pliocene climate.
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