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Abstract. Oxygen stable isotopes (δ18O) are among the most
useful tools in palaeoclimatology/palaeoceanography. Sim-
ulation of oxygen stable isotopes allows testing how the
past variability of these isotopes in water can be interpreted.
By modelling the proxy directly in the model, the results
can also be directly compared with the data. Water iso-
topes have been implemented in the global three-dimensional
model of intermediate complexityiLOVECLIM, allowing
fully coupled atmosphere–ocean simulations. In this study,
we present the validation of the model results for present-
day climate against the global database for oxygen stable
isotopes in carbonates. The limitation of the model together
with the processes operating in the natural environment re-
veal the complexity of use the continental calcite-δ18O signal
of speleothems for a global quantitative data–model compari-
son exercise. On the contrary, the reconstructed surface ocean
calcite-δ18O signal iniLOVECLIM does show a very good
agreement with the late Holocene database (foraminifers)
at the global and regional scales. Our results indicate that
temperature and the isotopic composition of the seawater
are the main control on the fossil-δ18O signal recorded in
foraminifer shells when all species are grouped together.
Depth habitat, seasonality and other ecological effects play
a more significant role when individual species are consid-
ered. We argue that a data–model comparison for surface
ocean calciteδ18O in past climates, such as the Last Glacial
Maximum (≈ 21 000 yr), could constitute an interesting tool
for mapping the potential shifts of the frontal systems and
circulation changes throughout time. Similarly, the potential

changes in intermediate oceanic circulation systems in the
past could be documented by a data (benthic foraminifers)-
model comparison exercise whereas future investigations are
necessary in order to quantitatively compare the results with
data for the deep ocean.

1 Introduction

Water isotopes are commonly used as important tracers of
the hydrological cycle. Because of small chemical and phys-
ical differences between the main isotopic forms of the water
molecule (H2

16O, HDO, H2
18O), an isotopic fractionation

occurs, principally during phase transitions of water (evap-
oration and condensation processes). Stable water isotopes
have therefore been measured in a large variety of archives
to reconstruct regional climate variations. In polar ice cores,
the isotopic composition of the ice has long been used to
reconstruct past air temperatures (Dansgaard, 1953; Jouzel,
2003; Jouzel et al., 2007). For tropical ice cores (Thompson
et al., 2000), temperature but also precipitation intensity up-
stream of the air mass trajectories seems to play an important
role to explain water isotope signals (Hoffmann et al., 2003;
Vimeux et al., 2005). Over the continent, water isotope con-
centration is preserved in carbonate from speleothems or la-
custrine organism such as ostracodes, reflecting the isotopic
composition of meteoric water and the temperature depen-
dent water–calcite oxygen isotope fractionation (Urey, 1947;
Kim and O’Neil, 1997). For speleothems in tropical regions,
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some studies have suggested that the amount of precipita-
tion, called amount effect, (Dansgaard, 1964; Rozanski et al.,
1993) could be the dominant driver of water isotope concen-
tration (Burns et al., 2002; Fleitmann et al., 2003; Wang et
al., 2001). In lakes, water isotope composition can be depen-
dant on temperature, air mass source area and/or a precipi-
tation / evaporation ratio (Stuiver, 1970; Leng and Marshall,
2004).

Similarly to palaeocontinental archives, the seawater oxy-
gen isotope concentration (δ18Osw) is preserved in carbon-
ates from various organisms such as foraminifers and corals.
The carbonate isotopic concentration is mainly controlled by
temperature and by the isotopic composition of seawater dur-
ing their formation (Urey, 1947; Shackleton, 1974).

If water isotopes are one of the most widely used proxies
in climate archives from the different realms, processes that
control their compositions are various and complex. Mod-
els allow testing how the past variability of isotopes in water
can be interpreted. For example, the importance of temper-
ature versus precipitation changes for the climatic interpre-
tations of tropical isotopic records (Risi et al., 2010). Mod-
els can also help to determine the validity of using modern
spatial gradients to derive temporal gradients, i.e. the co-
variability of climate and water isotopes in a specific loca-
tion over time (Schmidt et al., 2007; Legrande and Schmidt,
2009). By modelling the proxy (water isotopes) directly in
the model, the results can also be directly compared with
the data. In addition, simulation of climate and its associated
isotopic signal can provide a “transfer function” between iso-
topic signal and the considered climate variable (Sturm et al.,
2010).

General circulation models (GCMs) have been frequently
used for isotopic studies (Jouzel et al., 1987; Joussame
and Jouzel, 1993; Hoffmann et al., 1998; Schmidt, 1998;
Delaygue et al., 2000; Paul et al., 1999; Noone and
Simmonds, 2002; Mathieu et al., 2002; Lee et al., 2007;
Schmidt et al., 2007; Yoshimura et al., 2008; Zhou et al.,
2008; Tindall et al., 2009; Risi et al., 2010; LeGrande
and Schmidt, 2011; Werner et al., 2011; Xu et al., 2012).
Among them, the majority has been used exclusively to
simulate water isotopes separately in the atmosphere and
ocean components. Oxygen isotopes have been implemented
in the three-dimensional model of intermediate complex-
ity called iLOVECLIM (version 1.0), allowing fully cou-
pled atmosphere–ocean simulations. The detailed implemen-
tations of oxygen isotopes iniLOVECLIM can be found
in Roche (2013). The present work aims at showing prein-
dustrial experiment results in comparison to different global
datasets from marine and continental realms. We mainly fo-
cus our discussion on carbonate archives that are extensively
used in climate studies. The validation of the model results
against water isotope observations can be found in Roche and
Caley (2013). The benefits, caveats, agreements and prob-
lems from this data–model comparison for oxygen stable
isotopes in carbonates will be discussed to determine the

potential and the interest of usingiLOVECLIM for palaeo-
climatic studies.

2 Method

2.1 Water isotopes definition, notation and
fractionation

Isotopic values are measured by a mass spectrometer and ex-
pressed relative to a standard as (δ) notations (Sharp, 2007):

δ18O = R(18O)P /R(18O)std−1,

R is the abundance ratio of the heavy and light isotopes (e.g.
N(18O)p/N(16O)P ) for substanceP andδ is commonly re-
ported in units of parts per thousand (‰). The standard for
carbonate is Pee Dee Belemnite (PDB) (Craig, 1957) and that
for waters is standard mean ocean water (SMOW) (Baertschi,
1976). More recently, standards have been defined with the
prefix “Vienna” or VSMOW and VPDB to account for the
exhaustion of the original standard materials (Coplen, 1996).

The magnitude of fractionation can be expressed on the
δ scale through the logarithmic transformation 103ln(αA−B)

whereαA−B = RA/RB , α is the equilibrium fractionation
andR is the partitioning of isotopes between two substances
or two phases of the same substanceA andB.

2.2 Oxygen isotopes iniLOVECLIM

The iLOVECLIM (version 1.0) model is a derivative of
the LOVECLIM-1.2 climate model extensively described in
Goosse et al. (2010). With regards to water isotopes, the main
development lies in the atmospheric component in which
evaporation, condensation and existence of different phases
(liquid and solid) all affect the isotopic conditions of the wa-
ter isotopes. In the ocean, the water isotopes are acting as
passive tracers ignoring the small fractionation implied by
the presence of sea ice (Craig and Gordon, 1965). For the
land surface model, the implementation in the bucket follows
the same procedure as for the water except that equilibrium
fractionation is assumed during phase changes. A detailed
description of the method used to compute the water isotopes
in iLOVECLIM can be found in Roche (2013).

2.3 Global datasets

Global oxygen isotopic datasets for the atmosphere and
ocean components have been compiled from published late
Holocene measurements to allow comparison and discus-
sion with iLOVECLIM results. Table S1 is a compilation
of 74 δ18O calcite measurements and drip water data of
speleothems from the literature. Theδ18O of the calcite are
reported for the last 1000 years of each record with the as-
sociated 2σ error when it was possible to calculate it. Ta-
ble S1 also includes a compilation of 19δ18O data of ice

Geosci. Model Dev., 6, 1505–1516, 2013 www.geosci-model-dev.net/6/1505/2013/
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Fig. 1. Simulatedδ18O in precipitation withiLOVECLIM in com-
parison to measuredδ18O in precipitation from climate records
(speleothems drip water and ice cores) (Table S1).

cores from the literature. Theδ18O of the ice are reported
for the last 1000 yr of each record with the associated 2σ

error when it was possible to calculate it. For the EPICA
Dome C, Vostok and Illimani site, theδD values were con-
verted inδ18O values using the global meteoric water line
δD = 8.2×δ18O+ 11.27 (Rozanski et al., 1993). To compare
global oceanic isotopic datasets withiLOVECLIM results,
we used the late Holocene planktonic foraminifer’sδ18O
database of Waelbroeck et al. (2005) and extend it with 62
data averaging over the last 3000 yr (Table S2). Similarly, for
the intermediate and deep ocean, we used the published At-
lantic benthic foraminifer’s stable isotopic database of Mar-
chal and Curry (2008) and extend it with 73 data covering the
global ocean and averaged over the last 3000 yr (Table S2).

3 Results and discussion

3.1 Oxygen isotopes: from the atmosphere to
continental records

The water evaporated from the surface ocean undergoes
a poleward transport over landmasses that results in grad-
ual rainout and a depletion of the remaining moisture in
18O. The δ18O in precipitation shows therefore system-
atic variations with latitude, altitude and distance from
vapour source. Theδ18O in precipitation can then be con-
served in continental carbonate archives. Under equilib-
rium conditions, theδ18O of carbonates (speleothem) de-
pends on both the temperature through its control on equi-
librium fractionation between water and calcite (Hendy,
1971; Kim and O’Neil, 1997) and the isotopic compo-
sition of the drip water from the cave site in which
the speleothem grew. Using the Kim and O’Neil (1997)
equation for synthetic calcite and making the approxi-
mation that 1000× lnα(calcite-water)≈ δcalcite-δwater, it

Fig. 2. Simulated calcite-δ18O values based onδ18O in precipita-
tion and atmospheric temperature fromiLOVECLIM results (using
Kim and O’Neil, 1997 equation) in comparison to measured calcite
δ18O of late Holocene speleothem records (Table S1).

can be demonstrated thatδ18O calcite(speleothem)=
δ18O water+(18.03× (1000/T ) − 32.17). T is the tem-
perature in Kelvin and the relationship between the
two scales (PDB and SMOW) can be expressed as
δ18O(PDB)= 0.97002(δ18O(SMOW))−29.98 (Coplen et al.,
1983; Sharp, 2007).

Figure 1 shows the results obtained withiLOVECLIM for
the present-dayδ18O in precipitation in comparison to drip
water data from spelothems and ice core data (Table 1). The
observed relationship is good (R2

= 0.77). This confirms that
the model is capable of representing the global distribution
of δ18O in precipitation as demonstrated in Roche and Ca-
ley (2013), although an underestimation of the fractionation
towards lower temperatures/latitudes is observed (Roche and
Caley, 2013).

Combining theδ18O of precipitation and atmospheric tem-
perature and using the equation of Kim and O’Neil (1997),
we are able to reconstruct the calciteδ18O in the model and
to compare it with late Holocene calcite-δ18O data (Fig. 2
and Table S1).

We conducted this analysis separately for the European
region and for the rest of the world. Indeed, the interpreta-
tion of theδ18O in precipitation signal over Europe has been
found to be complex iniLOVECLIM, probably linked to
the representation of the Mediterranean region in the model
(Roche and Caley, 2013). Nonetheless, a discrepancy be-
tween model results and data exist also when the Europe area
is excluded (Fig. 2). An insignificant correlation (R2

= 0.1)
can be observed between measured calcite-δ18O and model
results (Fig. 2). This weak relationship can be explained by a
combination of factors. First, the representation of theδ18O
in precipitation with the model. In particular the low resolu-
tion and simple representation of the atmospheric component

www.geosci-model-dev.net/6/1505/2013/ Geosci. Model Dev., 6, 1505–1516, 2013
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Table 1.Data–model comparison for the calcite-δ18O signal of individual foraminiferal species using various palaeotemperature equations
(Shackleton, 1974 and Mulitza et al., 2003). Note that for the depth habitat, they have been estimated based on calcification depth found in
the literature (Ottens, 1992; Kohfeld et al., 1996; Bauch, 1997; Bauch et al., 2002; Ganssen and Kroon, 2000; Ostermann et al., 2001; Pak
and Kennett, 2002; Anand et al., 2003; Simstich, 2003; Pak et al., 2004; Kuroyangi and Kawahata, 2004; von Langen et al., 2005; Came et
al., 2007; Farmer et al., 2007). However, foraminifera are not restricted to a certain depth level and can change their habitat depth with time
or at specific locations (Waelbroeck et al., 2005).

Foraminiferal Depth habitat Palaeotemperature Data–model Palaeotemperature Data–model
species estimation equation by R2 equations by R2

(m) Shackleton (1974) Mulitza et al. (2003)

G. ruber white 0–50 T = 16.9− 4.38(δc − δw) + 0.1(δc − δw)2 0.76 T = −4.44(δc − δw) + 14.20 0.76
G. ruber pink 0–25 T = 16.9− 4.38(δc − δw) + 0.1(δc − δw)2 0.51 T = −4.44(δc − δw) + 14.20* 0.51
G. sacculifer 0–50 T = 16.9− 4.38(δc − δw) + 0.1(δc − δw)2 0.63 T = −4.35(δc − δw) + 14.91 0.63
G. bulloides 0–50 T = 16.9− 4.38(δc − δw) + 0.1(δc − δw)2 0.73 T = −4.70(δc − δw) + 14.62 0.72
N. Pachyderma dextral 0–75 T = 16.9− 4.38(δc − δw) + 0.1(δc − δw)2 0.5 T = −3.55(δc − δw) + 12.69 0.48
N. Pachyderma sinistral 0–150 T = 16.9− 4.38(δc − δw) + 0.1(δc − δw)2 0.11 T = −3.55(δc − δw) + 12.69 0.11

that complicates certain aspects of the data–model compar-
ison (Roche and Caley, 2013). Second, the altitudinal ef-
fect and its impact on theδ18O in precipitation (around
−2.5 ‰/1000 m; Lachniet, 2009) is not fully taken into
account in different areas due low resolution of the atmo-
spheric model preventing high elevations in mountain ranges
(e.g. the Alps are≈ 1200 m in height). Nonetheless a correc-
tion of this altitudinal effect does not significantly change the
results of the correlation for our global database (not shown).
Another factor is the use of atmospheric temperatures rather
than cave temperatures in the calcite-δ18O calculation with
the modelling results. Indeed, the relationship between mea-
sured temperature in the cave and atmospheric temperature in
the model is significant but weak (R2

= 0.63, Fig. 3). Taken
together, all these limitations lead to a bias of the calcite
δ18O reconstructed when using the model results. Another
source of uncertainties of this data–model comparison corre-
spond to all potential biases which occur in the natural en-
vironment, processes operating in the atmosphere, soil zone,
epikarst and cave system (Lachniet, 2009) and affecting the
measured calcite-δ18O signal (Fig. 2). For example, recent
studies suggest the precipitation of the calcite in different
caves does not occur under equilibrium conditions indicating
significant kinetic isotope effects during speleothem calcite
growth (Mickler et al., 2006; Däeron et al., 2011). This is
an important limitation for a global quantitative comparison
between model and data.

For a better representation at the local scale of the calcite-
δ18O signal in tropical and mid-latitude region, models with
higher complexity and resolution are necessary (Wackerbarth
et al., 2012). Furthermore, more processes operating between
the atmosphere and the cave system need to be integrated,
in addition to the knowledge of the isotopic composition of
precipitation and temperature, to allow a good quantitative
reconstruction of the calcite-δ18O signal. It remains to be
tested if qualitative data – model comparison for the calcite-
δ18O signal (i.e. anomaly between the past and present day)
would give better results with our model.

Fig. 3. Relationship between atmospheric (iLOVECLIM results)
and cave temperature (Table S1).

Another possibility is to use the method recently devel-
oped to extract the fossil water of speleothem record (Vonhof
et al., 2006; van Breukelen et al., 2008). With this water, it
becomes possible to reconstruct hydrogen and oxygen stable
isotope analyses of fossil precipitation. Based on our work, it
appears that reconstructed fossil water isotopic signals may
allow a better quantitative comparison with modelling results
(Fig. 1). The signal would also be more easily related to trop-
ical precipitation (Roche and Caley, 2013) than the complex
calcite-δ18O signal.

3.2 Oxygen isotopes: from the ocean to the foraminifer
shells

The seawater oxygen isotope concentration (δ18Osw) tracks
regional freshwater sources (evaporation, precipitation and
river input) and water mass exchange through surface ocean
fluxes and ocean circulation (Jacobs et al., 1985; Skinner et
al., 2003). It yields information on changes in the hydro-
logical cycle in the past. Theδ18Osw is preserved in ocean
carbonate archives as foraminifer shells.δ18O of foraminifer

Geosci. Model Dev., 6, 1505–1516, 2013 www.geosci-model-dev.net/6/1505/2013/
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Fig. 4. Anomaly of mean sea surface temperature (modelled in
iLOVECLIM – Levitus and Boyer, 1994). The hatching denotes
areas where the difference is less than 1◦C.

calcite is mainly controlled by temperature and by the iso-
topic composition of seawater in which the shell grew (Urey,
1947; Shackleton, 1974). The temperature dependence of the
equilibrium fractionation of inorganic calcite precipitation
around 16.9◦C is given in Shackleton (1974) as

T = 16.9− 4.38(δ18Ocarbonate(PDB)−δ18Osw(SMOW))

+ 0.1(δ18Ocarbonate(PDB)−δ18Osw(SMOW))
2.

Mathematically we can write the inverse equation for the
δ18O of the water:

δ18Osw(SMOW)= δ18Ocarbonate(PDB)

+ 0.27− 21.9+

√
(310.6+ 10T ).

The conversion between the two scale (PDB and
SMOW) can be expressed asδ18O water(VPDB)= δ18O
water(VSMOW))−0.27 (Hut, 1987).

3.2.1 Surface ocean

Because the calciteδ18O depends on temperature and
δ18Osw, the modelled two parameters must be assessed. The
δ18Osw results of the model were evaluated againstδ18O in
water samples in Roche and Caley (2013), and the agree-
ment is found to be very good. We compare the Levitus and
Boyer (1994) data and model results to assess the modelled
temperature. From this comparison it appears that sea sur-
face temperature (SST) in the model are in good agreement
with data (overall, less than 1◦C of differences is observed)
(Fig. 4) and therefore cannot lead to important bias on the
calcite-δ18O signal. We focus on regions where SSTs are
significantly warmer or colder in the model in comparison
to data and where some notable discrepancies between the
modelled distribution and data for theδ18Osw have been ob-
served (Roche and Caley, 2013).

The main differences for theδ18Osw are in the Atlantic
and Indian subtropical Ocean and the region offshore from

Fig. 5. Simulated ocean calciteδ18O (0–50 m) for the present day
with iLOVECLIM. Superimposed dots represent calcite-δ18O data
measured on the various shallowest dwelling foraminifer species
(Waelbroeck et al., 2005, extended by 62 points: Table S2). Note
that the legend is non-linear.

California (Roche and Caley, 2013). These regions are all
marked by warmer SST in the model (Fig. 4). Theδ18Osw
in the model is slightly depleted in the Atlantic Ocean and
even more depleted in the North Indian Ocean in comparison
to data (Roche and Caley, 2013). These two effects (warmer
SST and more depletedδ18Osw) produce both a weak supple-
mentary decrease of theδ18O calcite signal but no compensa-
tion effect. Concerning the region offshore from California,
the warmer SST and more enrichedδ18Osw could compen-
sate each other but the modelled signal is compared to only
two calcite-δ18O points of our dataset (Fig. 5). Therefore, the
δ18O calcite signal of the model can be compared with data
with a good accuracy because slight errors in the modelled
temperature and water isotope distributions do not compen-
sate each other. Also note that the problem of biased abso-
lute SST values may not apply when anomalies with respect
to past climates are calculated (for example the last glacial
maximum).

Combining theδ18Osw and oceanic temperature and us-
ing the equation of Shackleton (1974), we are able to re-
construct the calciteδ18O in the model and to compare
it with late Holoceneδ18O planktonic foraminifers’ data
(Fig. 5). We choose specifically the interval 0–50 m as the
different species of foraminifers that constitute the global
dataset (G. Ruber pink, G. Ruber white, G. sacculifer, G.
bulloides, N. Pachyderma dextral and sinistral) have various
depth habitats but they are all among the shallowest dwelling
species. Indeed, the depth habitat forG. Ruber pinkis 0–
25 m (Ganssen and Kroon, 2000; Anand et al., 2003; Farmer
et al., 2007), 0–50 m forG. Ruber white(Ganssen and Kroon,
2000; Anand et al., 2003; Farmer et al., 2007), 0–50 m forG.
sacculifer (Ganssen and Kroon, 2000; Anand et al., 2003;
Farmer et al., 2007), 0–50 m forG. bulloides(Ganssen and
Kroon, 2000; Pak et al., 2004), 0–75 m forN. Pachyderma

www.geosci-model-dev.net/6/1505/2013/ Geosci. Model Dev., 6, 1505–1516, 2013
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Fig. 6. Relationship between the ocean calciteδ18O calculated in
the model (0–50 m depth) and calcite-δ18O measurements on the
various shallowest dwelling foraminifer species (Waelbroeck et al.,
2005 with 1σ < 0.3 ‰, extended by 62 points: Table S2).

dextral(Ottens, 1992; Ostermann et al., 2001; Pak and Ken-
nett, 2002; Pak et al., 2004; Kuroyangi and Kawahata, 2004;
von Langen et al., 2005; Came et al., 2007) and 0–150 m for
N. Pachyderma sinistral(Kohfeld et al., 1996; Bauch, 1997;
Bauch et al., 2002; Simstich, 2003) (Table 1). In first approx-
imation, a depth habitat of 0–50 m seems to be suitable to
compare the model results with a global and varied dataset.
Indeed, for this depth habitat, the relationship between model
results and data exhibit a very strong correlation (R2

= 0.85,
with a slope of 0.92 and an intercept of 0.15) (Fig. 6). For
a depth habitat of 0–20 m, the slope of the relation is 0.89
and the intercept is 0.27, suggesting that the depth habitat is
not the main control of the calcite-δ18O signal. We obtain a
very good quantitative agreement for calciteδ18O with high-
depleted values in the tropical regions (around−3 ‰) and
more enriched values in high latitude regions (around 4 ‰),
reflecting the combination of bothδ18Osw and temperature
changes with latitudes (Fig. 5) (Roche and Caley, 2013).

It is also important to note that both calcite-δ18O and shell
flux to the sea floor vary seasonally (Williams et al., 1981;
Thunnel et al., 1999). The environmental conditions recorded
by the oxygen isotope composition of fossil foraminifera
are therefore distorted towards the peak season and highly
productive years (Waelbroeck et al., 2005).G. Ruber pink,
G. Ruber white, G. sacculiferandN. Pachyderma sinistral
seems to record a summer signal (Tolderlund and Bé, 1971;
Wu and Hillaire-Marcel, 1994; Ganssen and Kroon, 2000;
Anand et al., 2003; Waelbroeck et al., 2005; Farmer et al.,
2007), whereasG. bulloidesseems to record a spring/start of
summer signal (Ganssen and Kroon, 2000; Pak et al., 2004)
andN. Pachyderma dextralcalcifies throughout the year (Os-
termann et al., 2001).

To take into account the seasonal effect we calculate the
amplitude in calciteδ18O for the two extreme months in
comparison to the mean annual value (Fig. 7). These two
end-members represent the extreme configurations in which

Fig. 7. Simulated seasonal amplitude for ocean calciteδ18O (sur-
face) for present day withiLOVECLIM.

blooms lead to a 100 % of the carbonate deposit. The range
between these two end-members corresponds to all the dif-
ferent possibilities for carbonate deposit. The entire range is
from 0–2 ‰ with a weak or null seasonal effect at low and
high latitudes, whereas we observe the more pronounced sea-
sonal effect at mid-latitudes. This seasonal range in calcite-
δ18O values could explain part of the shift and dispersion
observed with the equilibrium 1: 1 line but correspond to a
factor of secondary importance (Fig. 6).

Overall, the model is able to well reproduce the data.
This implies that temperature and the isotopic composition
of the seawater are the main control on the fossil-δ18O signal
recorded in foraminifer’s shells at the global scale, when all
species are grouped together.

We then realised a data–model comparison for the calcite-
δ18O signal for individual species (Fig. 8). For this compar-
ison, the use of palaeotemperature equations derived for liv-
ing planktonic foraminifera (Mulitza et al., 2003) could be
more appropriate than the palaeotemperature equation de-
rived for inorganic precipitates (Shackleton, 1974). We test
this possibility but the results indicate no differences for
the different equations (Table 1), confirming that over the
oceanic temperature range, the slopes of the equations de-
rived for living species agree with the slopes obtained from
inorganic precipitates (Mulitza et al., 2003). A significant re-
lationship between data and model results is found for each
species exceptN. Pachyderma sinistral(Table 1, Fig. 8). This
foraminifer lives at high latitudes, in polar waters. Some
caveats in the model for the polar regions as well as com-
plex environmental factors driven by theδ18O signal of this
specie are probably responsible for the weak correlation ob-
served (Fig. 8). For example,N. Pachydermahas been found
to have a secondary calcification phase at depth which can
be as much as 75 % of the individual mass (Kohfeld et al.,
1996; Schmidt and Mulitza, 2002). Also, the depth habitat
of this species has been found to be very variable (Ottens,
1992; Kohfeld et al., 1996; Bauch, 1997; Ostermann et al.,
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Fig. 8. Relationship between the ocean calciteδ18O calculated in
the model (0–25 m forG. ruber pink; 0–50 m forG. ruber white, G.
sacculiferandG. bulloides; 0–75 m forN. pachyderma dextral; 0–
150 m forN. pachyderma sinistral) and calcite-δ18O measurements
for each of the shallowest dwelling foraminifer species (Waelbroeck
et al., 2005, extended by 62 points: Table S2).

2001; Bauch et al., 2002; Pak and Kennett, 2002; Simstich,
2003; Pak et al., 2004; Kuroyangi and Kawahata, 2004; von
Langen et al., 2005; Came et al., 2007).

We also note that when individual species are consid-
ered, the correlation is weaker compared to when species
as grouped together (Table 1, Figs. 6 and 8). This proba-
bly reflects the stronger influence of species–specific habitat
depth, seasonality and other ecological effects (Bemis et al.,
1998; Schmidt and Mulitza, 2002; Fraile et al., 2007, 2008).
In addition, biases linked to sedimentation and post-deposit
effects such as bioturbation or dissolution (Waelbroeck et al.,
2005) can also play a role.

To test the ability of the model to represent the data at a
regional scale we generated enlargement of the North At-
lantic Ocean (Fig. 9a). We investigate the potential of the
calcite-δ18O signal to track the main hydrographic conditions
in the region. To determine the position of the fronts, we use
the actual temperature and salinity changes that characterise
these fronts and convert it into calcite-δ18O values. The sub-
Arctic Front (SAF) has a high range of variability for temper-
ature and salinity values with a annual mean of around 13◦C

Fig. 9. Regional comparison between simulated ocean calcite
δ18O (0–50 m) for the present day withiLOVECLIM and calcite-
δ18O measurements on the various shallowest dwelling foraminifer
species (Waelbroeck et al., 2005, extended by 62 points: Table S2)
for (A) the North Atlantic Ocean: the North Atlantic Drift (NAD),
major boundary return currents (PC, Portugal Current; AC, Azores
Current) (Sverdrup et al., 1942; Crowley, 1981; Dickson et al.,
1988) and major hydrographic fronts are indicated. Black lines in-
dicate the position of hydrographic fronts as described in the text
with the calcite-δ18O signal: PF, polar front (3.94 ‰); AF, Arctic
front (2.93 ‰); SAF, sub-Arctic front (1.13 ‰) and blue lines indi-
cate the position described in Dickson et al. (1988).(B) The South
Atlantic Ocean: major hydrographic fronts are indicated: PF, polar
front; SAF, South Antarctic front; STF, sub-tropical front (Peterson
and Stramma, 1991). Note that the legend is non-linear.
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and 35.4 salinity units (s.u), respectively (Belkin and Levi-
tus, 1996 and references therein). Using the actual relation-
ship of Legrande and Schmidt (2006) for the North Atlantic
Ocean (δ18O= 0.55× sea surface salinity (SSS)−18.98) and
the equation of Shackleton (1974), we obtain a value of
1.13 ‰ for theδ18O calcite. The polar front (PF) is charac-
terised by surface water temperature and salinity lower than
0◦C and 34.4 s.u, respectively (Bauch et al., 1999). Using
the actual relationship of Legrande and Schmidt (2006) for
the GIN seas (δ18O= 0.6× SSS−20.71), we obtain a value
of 3.94 ‰ for theδ18O calcite. The transition between the
Atlantic waters and the Arctic domain is through the Arc-
tic front (AF). In this area, the Atlantic inflow of water has
salinity above 35 s.u and a temperature of 5◦C (Skagseth et
al., 2008) leading to aδ18O calcite value of 2.93‰. These
different values ofδ18O calcite track faithfully the actual po-
sition of the front as described in Dickson et al. (1988) and
are well documented by our data–model comparison results
(Fig. 9a).

Similarly, the main hydrographic conditions in the South
Atlantic Ocean with the hydrographic fronts are well
documented by the calcite-δ18O signal (Fig. 9b). The
STF is best defined by salinity (the 34.81 s.u halocline
in this area) (Edwards and Emery, 1982) or the 11◦C
isotherm at 100 m depth. Using the actual relationship of
Legrande and Schmidt (2006) for the South Atlantic Ocean
(δ18O= 0.51× SSS−17.4) and the equation of Shackle-
ton (1974), we obtain a value of 0.77‰ for theδ18O cal-
cite. For the SAF, we use the definition of the isotherm 4◦C
near 200 m depth, and a salinity of 34.5 s.u south of the front
(Peterson and Stramma, 1991). Using the actual relation-
ship of Legrande and Schmidt (2006) for the Austral Ocean
(δ18O= 0.24× SSS−8.45), we can calculate aδ18O calcite
value of 2.65‰. For the polar front (PF), the definition relies
only on the isotherm and not to salinity. Nowlin et al. (1977)
used the northern extent of the 0◦C isotherm. We also use a
mean value of−0.4‰ for theδ18Osw of the Austral Ocean
(Legrande and Schmidt, 2006) leading to a value of 3.6 ‰
for δ18O calcite. These different values ofδ18O calcite track
well the actual position of the front as described in Peterson
and Stramma (1991) (Fig. 9b).

Applying this data–model comparison for calciteδ18O in
past climates could constitute an interesting tool for map-
ping the potential shifts of the frontal systems and cir-
culation changes through time, assuming that changes in
foraminiferal habitat depth (Telford et al., 2013) and salinity–
temperature relationship in oceanic fronts stay relatively sta-
ble with time. Previous data studies on the amplitude of the
calciteδ18O have documented hydrographic changes during
the 8.2 kyr event, the Younger Dryas event, Heinrich events
and the Last Glacial Maximum (LGM) (Cortijo et al., 2005;
Eynaud et al., 2009).

Fig. 10. Simulated ocean calciteδ18O (500–1500 m in(A) and
2000–4000 m in(B)) for the present day withiLOVECLIM. Su-
perimposed dots represent calcite-δ18O data measured on benthic
foraminifer species (Marchal and Curry, 2008, extended by 73
points: Table S2). The North Atlantic drift (red arrow inA) is well
represented as the penetration of the Antarctic intermediate waters
moving northward (black arrow inA). Note that the legend is non-
linear.

3.2.2 Intermediate and deep ocean

Since we obtain very good results at the surface of the ocean
it is interesting to investigate intermediate and deep ocean re-
sults in comparison to available data of benthic foraminifers.
To document the intermediate depth circulation, we present
in Fig. 10a the ocean calciteδ18O for a mean depth of 500–
1500 m. A good agreement is observed between model re-
sults and data. The North Atlantic drift is well represented
and the penetration of the Antarctic intermediate waters mov-
ing northward is also visible. Any potential changes in these
oceanic circulation systems in the past could be documented
by a data–model comparison exercise. Outside of the Atlantic
Ocean region, the data are too sparse to validate the model re-
sults. Supplementary data in the Indian Ocean, Pacific Ocean
and Southern Ocean would be a major advance in order to
validate the observed distribution in calciteδ18O at interme-
diate depth.

Concerning the mean deep ocean (2000–4000 m), Fig. 10b
indicates a relatively good agreement between model results
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and data for the Atlantic Ocean contrary to the other parts
of the world ocean. Nonetheless, the calciteδ18O simulated
with iLOVECLIM for the deep ocean is globally too high
in comparison to data. The values in the model are actually
close to values reached between interglacial and glacial peri-
ods (3.8–4.2 ‰). After investigation, it appears that two fac-
tors can explain this abnormally highδ18O signal. First the
modelled distribution ofδ18Osw is 0.25 per mil lower than
data between 20◦ S and 30◦ N (Roche and Caley, 2013). Sec-
ond, the modelled temperature of deep water is around 2◦C
lower than data, a pattern particularly marked in the Austral
Ocean. The caveat for the deep ocean temperature with the
model is unclear so far and would be the matter of future
investigation. We hypothesise that it is linked to the deep wa-
ter formation in the Southern Ocean since it shows a marked
underestimation in that region. Together, these two biases ex-
plain the highδ18O calcite signal in the model. These results
also elegantly suggest that changes in the deep water tem-
perature by only few degrees can have an important effect of
the benthicδ18O calcite signal, a pattern that requires further
investigation during past climate changes.

4 Conclusions

Concerning the atmospheric component and contrary to the
δ18O in precipitation, the limitation of the model together
with the processes operating in the atmosphere, soil zone,
epikarst and cave system hamper a good quantitative data–
model comparison for the calcite-δ18O signal. It remains to
be tested whether the use of more complex isotope-enabled
models at higher resolution added to the inclusion of sup-
plementary processes operating between the atmosphere and
the cave system would allow to obtain better results. It
is necessary to assess such improvements in parallel with
improvements regarding the potential biases occurring in the
natural environment and affecting the measured calcite-δ18O
signal. It also remains to be tested if qualitative data – model
comparison for the calcite-δ18O signal (i.e. anomaly between
the past and present day) would give better results. Based on
our work and for simplicity reasons, it appears that recon-
structed fossil water isotopic signals by fluid inclusions in
speleothems is a more promising way to compare quantita-
tive simulation results with climate data, a comparison which
is today restricted to ice core records. The relationship be-
tween theδ18O in precipitation and climate variables such as
temperature and precipitation rates could be investigated for
past time periods.

Concerning the oceanic component, the simulated calcite
δ18O compare quantitatively well with global late Holocene
planktonic foraminiferδ18O data. Our results indicate that
temperature and the isotopic composition of the seawater
are the main control on the fossil-δ18O signal recorded in
foraminifer’s shells at the global and regional scale. Nonethe-
less, depth life, seasonality and other ecological effects play

also a role and are more expressed when individual species
are considered. Further works with more sophisticated eco-
logical models are needed to refine these conclusions and in-
crease the quantitative match of the modelled calcite-δ18O
results with data. We argue that a data–model comparison
exercise for calciteδ18O in past climate could constitute an
interesting tool for mapping the potential shifts of the frontal
systems and circulation changes throughout time. Of partic-
ular interest is the ocean circulation at the LGM. By sim-
ulating both the calciteδ18O andδ18Osw in the model and
by comparison with foraminifer’s calcite-δ18O data it would
be possible to address the LGM tropical sea surface tem-
perature controversy (large east–west gradients)(MARGO
Project Members, 2009).

Similarly to surface ocean, the potential changes in in-
termediate oceanic circulation systems in the past could be
documented by a data–model comparison exercise but an ex-
tension of the spatial data coverage is necessary. For deep
ocean calcite-δ18O signal, the abnormally low-modelled
deep ocean temperature would be the matter of future inves-
tigation in order to quantitatively compare the results with
data.

Supplementary material related to this article is
available online at:http://www.geosci-model-dev.net/6/
1505/2013/gmd-6-1505-2013-supplement.pdf.
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