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Abstract The last deglaciation experienced the retreat of massive ice sheets and a transition from the cold
Last Glacial Maximum to the warmer Holocene. Key simulation challenges for this period include the timing
and extent of ice sheet decay and meltwater input into the oceans. Here, major uncertainties and forcing factors
for the last deglaciation are evaluated. Two sets of transient simulations are performed based on the novel ice-
sheet reconstruction PaleoMist and the more established GLAC1D. The simulations reveal that the proximity of
the Atlantic meridional overturning circulation (AMOC) to a bifurcation point, where it can switch between on-
and off-modes, is primarily determined by the interplay of greenhouse gas concentrations, orbital forcing and
freshwater forcing. The PaleoMist simulation qualitatively replicates the Bglling-Allergd (BA)/Younger Dryas
(YD) sequence: a warming in Greenland and Antarctica during the BA, followed by a cooling northern North
Atlantic and an Antarctic warming during the YD.

Plain Language Summary The last deglaciation, spanning roughly 20,000 to 10,000 years ago,
marked a period of Earth's history characterized by the retreat of massive ice sheets that had covered large parts
of the planet. During this phase, a drastic transition occurred from the cold Last Glacial Maximum to the warmer
and more stable climate of the Holocene. A main challenge for simulating the last deglaciation is the timing and
amplitude of the ice sheet decay and the amount of meltwater that enters into the oceans. Using two different
reconstructions of ice sheets, we employ an efficient climate model to explore changes at the end of the last ice
age. Our comparison shows notable differences in the timing and amplitude of abrupt climate events in the
simulations using two different ice-sheet reconstructions. Furthermore, we investigate the effects of factors such
as greenhouse gases and Earth's orbital changes on the large-scale ocean currents with respect to underlying ice
sheets. Ultimately, our study sheds light on how different elements of the Earth's system shape the termination
of the last ice age, enriching our understanding of Earth's climate history and guiding further deglaciation
scenarios.

1. Introduction

During the last deglaciation, 20-10 kyr before the present (BP), all climate variables encountered large-scale
changes. From a cold Last Glacial Maximum (LGM), the climate state transited to the warm interglacial state.
This transition was triggered by changes in insolation and geochemical processes (Paillard, 2015). Furthermore,
greenhouse gas (GHG) concentrations rose by 80-100 ppm (Monnin et al., 2001; Spahni et al., 2005; Veres
et al., 2013) and ice sheets melted, and positive feedbacks occurred (Clark et al., 2012). As a result, the atmo-
spheric and oceanic circulation experienced significant changes (e.g., Lofverstrom & Lora, 2017; Poppelmeier
et al., 2023), and the global mean sea level rose by about 100-130 m (e.g., Gowan et al., 2021; Lambeck
et al., 2014). However, these changes did not happen steadily; some abrupt events, pronounced in Greenland ice
records, such as the warming during the Bglling-Allergd (BA; Clark et al., 2002; Weaver et al., 2003) or the
cooling during the Younger Dryas (YD; Carlson et al., 2007) occurred during the last deglaciation.

Modellers are striving to simulate the last deglaciation to improve our understanding of climate change mech-
anisms and enhance model accuracy. Accurate simulations allow scientists to refine their models, leading to better
future climate predictions. This period's major changes in ice sheets, ocean circulation, and CO, levels are crucial
for understanding the climate system. Insights from these simulations inform Earth's climate sensitivity, regional
responses, and strategies for mitigating climate change effects. Several studies highlight different facets of
glacial-interglacial climate, including the last deglaciation, by employing model simulations with prescribed ice
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sheet changes (e.g., He, 2011; Knorr & Lohmann, 2007; Liu et al., 2009; Sun et al., 2022; Zhang et al., 2014b,
2017) or more complicated simulations done by coupled ice sheet-climate modeling (e.g., Abe-Ouchi et al., 2013;
Ganopolski & Calov, 2011; Gregoire et al., 2015). Ganopolski and Calov (2011) and Abe-Ouchi et al. (2013)
emphasized that orbital changes primarily drive glacial-interglacial cycles. Zhang et al. (2021) showed that an
abrupt transition from warm interstadial to cold stadial states could be initiated directly by precession and
obliquity changes. Gregoire et al. (2015) suggested that orbital forcing is the main driver of the reduction of North
American ice sheets, while GHG forcing accounts for 30% contribution as the second driver. GHG, particularly
CO,, are essential for the amplitude of the cycles and result in complete deglaciation (Abe-Ouchi et al., 2013;
Charbit et al., 2005; Ganopolski & Calov, 2011; Heinemann et al., 2014). Prescribing ICE-4G ice sheets (W. R.
Peltier, 1994), Timmermann et al. (2009) indicated that orbital forcing and atmospheric CO, increase initiate the
warming around Antarctica without direct triggers from the Northern Hemisphere.

Previous studies showed that a primary source of uncertainty in the glacial-interglacial simulations is the ice sheet
evolution, which has a decisive influence on the timing and occurrence of climate events (e.g., Bakker et al., 2020;
Kapsch et al., 2022; Ullman et al., 2014; Zhang et al., 2014b). Ice sheet heights are important for simulating the
atmospheric (Kageyama & Valdes, 2000; Lofverstrom et al., 2014) and oceanic circulation (Sherriff-Tadano
et al., 2018; Zhang et al., 2014b; Zhu et al., 2014). Kapsch et al. (2022) and Bouttes et al. (2023) follow the
protocol of the Intercomparison Project Phase four (PMIP4; Kageyama et al., 2017) for transient simulation of the
last deglaciation (Ivanovic et al., 2016), and compare the effect of the ICE-6G (Argus et al., 2014; W. R. Peltier
etal., 2015) and GLAC1D (Briggs et al., 2014; Tarasov et al., 2012) ice sheet reconstructions. Consistent with the
control of the ocean circulation by ice sheet height (Zhang et al., 2014b), Kapsch et al. (2022) indicate that
topography differences lead to changes in the jet stream's magnitude, the atmospheric circulation, and river di-
rections in the last deglaciation. Bouttes et al. (2023) employ an Earth system model of intermediate complexity
(EMIC) and show that changes in bathymetry lead to a cooling in the deglaciation simulations. In addition, the use
of evolving ice sheets implies changes in freshwater flux into the ocean, affecting the Atlantic meridional
overturning circulation (AMOC) (Kageyama et al., 2010; McManus et al., 2004; Stouffer et al., 2007). The
deglacial AMOC strongly depends on the timing and magnitude of freshwater forcing at high latitudes of the
North Atlantic or Arctic, where deep water forms (e.g., Lohmann et al., 2020; Roche et al., 2010; Smith &
Gregory, 2009; Stouffer et al., 2006). When the freshwater shifts over a critical value, called bifurcation point
(Held & Kleinen, 2004), the AMOC can shift or fluctuate between modes (e.g., Kapsch et al., 2022; Klockmann
et al., 2018; Lohmann & Schneider, 1999; Sun et al., 2022; Zhang et al., 2017). Accordingly, AMOC instability
can lead to abrupt climate changes during the last deglaciation (e.g., Clark et al., 2002; Knorr & Lohmann, 2007;
Lohmann & Schulz, 2000). Bethke et al. (2012) conduct sensitivity simulations with the ICE-5G (W. R. W. R.
Peltier, 2004) reconstruction and investigate different combinations of GHG, orbital, and ice sheet forcing. They
suggest that ice sheet reconstructions provide limited constraints on the timing, volume, and location of the
freshwater discharges associated with melting ice sheets.

Due to uncertainty in ice-sheet evolution and the meltwater derived from them, transient simulations of the last
deglaciation (e.g., Bouttes et al., 2023; Kapsch et al., 2022; Liu et al., 2014) show discrepancies in terms of global
mean surface temperature (GMST) and AMOC strength compared to the proxy-based reconstructions (e.g.,
Marcott et al., 2013; McManus et al., 2004; Osman et al., 2021; Shakun et al., 2012), particularly during the BA
and YD. Hence, the PMIP4 protocol prescribes two reconstructions, GLAC1D and ICE-6G, as boundary con-
ditions for ice-sheet evolution. However, the freshwater derived from these reconstructions is not sufficiently
accurate to replicate GMST and AMOC comparable to the proxies (e.g., Bouttes et al., 2023). These re-
constructions are calculated by inverse modeling and exhibit notable uncertainties, attributed mainly to the
viscosity model employed for the solid Earth. This paper presents transient simulations of the last deglaciation
with an EMIC, CLIMBER-X (Willeit et al., 2022). EMICs are well-suited for long-term climate system in-
tegrations (Claussen et al., 2002) and are capable of simulating deglaciation (Bonelli et al., 2009; Charbit
et al., 2005; Ganopolski & Calov, 2011; Heinemann et al., 2014). To address the uncertainty caused by ice-sheet
reconstruction, we employ a new ice-sheet reconstruction, PaleoMist (Gowan et al., 2021), that is used for the first
time as an ice-sheet boundary condition for the last deglaciation. PaleoMist reconstructs the ice sheets using
different methodologies and prescribes the different freshwater schemes in the last deglaciation simulation. We
primarily aim to evaluate the deglacial climate as simulated by CLIMBER-X with PaleoMist by comparing it with
the GLACID simulation. Moreover, we examine the role of the other two forcings prescribed by the PMIP4
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protocol, GHG and orbital, during the last termination with respect to the underlying ice sheets and by isolating
the effects of orbital, GHG, and ice sheets.

2. Method
2.1. Model

CLIMBER-X, the version of Willeit et al. (2022), employs several sub-models to simulate various climate
components. It employs the semi-empirical statistical-dynamical atmosphere model (SESAM; Willeit
et al., 2022), the 3-D frictional-geostrophic ocean model GOLDSTEIN (N. R. Edwards et al., 1998; N. Edwards
& Shepherd, 2002; N. R. Edwards & Marsh, 2005), the thermodynamic sea ice model (SISIM; Willeit
et al., 2022), and the land surface model PALADYN (Willeit & Ganopolski, 2016). CLIMBER-X's horizontal
resolution is set to 5° X 5° for all components. The model is designed to capture the mean climatological state and
can simulate at a speed approximately 100-1,000 times faster than full general circulation models when using
comparable computational resources (Willeit et al., 2022).

2.2. Choice of Ice Sheet Reconstruction

PaleoMist and GLACID use different methodologies to reconstruct the past ice sheets. GLAC1D creates the
Greenland Ice Sheet based on an ice sheet modeling exercise that was tuned to fit Holocene sea level observations
(Tarasov & Richard Peltier, 2002). Antarctica and North American ice sheets are based on an ensemble average of
several thousand ice sheet model simulations that scored favorably in fitting constraints such as Holocene sea
level changes and present-day uplift rates (Briggs et al., 2014; Tarasov et al., 2012). Conversely, PaleoMist
calculates the ice sheet using the ICESHEET program (Gowan et al., 2016), which assumes perfectly plastic,
steady-state conditions for the ice sheet (i.e., the lateral shear stresses are ignored, and the ice surface is not
dynamically changing). Employing the model SELEN (Spada & Stocchi, 2007), changes in sea level and Earth's
deformation are computed using a time series of ice sheet changes. Finally, the sea level change is added to
modern topography and the ice sheet thickness to produce a paleo-topography reconstruction (Gowan
etal., 2021). Due to the above differences, the sea level increases linearly in PaleoMist while showing variation in
GLACID, particularly during BA and YD (see Figure S1 in Supporting Information S1).

While the differences in methodologies between PaleoMist and GLAC1D are significant, it is essential to address
the criticisms and responses surrounding PaleoMist as a novel reconstruction to understand their broader im-
plications fully. Yokoyama et al. (2022) criticize that PaleoMist is based only on near-field constraints, resulting
in discrepancy with previous studies (e.g., Clark & Tarasov, 2014) in the estimation of the relative sea level. To
reply to Yokoyama et al. (2022), Gowan et al. (2022) reason that by relying on near-field constraints, PaleoMist
would be independent of deep-sea foraminifera and avoid sea-level proxies with high uncertainties. Moreover,
Gowan et al. (2022) question in using spherically symmetric Earth structures to represent far-field sea level.
Therefore, Gowan et al. (2021) utilize non-ice sheet proxies not as absolute constraints but to test PaleoMist
qualitatively. This debate highlights the complexities and potential uncertainties in ice sheet reconstruction
methodologies, underscoring the need for a cautious interpretation of sea-level data and the importance of
considering multiple approaches for a comprehensive understanding of ice sheet roles in the simulation of the last
deglaciation.

2.3. Experimental Design

We conduct two sets of transient deglaciation simulations, Exp_ GLAC1D and Exp_PaleoMist, each consisting of
five simulations: full-forced (GLACI1D_full and PaleoMist_full), with constant ice sheet reconstruction
(GLACI1D_fixIce and PaleoMist_fixIce), with constant GHG (GLAC1D_fixGHG and PaleoMist_fixGHG), with
constant orbital forcing (GLACID_fixOrbit and PaleoMist_fixOrbit), and pre-industrial (PI) simulation
(GLACI1D_PI and PaleoMist_PI; Table S1 in Supporting Information S1). In both experiments, GHG concen-
trations and orbital parameters are prescribed by Kohler et al. (2017) and Laskar et al. (2004), respectively. In
addition, the GLACI1D reconstruction (Briggs et al., 2014; Tarasov et al., 2012; Tarasov & Richard Peltier, 2002)
is used for ice sheets, bathymetry, and land-sea mask in Exp_GLACI1D, while Exp_PaleoMist employs the
PaleoMist reconstruction (Gowan et al., 2021). Except for PI simulations, full-forced simulations are integrated
from 25 kyr BP with pre-industrial equilibrium and then switch to LGM boundary conditions. The model is
subsequently run until the year 6.5 kyr BP. We prescribe time-varying topography, bathymetry, greenhouse gases
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(GHG; CO,, N,0, CH,), and orbital parameters into the full-forced simulations. The GHG and orbital parameters
forcing field is updated yearly, while topography, bathymetry, and ice sheet distribution are changed every
100 years. In the model, the freshwater (FW) flux to the ocean is computed from a combination of precipitation-
evaporation, sea ice fluxes, and land runoff. Additionally, the prescribed changes in ice thickness are converted
into a liquid water flux that is routed into the ocean following the steepest surface gradient.

The sensitivity simulations begin with boundary conditions from 22 kyrs BP, and throughout the simulation, the
corresponding forcing remains constant at the 22 kyrs BP level, while the other forcing factors vary over time. We
prescribe the LGM values recommended in the PMIP4 protocol (Kageyama et al., 2017). This means that in
simulations with constant GHG forcing, CO,, N,O, and CH, were set to 190 ppm, 200 ppb, and 375 ppb,
respectively. Similarly, eccentricity, obliquity, and perihelion are kept constant in simulations with constant
orbital forcing at 0.018994, 22.949°, and 114.42°, respectively. This configuration is intentionally designed to
determine the distinct role of individual forcing factors. Finally, we define PI as the year 1850 and follow PMIP4
instructions for applying GHG and orbital forcings in the PI simulations.

3. Results and Discussion
3.1. Sensitivity Simulations to Different Forcings

In Figure 1, the left panels show the deglacial dynamics for Exp_ GLACID, whereas the right panels are for
Exp_PaleoMist. We perform sensitivity forcing experiments, maintaining different deglacial forcing components
at LGM levels. In scenarios with fixed ice sheets and bathymetry (blue lines in Figure 1), North Atlantic FW
forcing (>30° N, including freshwater in the Arctic Ocean) remains near LGM levels. Consequently, North
Atlantic SSS and AMOC show minor changes. However, in Exp_GLACID, FW forcing slightly exceeds
Exp_PaleoMist in average by approximately 0.05 Sv, resulting in a weaker early Holocene AMOC.
GLACI1D_fixIce and PaleoMist_fixIce simulations underestimate the last deglaciation warming, yielding an
early Holocene GMST approximately 2.5°C warmer than LGM. This result aligns with the anticipated conse-
quences of constant FW forcing and albedo effects. Furthermore, these simulations do not replicate the abrupt
events during the last deglaciation, possibly due to constant ice sheet heights during the simulations. Zhang
et al. (2014a) indicate that changes in northern hemisphere ice sheet height can trigger rapid climate shifts.

In simulations with constant GHG forcing (red lines in Figure 1), FW forcing is higher than in full-forced
simulations due to more precipitation occurring in the fixGHG simulations (see Figures S2, S3, and S4 in
Supporting Information S1). This is notable in Exp_PaleoMist during YD and early Holocene (Figure 1b). When
FW exceeds approximately 0.24 Sv during the simulations, AMOC transitions to off-mode. This transition aligns
with HS1 culmination in Exp_GLACI1D (Figure le) and YD onset in Exp_PaleoMist (Figure 1f). This supports
Zhang et al. (2017) results, suggesting atmospheric CO, changes critically impact the timing of AMOC transi-
tions. Nonetheless, abrupt declines in FW within GLAC1D_fixGHG lead to sudden AMOC strengthening,
subsequently resulting in a rapid increase in GMST. Furthermore, the GMST increases only by approximately
3°C during deglaciation in simulations featuring constant GHG forcing. This underscores the significant role
played by transient GHG concentrations in driving the last deglaciation process.

There is a conspicuous FW forcing in GLACI1D_fixOrbit and PaleoMist_fixOrbit (green lines in Figure 1). Ice
sheets' contribution to FW forcing remains unchanged across full-forced, constant GHG and orbital simulations.
However, there are substantial variations in precipitation patterns, global mean precipitation, and evaporation
between these simulations and the full-forced ones (see Figures S2, S3, and S4 in Supporting Information S1).

GLACI1D_fixOrbit and PaleoMist_fixOrbit depict higher precipitation in the Northern Hemisphere, leading to
increased FW in the North Atlantic. Furthermore, AMOC transitions to an off-mode state at comparable times (as
shown in Figures le and 1f) as in simulations with constant GHG forcing. This finding aligns with the outcomes
of a study by Zhang et al. (2021), which demonstrated that precession and obliquity play influential roles in
shaping hydroclimate in glacial-interglacial cycles. GHG and orbital forcings influence FW fluxes by changing
precipitation patterns, with a sustaining effect on the AMOC. Moreover, the GLAC1D_{fixOrbit and Paleo-
Mist_fixOrbit simulations effectively replicate the increase of approximately 5°C in GMST during the last
deglaciation. This underscores the significant impact of GHG and ice sheets on the simulation of global tem-
peratures during this period, although such forcing also affects the dynamics of AMOC.
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Figure 1. North Atlantic FW, North Atlantic SSS, AMOC at 26°N, and GMST for Exp_GLACID (a),(c),(e),(g), and for Exp_PaleoMist (b),(d),(f), and (h). We define
LGM as 22-19 kyr BP, Heinrich Stadial 1 (HS1) as 19-14.7 kyr BP, BA as 14.7-13 kyr BP, and YD as 13-11.6 kyr BP. North Atlantic index for SSS is defined as an
average over 50°N—70°N and 45°W-0°W. The blue background represents LGM, BA, and early Holocene, while the white background represents HS1 and YD. Note
that the vertical axes differ for Exp_ GLAC1D and Exp_Paleomist except for GMST panels (g) and (h). North Atlantic FW flux encompasses precipitation-evaporation,
sea ice fluxes, land runoff, and liquid water flux melted from ice sheets.

3.2. Full-Forced Simulations: GLAC1D Versus PaleoMist

After analyzing the effects of different forcing mechanisms individually in the previous subsection, we now
proceed to evaluate the climate during the last deglaciation. In this subsection, we compare the GLAC1D
simulation with the PaleoMist simulation to understand the differences and similarities between these simulations
and the implications of ice sheet choice in modeling the deglaciation climate. In full-forced simulations (black
lines in Figure 1), North Atlantic SSS (Figures 1c and 1d) is anti-correlated with North Atlantic FW forcing
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(Figures la and 1b) and reduced by about one psu during the simulations. This reduction is attributable to the
freshwater contributions resulting from ice sheet melting (Broecker, 2002; Clark et al., 2012). North Atlantic SSS
differs from 1 to 5 psu between GLAC1D_full and PaleoMist_full during various temporal segments (Figures 1c
and 1d). GLACI1D_full is less saline over the Atlantic and more saline at the surface of the other oceans (see
Figure S5 in Supporting Information S1). During BA, due to the shutdown of AMOC in Exp_GLACI1D
(Figure le), the northward transport of warm and saline water is disrupted, producing pronounced differences
(exceeding 5 psu in North Atlantic) relative to Exp_PaleoMist (Figures 1c and 1d). During YD, GLAC1D_full
simulates more saline surface water near Greenland, where deep water forms in the North Atlantic (Figures 1c and
1d). This phenomenon is potentially linked to the stronger AMOC in GLACI1D_full compared to PaleoMist_full
(Figures le and 1f).

The glacial sea surface temperature anomaly (ASST) relative to PI period is almost identical over the northern
hemisphere in GLAC1D_full and PaleoMist_full (see Figure S7 in Supporting Information S1). The global ASST
during LGM (average over 22-19 kyr BP) is —2.18 and —2.15°C for GLACI1D_full and PaleoMist_full,
respectively. These results are around 1°C warmer than cooling 3.14 + 0.29°C reconstructed by Tierney
et al. (2020). During the Northern Hemisphere winter, PaleoMist_full and GLAC1D_full are consistent with
MARGO (MARGO, 2009) over the Southern Ocean western Atlantic. In the Southern Ocean eastern Atlantic,
PaleoMist_full shows more cooling than GLACI1D_full and aligns better with MARGO. However, in the
Southern Ocean western Pacific, MARGO indicates colder temperatures than our simulations (Table S2 in
Supporting Information S1).

The simulated global cooling during the LGM (average over interval 22—19 ka BP), relative to PI, amounts to
6.12°C in PaleoMist_full and 5.9°C in GLAC1D_full. These results are in agreement with the data assimilation-
based estimate of 6.05 £ 0.43°C by Tierney et al. (2020), the data assimilation-based estimate of 6.75 + 0.48°C by
Osman et al. (2021), and the model-based estimate of 6.2°C in Willeit et al. (2022). However, Annan et al. (2022)
reconstructed a smaller GMST anomaly (LGM-PI) of 4.5 £ 0.9°C. PaleoMist_full depicts a colder LGM GMST
(by approximately 0.5°C) than GLAC1D_full due to higher ice sheet altitudes. This 0.5°C difference is more than
the difference between the 6.12 and 5.9°C anomalies because of the difference in GLAC1D_PI and PaleoMist_PI
temperatures.

Snoll et al. (2024), a multi-model intercomparison study of the early part of the last deglaciation (20-15 ka BP),
show that strong AMOC leads to regional warming in Greenland and the North Atlantic. At the same time,
disruptions due to meltwater input can cause significant cooling. The AMOC state at the end of LGM is sig-
nificant in determining the sensitivity of models to FW forcing during HS1. Models with a stronger and deeper
AMOC are less sensitive to FW inputs compared to those with a weaker and shallower AMOC. In alignment with
Snoll et al. (2024), GLAC1D_full and PaleoMist_full show warming by 15 ka BP and a strong correlation be-
tween GMST and AMOC (Figures 1g and 1h).

During BA, GLACI1D_full oceans are warmer than PI in most regions (see Figure S7 in Supporting Informa-
tion S1) due to an abrupt AMOC shift (Figure le), leading to an abrupt increased temperature at the end of BA.
The main differences between full forced simulations occur during BA due to significant FW flux differences (see
Figure S8 in Supporting Information S1) and very different AMOC (Figures le and 1f). GLACI1D includes
significant ice volume loss during BA in the North Atlantic, associated with the major meltwater pulse MWP-1A
(W. Peltier, 2005), resulting in substantial FW influx (Figure 1a). GLACI1D loses 0.225 X 107 km® ice more than
PaleoMist during BA. This configuration imparts a diminished AMOC in GLAC1D_full (Figure le), corre-
spondingly inducing lower SSS in the North Atlantic relative to PaleoMist_full.

The AMOC alterations are often proposed as a main factor in abrupt climate shifts during the last deglaciation
(e.g., Clark et al., 2002; Knorr & Lohmann, 2007; Lohmann & Schulz, 2000; Snoll et al., 2024). AMOC
strengthening during the BA compared to HS1 is observed in reconstructions (McManus et al., 2004; Ng
etal., 2018) and modeling studies (e.g., Liu et al., 2009). In GLAC1D_full, AMOC increases at the end of HS1 but
experiences an off-mode transition at the onset of the BA period, followed by a substantial resurgence at the end
of the BA (Figure le). The sudden reduction in AMOC during BA is common in the transient simulations
prescribing GLACI1D (e.g., Broecker, 2002; Clark et al., 2012) (see Figure S9 in Supporting Information S1). In
PaleoMist_full, AMOC has an abrupt increase and reduction at the end of HS1. It increases considerably at the
onset of BA and is almost stable by the end of BA (Figure 1f). In both simulations, the abrupt strengthening of
AMOC occurs before BA. As shown in Figure 1 for different simulations, the timing of the abrupt changes in the
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AMOC depends on the FW flux. Obase and Abe-Ouchi (2019) suggested that the gradual increase in atmospheric
CO, during HS1 may cause a weakening of stratification of the North Atlantic, which results in an abrupt rise in
the AMOC during the BA transition. In contrast to BA, McManus et al. (2004) indicated AMOC was weak during
YD. In GLACI1D_full, AMOC after the overshoot decreases gradually during YD, while in PaleoMist_full, it
experiences variations and an abrupt reduction (Figures le and 1f). Furthermore, a YD-like event for AMOC is
observed in PaleoMist_full in the early Holocene at 10 ka BP due to an increase in FW influx. This maximum FW
occurs in the early Holocene because of the time resolution of the PaleoMist reconstruction, which is 2,500 years.
At 10 ka BP, ice sheets suddenly decrease, resulting in the North Atlantic FW growth.

When comparing the evolution of North Atlantic SST in the simulations with a corresponding marine climate
record (Shakun et al., 2012), PaleoMist_full simulation reflects the warming and cooling patterns over the North
Atlantic during BA and YD periods. In contrast, the GLAC1D_full simulation suggests cooling during the BA,
followed by a sudden increase and decrease, and relatively stable temperature during YD (Figures 2a—2c).

For the BA/YD sequence in GMST, the Shakun and Osman reconstructions show a “warming-cooling-warming”
sequence in global mean surface temperature (GMST; Figure 2d). In GLAC1D_full, the transition from BA to YD
is also seen, following AMOC pattern (Figures le and 1g). If the abrupt reduction and overshoot during BA are
ignored, GLAC1D_full shows a “warming-cooling-warming” sequence, but this sequence is late with respect to
the reconstructions (Figure 2d). Moreover, the warming of the BA in GLAC1D_full matches neither NGRIP nor
DomeC temperature records (Figures 2a and 2b). Comparing Buttes_ GLAC1D and GLAC1D_full, AMOC shifts
to the weak mode simultaneously at the onset of BA in both simulations. Still, the timing and magnitude of
overshoot of AMOC at the onset of YD is mostly a model-dependent feature, and consequently, the GMST
trajectory is different in GLAC1D_full (see Figure S9 in Supporting Information S1).

Conversely, GMST within the PaleoMist_full scenario follows mainly GHGs (Figure 1h), with some shorter
variations (~0.25°C) at the onset of the BA (warming-cooling-warming) occurred much earlier than re-
constructions (Figure 2d). Moreover, there is a minor short-term cooling (x0.1°C) during the YD, which is not
comparable with the reconstruction cooling. Generally, a “warming-stable-warming” sequence from —15 to
—12.5%kyr BP is observed in PaleoMist_full for GMST and temperatures in DomeC and NGRIP locations
(Figures 2b and 2d).

Finally, Figures 3d-3g indicate surface temperature anomalies between the BA and HS1 and between YD and BA
for both PaleoMist_full and GLAC1D_full. PaleoMist_full shows a pronounced warming between the BA and
HS1 and a moderate cooling between YD and BA in the northern North Atlantic. The opposite is found for
GLACI1D_full with cooling between the BA and HS1 and warming between YD and BA. The deglacial meltwater
and its influence on AMOC affect the timing of the two-step character “cold-warm-cold-warm” during the
termination: For PaleoMist_full, the HS1-stadial comes along with a weaker AMOC and a stronger AMOC
during BA (Figures 3a and 3b), in contrast to GLAC1D_full. The PaleoMist simulations replicate, at least
qualitatively, the BA/YD sequence with respect to reconstructions: a warming in Greenland and Antarctica in the
BA, a cooling northern North Atlantic, and a warming in Antarctica in the YD.

4. Conclusions

This study pioneers the use of the PaleoMist ice sheet reconstruction (Gowan et al., 2021) to simulate the last
deglaciation, contrasted with the more traditional GLACI1D reconstruction (Briggs et al., 2014; Tarasov
et al., 2012). In both PaleoMist and GLAC1D simulations, LGM temperatures and southern ocean Atlantic SSTs
are consistent with data assimilation-based estimates of Tierney et al. (2020) and MARGO (2009), respectively.

Variations in sea level pressure, wind patterns, and surface temperatures, especially during the BA warm period,
illustrate the different behavior of GLAC1D and PaleoMist. These differences are attributed to the varying
configurations, extents, and topographies of the ice sheets, affecting the atmosphere-ocean circulation. We show
that the PaleoMist simulation outperforms GLAC1D in capturing the pronounced warming in the northern North
Atlantic, which is a main characteristic of BA (Buizert et al., 2014). In agreement with previous studies (e.g.,
Bethke et al., 2012; Bouttes et al., 2023; Kapsch et al., 2022), we find that the timing and magnitude of climate
events during the termination are affected by the ice sheet reconstruction. PaleoMist shows greater glacial ice
sheet heights, particularly in the Northern Hemisphere, while GLACID has a substantial ice sheet volume loss,
causing an off-mode in the AMOC during the BA. The strong fluctuations in deglacial meltwater in GLAC1D
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Figure 2. (a) Evolution of temperature at NGRIP (Greenland), DomeC (Antarctica), and SST at North Atlantic (NA87-22;
Waelbroeck et al., 2001), (b) Evolution of temperature at NGRIP, DomeC, and SST at North Atlantic in PaleoMist_full,
(c) Evolution of temperature at NGRIP, DomeC, and SST at North Atlantic in GLAC1D_full, and (d) GMST anomaly from
the early Holocene (defined as 11.5-6.5 ka BP) for GLAC1D_full, PaleoMist_full, Shakun et al. (2012), and Osman

et al. (2021). Data for NGRIP, DomeC, and NA87-22 in (a) are from Shakun et al. (2012). North Atlantic index for SST in
(b) and (c) is defined as an average over S0°N-70°N and 45°W-0°W. Discrepancies between Shakun et al. (2012) and
Osman et al. (2021) reconstructions are due to utilizing different observation data sets, background states, and methods. Note
that there are different vertical axes for different variables.

lead to abrupt changes in global mean temperature and fail to capture the BA/YD transition sequence. The
freshwater derived from PaleoMist does not induce an off-mode AMOC during the BA but a pronounced
warming in the North Atlantic realm. The YD cooling in the PaleoMist simulation seems to be underestimated for
this area, especially over Greenland, where most likely a pronounced overshoot dynamics is relevant (Knorr &
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Figure 3. AMOC stream function for GLAC1D_full and PaleoMist_full during HS1, BA, and YD (a), (c), and (e). Near-
surface temperature (2m temperature) anomalies between BA and HS1 and between YD and BA for PaleoMist_full (d) and
(f) and GLACI1d_full (e) and (g), indicating the differences in the regional temperature signatures. The shown variables are
averaged over the defined intervals.
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Lohmann, 2003; Lohmann et al., 2020; Zhang et al., 2017). The exact timing of the BA/YD sequence with respect
to Shakun et al. (2012) and data assimilation-based Osman et al. (2021) reconstructions is a subject of further
investigation. Besides model uncertainties, we cannot exclude dating uncertainties of marine sediment cores due
to changes in reservoir ages (e.g., Butzin et al., 2017; Lohmann et al., 2020).

Assessing the contributions of ice sheets, GHGs, and orbital forcing to warming during the last deglaciation,
we demonstrate the significant role played by both GHGs and orbital forcing in regulating the freshwater flux
into the North Atlantic, consequently affecting SSS and ocean circulation, consistent with (e.g., Bethke
et al.,, 2012; He, 2011). The timing of deglacial transitions is particularly influenced by the magnitude of
freshwater fluxes associated with the retreat of Northern Hemisphere ice sheets (Ganopolski & Roche, 2009;
Knorr & Lohmann, 2003, 2007). As an extreme case, Liu et al. (2009) proposed that BA warming is
controlled by the cessation of freshwater input, highlighting the significant role of deglacial freshwater in the
abrupt recovery of AMOC. However, this freshwater history would be inconsistent with paleo-sea level
proxies and both ice sheet reconstructions used here. We indicate that GHGs and orbital forcing influence the
precipitation patterns, affecting the proximity of the AMOC to its bifurcation point between the on- and off-
mode states. A significant reduction in freshwater input can lead to a shift in AMOC to a more stable mode.
Our experiments could be further developed as a way to better assess the history of ice sheet evolution.
Climate-ice sheet models combined with data assimilation could be suitable for estimating the ice sheets and
deglacial meltwater.

The dynamics of the last termination include a reduction in the height of the ice sheets and an increase in GHG
concentrations to achieve appropriate warming. The direct effect of orbital forcing on global mean surface
temperature is relatively small. This will be different in a fully interactive Earth system model including ice sheets
(e.g., Ganopolski & Brovkin, 2017; Willeit et al., 2019), then the glacial termination is triggered by orbital
forcing. Simulations with prescribed ice sheets cannot resemble the full dynamics of the termination as in such
simulations, the deglacial freshwater flux acts as a forcing rather than a response to AMOC changes (Lohmann &
Schulz, 2000). As a logical next step, transient simulation of the last deglaciation with fully interactive ice sheets
will explore the climate and biogeochemical feedback in the system. Single forcing experiments are deemed to be
important in evaluating the phase-space and instabilities in the system.

Data Availability Statement

The source code of CLIMBER-X (Version V2) and the instructions to install and run the model are available
through Willeit et al. (2022). The output of simulations used for the analysis and figures is archived on Zenodo
(https://doi.org/10.5281/zenodo.10159104, Masoum, 2023).
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