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a b s t r a c t

We present the first transient simulations of Marine Isotope Stage 3 (MIS 3) performed with an oxygen
isotope-enabled climate model. Our simulations span several Dansgaard-Oeschger cycles and three
Heinrich stadials and are directly compared with oxygen isotope records from 13 sediment and 2 ice
cores. Our results are consistent with a 30e50% weakening of the Atlantic Meridional Overturning Cir-
culation during Dansgaard-Oeschger stadials and a complete shutdown during Heinrich stadials. We find
that the simulated d18O anomalies differ significantly between Heinrich stadials and non-Heinrich sta-
dials. This difference is mainly due to different responses in ocean circulation, and therefore climate,
impacting oceanic d18O, while the volume of 18O-depleted meltwater plays a secondary role.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Several Dansgaard-Oeschger (D-O) cycles and Heinrich stadials
occurred during a period known as Marine Isotope Stage 3 (MIS3,
59.4e27.8 ka BP). The causes and mechanisms underlying this
climate variability are still debated. It is commonly suggested that
iceberg discharges in the North Atlantic and changes in the Atlantic
Meridional Overturning Circulation (AMOC) played a crucial role
(Broecker et al., 1985). MacAyeal (1993) proposed that internal ice
dynamics can trigger Heinrich events and create massive melt-
water fluxes. Modelling studies have shown that such meltwater
fluxes can abruptly weaken the AMOC, thus leading to a cooling in
the North Atlantic during stadials (Rahmstorf, 1996; Ganopolski
and Rahmstorf, 2001; Meissner et al., 2002; Menviel et al., 2014).
In addition, records of ice rafted debris (IRD) indicate that all D-O
stadials during MIS3 were accompanied by iceberg surges (Dokken
and Jansen, 1999; van Kreveld et al., 2000; Elliot et al., 2001), and
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geochemical proxy records suggest that AMOC was weakened
during D-O stadials (Keigwin and Boyle, 1999), thus pointing to-
wards a similar mechanism involved during D-O cycles and Hein-
rich events. Menviel et al. (2014) showed that most of the
reconstructed Heinrich and D-O variability in temperature and
precipitation can be reproduced by freshwater-driven changes in
the AMOC. However, the debate about whether ice sheet changes
were the cause or the consequence of changes in circulation re-
mains unsettled. For example, it has been shown that a collapse of
the AMOC can induce subsurface warming and trigger ice sheet
instabilities (Marcott et al., 2011; �Alvarez-Solas et al., 2013),
pointing to internal ocean dynamics as a potential driving force
(Peltier and Vettoretti, 2014). Alternative hypotheses involve in-
teractions of wind patterns with continental ice sheets (Wunsch,
2006), changes in sea ice (Li et al., 2010) or sea ice-ice shelf fluc-
tuations (Petersen et al., 2013).

One potential approach to distinguish between the suggested
mechanisms is to study changes in seawater d18O

�
d18Ow

�
in the

North Atlantic. Indeed, as high latitude precipitation is depleted in
18O, the glacial Northern hemispheric ice-sheets had a d18O
signature of �20 to �30‰ (Ferguson and Jasechko, 2015). There-
fore, contrarily to changes in sea-ice or winds, the addition of 18O-
depleted meltwater has a significant impact on North Atlantic
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surface waters and should thus also be reflected in foraminiferal
d18Oc.

Fully coupled three-dimensional isotope-enabled climate
models are a recent addition to the large and diverse family of
climatemodels (Lewis et al., 2010; Brennan et al., 2012, 2013; Roche
et al., 2014; Bagniewski et al., 2015) and allow a direct comparison
between model simulations and proxy data. For example,
Bagniewski et al. (2015) used the isotope-enabled University of
Victoria Earth System Climate Model (UVic ESCM) to simulate an
idealized Heinrich event and separate the resulting foraminiferal
d18 O signal into three main contribution factors influencing local
seawater: i) d18 O variations due to changes in circulation and
climate, ii) d18 O variations due to meltwater of calving icebergs,
and iii) temperature changes.

Until recently, simulations of millennial scale variability have
been limited to very idealized settings (e.g. Barron and Pollard,
2002; Knutti et al., 2004; van Meerbeeck et al., 2009). Only two
previous studies have provided a transient climate simulation for
the entire MIS3 period with a 3-dimensional Earth System Model
(Menviel et al., 2014, 2015). Here we present transient simulations
of MIS3 with the oxygen isotope-enabled UVic ESCM (Brennan
et al., 2012, 2013). It is the first time an oxygen-isotope-enabled
model is used in a transient simulation of the last glacial period,
thus allowing a more comprehensive comparison with paleoproxy
records. Following the method in Menviel et al. (2014), MIS3
climate variability is generated by varying freshwater forcing in the
North Atlantic. The results from three such simulations with
different meltwater rates and different isotopic signatures of
meltwater, are compared with two ice cores and thirteen ocean
sediment records.
2. Methods

2.1. Model description

We integrated transient simulations for the period 50e28 ka BP
with the UVic ESCM, version 2.9. This earth system model of in-
termediate complexity, described byWeaver et al. (2001), Meissner
et al. (2003), Schmittner et al. (2008), and Eby et al. (2009), consists
of fully coupled, ocean, atmosphere, land surface, vegetation, sea
ice, and sediment components.

The ocean component of the UVic ESCM is a ocean general cir-
culation model (Modular Ocean Model, Version 2 Pacanowski
(1995)), with 19 vertical levels varying from 50 m at the surface
to 500 m at 5 km depth. It is coupled to a vertically integrated, two-
dimensional atmospheric energy and moisture balance model,
forced by solar insolation, and present-day reanalysis winds from
the National Centers for Environmental Prediction (NCEP) (Kalnay
et al., 1996) with superimposed geostrophic wind anomalies
(Weaver et al., 2001). Other model components include a dynamic-
thermodynamic sea ice model (Semtner Jr., 1976; Hibler III, 1979;
Hunke and Dukowicz, 1997), a sediment model (Archer, 1996;
Meissner et al., 2012), a land surface scheme, and a dynamic
global vegetation model (MOSES/TRIFFID, Meissner et al., 2003).
The version of the UVic ESCM used in this study also includes two
stable water isotopes, H18

2 O and H16
2 O, which are integrated into the

ocean, atmosphere, land-surface, and sea-ice components of the
model (Brennan et al., 2012, 2013; Bagniewski et al., 2015), and are
exchanged between these components.

All model components have a spherical grid resolution of 3.6� in
longitude and 1.8� in latitude. During simulations, the model con-
serves water, energy, carbon, and oxygen isotopes to machine
precision and without flux adjustments.
2.2. Experimental design

Initial conditions for the experiments were obtained by con-
ducting a 6000 year equilibrium spin-up simulation with the UVic
ESCM using an orbital configuration corresponding to 50 ka BP
(Berger, 1978), atmospheric pCO2 of 207.1 ppm (Bereiter et al.,
2012), increased elevations based on a reconstruction of Northern
Hemisphere ice sheets (Abe-Ouchi et al., 2007) and the corre-
sponding ice albedo. The ocean d18 O is initialized at 0.6‰, 0.5‰
above the pre-industrial seawater initial value of 0.1‰, to allow for
seawater enrichment due to larger continental ice sheets.

Transient simulations over the period 50e28 ka BP were forced
with transient orbital, ice sheet, and atmospheric CO2 data. Ice
sheet orography and albedo were obtained from an off-line ice-
sheet model simulation (Abe-Ouchi et al., 2007); atmospheric CO2
concentrations were based on Antarctic ice core records (Bereiter
et al. (2012) for 50e39.9 ka BP, and Ahn and Brook (2014) for
39.9e28 ka BP). As the model does not include an interactive ice
sheet, freshwater withdrawing from the ocean during phases of ice
sheet growth and freshwater release into the ocean as a result of ice
sheet calving and ablation are not simulated prognostically. To
mimic the effect of iceberg surges on ocean circulation and
seawater d18 O, a freshwater flux was applied to the North Atlantic
region between 61�W and 0� and 47�Ne61�N (Supplementary
Material, Fig. 9). As the ocean model's barotropic momentum
equations are solved with a rigid lid approximation, surface
freshwater fluxes are represented by fluxes of salt with a constant
salt to freshwater mass ratio of 34.9 kg salt m�3. The freshwater
forcing time series is based on Menviel et al. (2015) where anom-
alous freshwater fluxes are optimized such that the simulated
Heinrich Stadial temperature anomalies in the eastern subtropical
North Atlantic best match the target alkenone-based sea surface
temperature (SST) anomalies reconstructed from the Iberian
Margin core MD01-2444 (Martrat et al., 2007). Here, this time se-
ries is extended to include HS3 and expanded to simulate smaller
D-O stadials with smaller freshwater events.

The MIS3 period was characterized by long-term cooling, and an
associated decrease in atmospheric CO2 concentrations and growth
in land ice volume. To take into account the accumulation of low
d18O snow and ice on continents during MIS3, surface ocean d18Ow

is artificially increased at a constant rate in the region north of 25�N
throughout the simulations. This rate is consistent with a global
mean d18Ow increase of 0.021‰ per 1000 years, based on the
benthic LR04 stack of Lisiecki and Raymo (2005). The region north
of 25�N was chosen as a broad approximation for potential source
regions of water vapour involved in ice sheet accumulation. As the
larger freshwater events lead to a shutdown of the AMOC, these
events are followed by a freshwater withdrawal of �0.06 to�0.2 Sv
(or the equivalent of an addition of 2 to 7,106 kg salt s�1) in the
same region as the freshwater hosing to trigger AMOC recovery.
The salt flux triggering AMOC recovery does not carry an isotopic
signature.

Three simulations were integrated: highFW, lowFW, and fwN
(Table 1). The freshwater fluxes are identical during the highFW
and fwN simulations, while the total volume of added freshwater is
lower during the lowFW simulation. During the highFW and
lowFW simulations, meltwater has a d18 O ratio of �20‰, while
meltwater does not carry an isotopic signature in the fwN simula-
tion. Hence, ocean seawater d18 O anomalies in the fwN simulation
are solely due to changes in overturning circulation and resulting
changes in climate patterns. By comparing highFW to fwN, we can
estimate the impact of the addition and subsequent advection of
d18 O-depleted meltwater. Bagniewski et al. (2015) compared
simulations of an idealized Heinrich event with paleo-proxy re-
cords of Heinrich stadials 1 and 4, and concluded that a meltwater



Table 1
Total volume of freshwater added to the North Atlantic during Heinrich stadials
(HS5, HS4, and HS3), during a large D-O stadial (DO8) and during small D-O stadials
(DO12 and DO11) in sea level equivalent (SLE) for the three simulations. During HS3
freshwater was added over two separate periods, here represented as a single event.

Experiment SLE equivalent Freshwater d18O

HS3 HS4 HS5 DO8 DO11,12

highFW 3.5 m 10.5 m 7.9 m 4.2 m 2.2 m �20‰
fwN 3.5 m 10.5 m 7.9 m 4.2 m 2.2 m e

lowFW 3.2 m 4.6 m 3.7 m 2.6 m 2.2 m �20‰
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addition equivalent to 22m of sea-level risewas too large. Hence, in
our MIS3 transient simulations the volume of freshwater added to
simulate Heinrich stadials is equivalent to ~ 7 m sea level rise
(Table 1). The time series of the freshwater forcing applied to the
North Atlantic during both highFW and lowFW simulations is
shown in Fig. 1C.

2.3. Modelepaleoproxy comparison

The simulated d18 O of seawater (d18Ow) reports the departure
of the sample isotopic composition from the Standard Mean Ocean
Water (Baertschi, 1976). Paleoproxy data record d18 O of carbonate
(d18Oc), which measures the departure of the sample isotopic
composition from the Pee Dee Belemnite standard (Craig, 1957). As
carbonate precipitation from seawater is temperature-dependent,
d18Oc also includes a temperature effect. Hence, to compare the
model results with the paleoproxy d18Oc records we add a tem-
perature effect to the simulated d18Ow. Furthermore, d18Ow is
calculated for proxy records which include both planktic d18Oc and
SST data. For surface (planktic) d18O we use the equation derived by
Shackleton (1974):

T ¼ 16:9� 4:38
�
d18Oc � d18Ow

�
þ 0:10

�
d18Oc � d18Ow

�2

while for benthic d18O we use the equation derived by Marchitto
et al. (2014):

T ¼
�
0:245�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:045461þ 0:0044

�
d18Oc � d18Ow

�r �

�
�

0:0022

where T is the water temperature (�C).
The main modes of variability in major climate parameters (sea

surface temperature (SST), surface atmospheric temperature (SAT),
precipitation) and in their d18 O signature (d18 O precipitation, sea
surface d18Ow, sea surface d18Oc) simulated for the MIS3 period
have been determined with an Empirical Orthogonal Function
(EOF) analysis. As d18 O anomalies include a linear trend of 0.021‰
per 1000 years (please refer to Section 2.2 for details), the time
series of d18 O precipitation, sea surface d18Ow and sea surface
d18Oc have been detrended prior to EOF analysis.

Model results are compared to paleoclimate records spanning
MIS3 from 13 marine sediment cores in the North Atlantic
(Supplementary Material, Fig. 9), as well as ice cores in Greenland
(NGRIP, NGRIP Dating Group (2008)) and Antarctica (WAIS Divide
Core, WAIS Divide Project Members (2015)). We focus our analysis
on the Atlantic Ocean because d18O and SST anomalies in other
ocean basins directly resulting from AMOC changes are smaller
(Bagniewski et al., 2015) and could thus be influenced by other
processes not represented here. The sediment cores were grouped
into regions and depths (for benthic records) for which a similar
stadial-interstadial d18Oc pattern can be expected. When multiple
cores are present in one group, they are stacked into a single time
series. All paleoproxy records from the North Atlantic are displayed
on the GICC05 timescale. Simulated surface values are taken from
the uppermost level of the ocean model (0e50 m depth).

3. Results

3.1. Circulation and ice core d18 O response

Fig. 1AeD shows the evolution of the main forcing parameters
and the resulting ocean circulation changes for the three transient
experiments. As the only difference between simulations fwN and
highFW is the d18 O value of the meltwater forcing, the circulation
changes simulated in fwN and highFW are the same. During
Heinrich stadials as well as the D-O 8 stadial, the simulated AMOC
shuts down and does not recover until an artificial salt flux is
applied, whereas during D-O stadials 12 and 11, the AMOCweakens
by about 30% and subsequently recovers once the meltwater forc-
ing has stopped (Fig. 1D). A weakening of the AMOC leads to a
decrease in Antarctic BottomWater (AABW) formation by up to 20%
during Heinrich events. During D-O stadials, changes in AABW lag
the changes in AMOC by approximately 200e300 years. Despite
significantly different freshwater flux rates during HS5, HS4, and
DO8 for highFW and lowFW, circulation changes are similar for the
two simulations, with AMOC shutdown taking about 300 years
longer in lowFW.

Stadial conditions are characterized by cooler and drier condi-
tions over Greenland, the North Atlantic and Europe
(Supplementary Material, Fig. 10), causing a decrease in d18O of
precipitation over these regions. As a result, d18O in snow precip-
itation over Greenland decreases during stadials (Fig.1E). While the
simulated d18O variations during Heinrich stadials are comparable
to the d18O recorded in ice cores, the simulations underestimate the
decrease during Dansgaard-Oeschger stadials (Fig. 1E). As observed
in Antarctic ice cores, simulated Antarctic d18O is in anti-phasewith
Greenland during Heinrich stadials. However, only large events are
simulated in Antarctica and the change in d18O during one of these
large events (HS4) is underestimated (Fig.1F). It has been suggested
that enhanced AABW formation during Heinrich stadials could
increase the poleward heat transport to high southern latitudes,
thus leading to a greater warming of Antarctica (Meissner et al.,
2008; Menviel et al., 2015). The weakening of AABW simulated
here during Heinrich stadials (Fig. 1D) might thus explain the
underestimated variability in Antarctic precipitation d18O.

The simulated d18O anomalies in precipitation reproduce most
of themillennial-scale variability, as well as the semi-linear trend in
d18O for the entire MIS3 recorded in the Greenland core (Fig. 1E).
The relatively small differences between highFW, fwN and lowFW
experiments reflect the fact that in our simulations, d18O anomalies
in precipitation are mostly due to temperature dependent
fractionation.

3.2. Ocean d18O response at the surface

The time series and the corresponding spatial patterns of the
EOF analysis for surface ocean variables are shown in Fig. 2. Not
surprisingly, a pattern that closely follows changes in AMOC is the
dominant EOF mode, explaining 58.14% of the variance in SST,
89.63% of the variance in d18Ow, and 78.09% of the variance in
d18Oc.

Stadial conditions are characterized by cooling in the North
Atlantic regions (Fig. 2A), as a weaker AMOC transports less warm,
low-latitude water into the North Atlantic. Strongest amplitudes in
SST changes are found near the North Atlantic DeepWater (NADW)
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formation sites, extending into a region southwest of Iceland
(Fig. 2A). In response to the AMOC-driven temperature seesaw, sea
surface warming is simulated in the subtropical South Atlantic and
in parts of the Pacific Ocean.

Stadial conditions are further characterized by a decrease in sea
surface d18Ow in the North Atlantic, and a decrease in sea surface
d18Oc over the Atlantic and Southern Oceans (Fig. 2B and C).
However, the strong response in North Atlantic SST to changes in
AMOC reverses the sea surface d18Oc signal in the region southwest
of Iceland (Fig. 2C).

While the corresponding principal component time series for
SST is in very close agreement with changes in AMOC (Fig. 2D), this
relationship is weaker for sea surface d18Ow and d18Oc, where the
anomalies associated with smaller meltwater events are dispro-
portionately smaller. The differences in d18 O response to large
versus small meltwater events are analyzed in more detail in Sec-
tion 3.4.

Fig. 3 and 4 show comparisons between the model results and
reconstructed SST and planktic d18Oc from 13marine sediment core
records in the North Atlantic (Supplementary Material, Fig. 9). The
simulated SST, d18Ow and d18Oc anomalies in the North Atlantic
(Fig. 3AeC) follow the pattern seen in planktic records (MD95-
2006, JPC13, SO82-5), i.e. a decrease in SST and d18Ow and an in-
crease in d18Oc during stadials. The model is in particularly good
agreement with SST and d18Ow anomalies during HS5, HS3, and
DO8 from core SO82-5 (Fig. 3A and B, green lines), and during HS5
from core MD95-2006 (Fig. 3A and B, black lines). However, the
model underestimates the anomalies observed during DO12 and
DO11 in coreMD95-2006, while the anomalies observed during the
same events in the Irminger Sea (cores JPC13 and SO82-5 (thick



Fig. 2. (A) Pattern of first EOF of sea surface temperature (SST) anomalies (�C), which explains 58% of the variance; (B) Pattern of first EOF of detrended sea surface d18Ow anomalies
(‰), which explains 90% of the variance; (C) Pattern of first EOF of detrended sea surface d18Oc anomalies (‰), which explains 78% of the variance; (D) normalized principal
components of first EOFs of sea surface temperature (SST, red), sea surface d18Ow (d18Ow, blue) and sea surface d18Oc (d18Oc, cyan), and normalized North Atlantic Deep Water
formation rate (NADW, black). Please note that the y axis and the normalized NADW time series in Fig. 2D have been reversed. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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grey line in Fig. 3C) are of similar amplitude as in our simulations.
The simulated d18Ow and d18Oc anomalies during Heinrich stadials
are very different between the three simulations. For example,
d18Oc decreases during HS5 and HS4 for the highFW simulation, but
increases for the fwN and lowFW simulations (Fig. 3C).

In the Norwegian Sea (Fig. 3D), the simulated d18Oc anomalies
are in relatively good agreement with the planktic record from core
MD95-2010. In contrast to d18Oc anomalies at lower latitudes
(Fig. 3AeC), there is a decrease during HS4, HS3 and DO8, and no
significant change during DO12 and DO11. No significant d18Oc

decrease is recorded during HS5 in the MD95-2010 core (Dokken
and Jansen, 1999). The magnitudes of the simulated changes dur-
ing HS4, HS3 and DO8 are in a good agreement with the proxy for
simulation lowFW and are overestimated for simulation highFW.

SST anomalies at the Iberian Margin (Fig. 4A) are in good
agreement with the alkenone-derived SST anomalies from MD01-
2444 core (Martrat et al. (2007), green line). This was expected,
as the Martrat et al. (2007) SST record was used as a tuning target
when building the freshwater time series. However, the SST
anomalies in cores MD99-2339 and MD95-2040, calculated using a
modern analog technique, have much higher amplitudes (Fig. 4A,
grey line). As a result, reconstructed d18Ow anomalies differ
depending on the SST record used to calculate the temperature
effect (grey and green lines in Fig. 4B). Observed d18Oc measured in
Iberian margin sediment cores increases during each meltwater
event, with higher amplitudes seen during larger events (Fig. 4C,
grey line). In contrast, simulated d18Oc decreases during the large
meltwater events. This discrepancy could be due to the simulated
North Atlantic circulation. Indeed, reduced advection of low lati-
tude high d18O waters when the AMOC is weak and the addition of
depleted meltwater lead to greatest negative d18Ow anomalies
along the western European coast (Fig. 2B). This effect might be
overestimated at the Iberian Margin due to the coarse resolution of
the model.

Finally, it is worth noting that all the Iberian Margin planktic
d18Oc shown here are measured on surface dwelling G. bulloides,
contrarily to northern North Atlantic d18Oc, which are measured on
surface to subsurface dwelling N. pachyderma. While phyto-
plankton blooms in the polar regions develop during summer
months, temperate basins experience spring and autumn blooms.

3.3. Ocean d18O response at depth

Figs. 5 and 6 show a comparison between the model results and
benthic d18Oc from 9 marine sediment core records in the North
Atlantic at the location and depth of each core. The simulated
benthic stadial-interstadial d18Oc anomalies are significantly
different between different ocean depths. Between 1000 and 2000
m depth, the simulated anomaly during Heinrich stadials is nega-
tive in the northern North Atlantic (Fig. 5A and B) and positive at
the Iberian Margin (Fig. 6A). This is followed by a negative spike in
d18Oc at the end of the stadial that propagates through all depths
levels and is most prominent in the time series below 3000 m
(Figs. 5D and 6C), caused by the recovery of AMOC (Bagniewski
et al., 2015). Anomalies during smaller stadials are generally
small, with a decrease in d18Oc at intermediate depth at the Iberian
Margin (Fig. 6A) and below 2000 m in the northern North Atlantic
(Fig. 6C and D). These patterns are overall in good agreement with
the sediment records, particularly for cores MD95-2010 (Fig. 5A)
and MD95-2339 (Fig. 6A), although HS3 is not recorded in MD95-
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2339. The three simulations show very different results in the
North Atlantic at 2000e3000 m depth (Fig. 5C).
3.4. Difference between Heinrich and Dansgaard-Oeschger stadials

The simulated d18Oc anomalies are separated into changes due
to meltwater input, circulation and climate effects as well as tem-
perature (Figs. 7 and 8, Bagniewski et al. (2015)). As the added
meltwater has no isotopic signature in fwN, d18Ow anomalies in the
fwN simulation are solely representing the impact of changes in
circulation and climate (”circulation and climate” effect). The
impact of the 18O-depletedmeltwater addition (”meltwater effect”)
is obtained by comparing the anomalies in highFW with respect to
fwN. Finally, the impact of temperature on d18Oc anomalies is
calculated using the fractionation equations of Shackleton (1974)
(for planktic foraminifera) and Marchitto et al. (2014). As
mentioned in Section 2.2, ocean d18O was artificially increased at a
constant rate of 0.021‰ per 1000 years. Thus, a linear increase in
d18O occurs throughout both highFW and fwN simulations. This
increase can be seen in d18Oc (highFW) (Fig. 7A and B) and in the
”circulation and climate” signal (fwN) (Fig. 7C and D). However, it
should not be interpreted as a ”circulation and climate” signal as it
is not caused by ocean dynamics. It may rather be interpreted as
representing the background signal of land ice growth.
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Heinrich-induced anomalies (Figs. 7 and 8AeD) have a global
impact on d18Oc. While largest anomalies are simulated in the
North Atlantic, significant changes extend into the North Pacific and
the Southern Ocean. Reduced meridional transport of high d18O
water to the North Atlantic (Fig. 8B) in addition to fluxes of low d18O
meltwater (Fig. 8C) lead to significant (up to 1.2‰, Fig. 8A) negative
d18Oc anomalies in the surface North Atlantic. A simultaneous
decrease in SST offsets part of this anomaly through a positive
”temperature effect” on d18Oc (Figs. 7G and 8D).

In contrast, the impact of smaller freshwater events, such as
DO11 (Fig. 8EeH), on d18Oc is mostly limited to a subpolar North
Atlantic region southwest of Iceland. The local d18Oc increase
(Fig. 8E) develops as strong cooling induces a positive ”temperature
effect” on d18Oc (Fig. 7G). Since AMOC is weakened but does not
shut down, the surface ”circulation and climate” signal is negligible
(Figs. 8F and 7C), and the ”meltwater signal” is significantly weaker
than during Heinrich stadials (Figs. 8G and 7E) as a result of both
lower flux rates and the fact that the meltwater is continuously
convected and advected into the deep ocean through formation of
NADW.

As a result of the strong cooling in the region southwest of
Iceland, sea surface d18Oc increases in this region during both
Heinrich and D-O stadials (Fig. 8A and E). This anomaly corresponds
to the cooling pattern simulated in response to a reduction in the
AMOC (Stouffer et al., 2006). It is also consistent with the excep-
tional twentieth-century cooling observed in the same area, which
has been suggested to be caused by a weakening of the AMOC
(Rahmstorf et al., 2015). Due to a lower magnitude of d18Ow

depletion in the North Atlantic during a D-O stadial (Fig. 8F and G)
than during a Heinrich Stadial (Fig. 8B and C), the resulting increase
in d18Oc southwest of Iceland is greater during DO11 (up to 1‰)
than during HS5 (up to 0.5‰).

In the surface South Atlantic, moderate d18Oc anomalies are
simulated during Heinrich stadials, whereas during D-O stadials
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the d18Oc anomalies are negligible (Fig. 7A). d18Oc in the Southern
Ocean decreases by up to 0.4‰ during a large freshwater event
(Fig. 8A), due to both a negative meltwater signal (Fig. 8C), and a
positive SST anomaly (Fig. 8D) caused by weaker northward water
transport in the Atlantic Ocean.

Deep ocean d18Oc anomalies (Fig. 7B) are mostly driven by the
”temperature effect” (Fig. 7H). Deep ocean d18Oc increases by up to
0.15‰ in the North Atlantic during freshwater events. During the
AMOC resumption, d18Oc rapidly decreases by as much as 0.6‰ and
subsequently recovers. The AMOC resumption d18Oc signal is
significantly weaker after a small freshwater event.
4. Discussion

To our knowledge, these are the first transient simulations of
Marine Isotope Stage 3 integrated with an oxygen isotope enabled
model. These simulations allow us to conduct EOF analyses of
millennial scale variability, discuss differences between Heinrich
and D-O stadials, and directly compare time series of simulated
d18O anomalies with ice core and sediment data.

EOF decompositions of the main climate variables and their
d18O signature indicate that most of the simulated MIS3 variability
can be explained by AMOC changes (Fig. 2, Supplementary Material
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Fig. 10). Weak AMOC is associated with a decrease in SST, precipi-
tation, d18O precipitation, and surface d18Ow in the North Atlantic.

As sea-level decreases by ~ 20 m across MIS3 due to continental
ice-sheet growth, the mean oceanic d18O increases by ~ 0.5‰, in
agreement with the long-term trend observed in marine sediment
cores (Figs. 3e6). On the other hand, as conditions get generally
cooler, Antarctic and Greenland ice cores display a long-term d18O
decrease, which is in good agreement with the simulated negative
trends (Fig. 1E and F). To simulate variability on millennial time-
scales, we impose meltwater fluxes equivalent to a mean sea-level
increase of about 7 m during Heinrich stadials and 2e4 m during
smaller stadials (Table 1). The magnitudes of these imposed fluxes
are on the lower bound of estimates for sea-level changes during
Heinrich events (Siddall et al., 2008). Given that our isotopic
signature of meltwater (�20‰) is also a conservative estimate
(Hillaire-Marcel and de Vernal, 2008), a larger meltwater input
(and thus sea-level increase) and/or more depleted signature of
meltwater (e.g., �30‰) would lead to a greater amplitude of
negative d18O anomalies at the surface of the North Atlantic, which
would be difficult to reconcile with d18Oc measured in marine
sediment cores.

The simulations are in a relatively good agreement with d18O
signals from ice cores in Greenland and Antarctica (Fig. 1E and F).
All Dansgaard-Oeschger stadials are identifiable in the simulated
Greenland precipitation d18O, except for DO10, DO7, and DO6,
which were not included in the experimental setup. However, the
model does not reproduce Antarctic Isotope Maxima 11 and 10
(corresponding to DO12 and DO11 stadials), and underestimates
the anomalies during AIM8 (corresponding to HS4). As discussed in
Menviel et al. (2015), this could be due to insufficient (up to 1 �C)
simulated warming over Antarctica and the Southern Ocean, where
paleoproxy records suggest a ~ 2 �Cwarming (e.g. Pahnke and Zahn,
2005; Jouzel et al., 2007; Caniup�an et al., 2011). Stronger AABW
transport in response to weakened AMOC during Heinrich stadials
would enhance the warming over Antarctica and the Southern
Ocean, leading to a better agreement with paleoproxy records
(Menviel et al., 2015). In our simulations, AABW weakens during
stadials, hence meridional heat transport is too small to generate a
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strong enough North AtlanticeSouth Atlantic seesaw response.
The effect of meltwater input on North Atlantic d18Oc strongly

depends on the flux rate and on the isotopic ratio of the meltwater.
Our simulations suggest that surface North Atlantic d18Oc decreases
during Heinrich stadials, because the signal is dominated by
meltwater, as well as circulation and climate contributions. How-
ever, North Atlantic d18Oc increases during weaker stadials, when
the temperature effect accounts for the largest fraction of the
anomaly (Fig. 7A). The difference is particularly strong close to deep
water formation sites (Figs. 3C and 5C), where both surface and
deep water d18Oc can either increase or decrease depending on the
flux rate and the isotopic ratio of the meltwater. Arguably, this is
supported by theMD95-2006 record (Fig. 3C), where planktic d18Oc

decreases during HS5 and increases during the two following D-O
stadials.

The strong North Atlantic SST decrease in response to AMOC
weakening may therefore reverse the negative d18Oc signal in the
region south of Iceland (Fig. 2). This subpolar cooling in the North
Atlantic region south of Iceland appears to be a robust feature of
AMOC weakening (Stouffer et al., 2006; Rahmstorf et al., 2015). We
therefore anticipate that further studies of this region would
greatly improve the understanding of past changes in AMOC.
Changes in sea surface d18Ow in the South Atlantic, South Pacific
and Indian Ocean are small in our study (Fig. 7), therefore d18Oc

anomalies in these regions are mostly due to changes in ocean
temperature.

While simulated surface d18Oc are generally in a good agree-
ment with planktic d18Oc from North Atlantic sediment cores, the
simulated decrease in surface d18Oc off the IberianMargin is at odds
with the increase in planktic d18Oc recorded during Heinrich sta-
dials. One possible reason for this discrepancy might be the fact
that the simulated temperature decrease is too small to overcome
the strong d18Ow decrease. The simulated 3 �C SST decrease agrees
with the alkenone-derived SST of core MD01-2444, however it is
weaker than the anomalies obtained using the modern analog
technique (cores MD99-2339 and MD95-2040, Fig. 4A) and weaker
than the 5 �C decrease simulated for the Irminger Sea (SO82-5,
Fig. 3A). Themodel might also overestimate the d18Ow anomalies in
the Mediterranean Sea and along the eastern North Atlantic coast
during large stadials due to its coarse resolution (Spence et al.,
2013). As seen in Fig. 8B and C, the changes in oceanic circulation
as well as the addition of depletedmeltwater lead to relatively large
negative d18Ow anomalies concentrated off the Iberian Margin and
in the Mediterranean Sea in the model simulation.

The paleo records reproduced in Fig. 3 are based on d18Oc

measurements of a small planktonic foraminifera, N. pachyderma.
N. pachyderma is the dominant species in polar waters nowadays
(Kucera, 2007). It is a surface to subsurface dwelling species whose
highest flux rates are observed during, or shortly after, summer
blooms. The d18Oc of this species has been shown to follow SST
variability over a wide range of latitudes and hydrographic condi-
tions (Charles and Fairbanks, 1990). However, in some instances,
departures from isotopic equilibrium with ambient Arctic waters
have been observed (van Donk and Mathieu, 1969; Kohfeld et al.,
1996; Bauch et al., 1997).

While the records of N. pachydermamost likely reflect surface to
subsurface summer temperatures, the omnivorous and surface
dwelling G. bulloides (Fig. 4) likely experienced spring and autumn
blooms. Furthermore, G. bulloidesmight not record the full range of
SST changes during MIS 3. For example, Bard et al. (1989) analyzed
two cores off Portugal and found that the d18Oc recorded by
G. bulloides only followed the expected trend of the temperature
effect between 0.4 and 2.2‰ during the Holocene. The measured
d18Oc values were nearly constant outside this range, suggesting
seasonal or subsurface growth and calcification. The discrepancy
between N. pachyderma records which mostly show a decrease in
their d18Oc values during Heinrich events and D-O stadials in the
northern North Atlantic (Fig. 3, Cortijo et al., 1997) and G. bulloides
records which mostly show an increase (Fig. 4, Hodell et al., 2013),
might therefore also be due to the species-specific ecology, the
seasonality and depth of calcification in the water column.

In North Atlantic intermediate water masses, d18Ow decreases



Fig. 8. Sea surface anomalies simulated during Heinrich Stadial 5 (left) and Dansgaard-Oeschger stadial 11 (right). (A and E) d18Oc (‰) anomalies for experiment highFW; (B and F)
d18Ow anomalies (‰) for experiment fwN; (C and G) difference between d18Ow (highFW) and d18Ow (fwN), representing the meltwater signal; (D and H) temperature anomalies
(�C).
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by ~ 0.2e0.4‰ due to the advection of negative d18Ow anomalies
from the surface of the North Atlantic (Fig. 5A and B). The North
Atlantic cooling also spreads to intermediate layers, and in some
regions offsets the d18Ow decrease as can be seen in core MD99-
2339 (Fig. 6A), even though in our simulations the cooling might
be overestimated (Bagniewski et al., 2015). Intermediate depth
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temperature changes in the North Atlantic during a weakening of
the AMOC are complex, as they reflect the competing effects of
surface cooling and subsurface warming (Brady and Otto-Bliesner,
2011; Bagniewski et al., 2015).

Benthic d18Oc records below 2000 m in the North Atlantic
generally display a decrease during stadials and particularly during
Heinrich stadials. This was interpreted as indicating a warming of
deep waters (Margari et al., 2010). In our simulations the simulated
d18Oc in the deep North Atlantic does not varymuch (Figs. 5C and D,
6B and C) as a result of the compensating effects of decreased d18Ow

and lower ocean temperatures (Fig. 7). This disagreement between
model and proxy could be due to a misrepresentation of changes in
AABW during Heinrich stadials. The simulated negative d18Oc peak
in the deep ocean, identified in Bagniewski et al. (2015) as a signal
of AMOC recovery, is a solid feature in most North Atlantic records
at different depths (Figs. 5 and 6) and has been discussed in pre-
vious studies (e.g. Rasmussen et al., 1996; Rasmussen and Thomsen,
2004; Dokken and Jansen, 1999; van Kreveld et al., 2000; Hillaire-
Marcel and de Vernal, 2008; Meland et al., 2008).

Since changes in d18Oc variations can be caused by a combina-
tion of factors, including meltwater from icebergs, river discharge,
changes in oceanic circulation, precipitation and/or evaporation,
sea ice formation and melting as well as temperature changes,
simulating d18Oc variations represents a real challenge to the
modelling community. Precise model-data comparisons of high
resolution d18Oc records and high resolution simulations can
therefore provide important information on the respective drivers
and impacts of millennial-scale changes of the last glacial period.
This represents a future challenge for both the paleoproxy and
modelling communities.

5. Conclusions

The relatively good agreement between freshwater-driven
anomalies in our simulations and millennial-scale variability in
paleoproxy ice and sediment records presents strong evidence for
the link between stadial-interstadial variability, changes in the
Atlantic Meridional Overturning Circulation (AMOC) and conti-
nental ice-sheet instabilities. The comparison between simulated
d18O and paleoproxy records supports an AMOC shutdown during
Heinrich stadials and a 30e50% weakening of the AMOC during
Dansgaard-Oeschger stadials, in agreement with previous studies
(e.g. Sarnthein et al., 2001; Ganopolski and Rahmstorf, 2001;
Menviel et al., 2014).

We find a significant difference in simulated d18Oc anomalies
between Heinrich and D-O stadials. This is mainly due to the
weaker transport of low latitude, 18O enriched, surfacewaters to the
North Atlantic as well as the larger volume of 18O depleted melt-
water involved during Heinrich stadials. In a large region south of
Iceland, the temperature effect becomes dominant during smaller
events and causes the simulated changes in surface d18Oc during
large versus small stadials to be of opposite sign. A similar pattern
can be seen in core MD95-2006 (Fig. 3C).

The general agreement between simulated and observed d18Oc

from the northern North Atlantic points to a sea-level rise equiva-
lent to 4e11 m during Heinrich stadials. As the meltwater signal
plays a major role in shaping d18Oc anomalies only during Heinrich
stadials (Fig. 7E), it cannot be ruled out by our results that AMOC
weakening during D-O stadials was driven by mechanisms other
than land ice discharge. It is also plausible that the iceberg
discharge was driven by internal ocean dynamics operating on
millennial timescales (Flückiger et al., 2006; Ahn and Brook, 2008;
Meissner et al., 2008; Marcott et al., 2011). For example, the
Southern Ocean has been put forward as a likely candidate
(Meissner et al., 2008). Additional high resolution planktic d18O
records from the North Atlantic and Southern Ocean covering the
last glacial period are needed to better pinpoint the mechanisms
leading to Heinrich and D-O stadials.
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