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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang The last deglaciation was characterized by a sequence of abrupt climate events thought to be linked to rapid

changes in Atlantic meridional overturning circulation (AMOC). The sequence includes a weakening of the

Keywords: AMOC after the Last Glacial Maximum (LGM) during Heinrich Stadial 1 (HS1), which ends with an abrupt AMOC
Degli{Clat}OH amplification at the transition to the Bglling/Allergd (B/A). This transition occurs despite persistent deglacial
Termination 1 meltwater fluxes that counteract vigorous North Atlantic deep-water formation. Using the Earth system model
AOGCM . . fes .

GLAC-1D COSMOS with a range of deglacial boundary conditions and reconstructed deglacial meltwater fluxes, we show

that deglacial CO rise and ice sheet decline modulate the sensitivity of the AMOC to these fluxes. While
declining ice sheets increase the sensitivity, increasing atmospheric CO; levels tend to counteract this effect.
Therefore, the occurrence of a weaker HS1 AMOC and an abrupt AMOC increase in the presence of meltwater,
might be explained by these effects, as an alternative to or in combination with changes in the magnitude or
routing of meltwater discharge.

Last Glacial Maximum
Heinrich Stadial
Bylling/Allergd interstadial
Abrupt climate change
AMOC

1. Introduction

Glacial to interglacial changes represent the largest global-scale
climate variations during the Quaternary. These glacial terminations
are characterized by a high degree of internal non-linearity since their
origin has been linked to a relatively modest gradual external insolation
forcing as compared with equivalent insolation changes that do not
result in termination (Imbrie et al., 1993; Raymo, 1997). While there is
an increasing consensus that abrupt changes in the Atlantic Meridional
Overturning Circulation (AMOC), including millennial-scale oscillations
(Bohm et al., 2015; Deaney et al., 2017; Venz et al., 1999; Barker et al.,
2011), might have played a fundamental role in determining the shape
and rapidity of deglaciation (e.g. Denton et al., 2010; Barker and Knorr,
2021), the specific sequence of climatic events during Termination I has
led to much debate regarding a mechanistic understanding of termina-
tions in general. The abrupt AMOC amplification at the beginning of the
Bolling/Allergd (B/A) interstadial after a phase of reduced Atlantic
overturning during Heinrich Stadial 1 (HS1) has especially challenged
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our understanding of abrupt climate changes in face of progressive ice
sheet disintegration. Explanations generally involve changes in AMOC
stability (e.g., Stocker, 2000; Lohmann and Schulz, 2000; Knorr and
Lohmann, 2003; Ganopolski and Roche, 2009) or spatiotemporal vari-
ations in meltwater input to the North Atlantic (e.g., Liu et al., 2009;
Menviel et al., 2011) midway through the last deglaciation.

For example an abrupt AMOC strengthening in deglacial model ex-
periments (He et al., 2013; Liu et al., 2009; Menviel et al., 2011) has
been simulated by a cessation of North Atlantic meltwater discharge.
However other model investigations suggested that abrupt AMOC
transitions can be directly triggered by gradual global warming (Knorr
and Lohmann, 2007; Barker and Knorr, 2007; Dima et al., 2018).
Furthermore, it has been demonstrated that atmospheric CO» and ice
sheet height can influence the AMOC strength (Galbraith and de Lav-
ergne, 2019; Oka et al., 2012; Muglia and Schmittner, 2015; Klockmann
et al., 2016; Sherriff-Tadano et al., 2018) and the occurrence of abrupt
climate changes (Zhang et al., 2014, 2017; Banderas et al., 2015;
Klockmann et al., 2018). More specifically a recent fully coupled
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atmosphere-ocean general circulation model (AOGCM) study (Obase
and Abe-Ouchi, 2019) has shown that an abrupt AMOC amplification at
the B/A transition could occur without reduction or cessation of glacial
meltwater to the North Atlantic. In this scenario gradual deglacial
warming weakens stratification in the North Atlantic and causes a rapid
retreat of sea ice and initiation of deep-water formation. However, in
spite of simulating a B/A-like event, the initial deglacial AMOC
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reduction after the Last Glacial Maximum (LGM, ~21 ka BP) is not
captured in Obase and Abe-Ouchi (2019). In this context, the application
of fixed LGM ice sheet conditions can be critical, as a Northern Hemi-
sphere ice sheet decline might have altered the stability properties of the
AMOC (Zhang et al., 2014) and may have weakened the deglacial AMOC
(Zhu et al., 2014).

Here we investigate changes in the AMOC with respect to key
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Fig. 1. Orography (m) at16 ka BP from GLAC-1D in a) the Northern Hemisphere and b) the Southern Hemisphere. The ice sheet extent is indicated by red lines. In
panels ¢) and d) the orography anomalies between LGM and 16 ka are shown. The black lines in panels c¢) and d) represent the coastline at the LGM. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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forcings and boundary conditions during deglaciation including changes
in atmospheric CO3 concentration and continental ice sheets by a suite
of simulations with the fully-coupled ocean-atmosphere-sea ice-land
surface model COSMOS. Ice Sheet changes include associated degla-
cial meltwater and iceberg fluxes (MWF) based on the state-of-the art
GLAC-1D reconstruction (Tarasov et al., 2012). In particular we show
that the decline of Northern Hemisphere ice sheets increases the sensi-
tivity of the AMOC to North Atlantic meltwater discharge while rising
atmospheric CO, concentrations tend to counteract this effect. There-
fore, the climate system, as represented by COSMOS, can to first order
undergo the HS1 to B/A oscillation without changes in surface melt-
water routing nor changes in the net meltwater discharge from the ice
sheets.

2. Methods
2.1. Model description

We use the fully-coupled ocean-atmosphere-sea ice-land surface
model COSMOS (Jungclaus et al., 2006). The ocean component MPI-OM
(Marsland et al., 2003) including a dynamic sea-ice model (Hibler III,
1979) and has a formal horizontal resolution of GR30 (3° x 1.8°), with
40 uneven vertical layers. The MPI-OM set-up has a bipolar orthogonal
spherical coordinate system, where the poles are placed over Greenland
and Antarctica, respectively. The atmospheric component ECHAMS5
(Roeckner et al., 2003) runs at a horizontal resolution of ~3.75° x 3.75°
with 19 vertical levels and is complemented by the land surface scheme
JSBACH (Raddatz et al., 2007) including a dynamical vegetation module
(Brovkin et al., 2009). The climate model has already been used to
simulate the past millennium (Jungclaus et al., 2010), the Miocene
warm climate (Knorr et al., 2011; Knorr and Lohmann, 2014; Huang
et al., 2017; Hossain et al., 2020), the Pliocene (Stepanek et al., 2020),
the internal variability of the climate system (Wei et al., 2012),
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Holocene variability (Wei and Lohmann, 2012), the Last Glacial
Maximum (LGM) climate (Zhang et al., 2013; Simon et al., 2015;
Abelmann et al., 2015) and glacial millennial-scale variability (Gong
et al., 2013; Knorr et al., 2021; Zhang et al., 2021).

2.2. GLAC-1D

The orography used in our investigations (Fig. 1), is based on the
GLAC-1D ice sheet reconstruction (Tarasov et al., 2012; Briggs et al.,
2014; Tarasov et al., 2014). All of the GLAC-1D ice-sheet components
employ dynamical ice sheet models that have been constrained with
multiple proxy indicators and modern observations. In this study, a
distribution of freshwater due to melting and calving is self-consistently
implemented in our COSMOS model set-up to study abrupt climate
changes during the last deglaciation. The GLAC-1D reconstruction
contains not only the extent and thickness of the ice sheet, but also a
surface drainage pointer field and approximate partition of solid and
liquid discharge at the ice sheet margins. We use this information to
distribute the MWF to the corresponding coastal areas (Fig. 2). The
magnitude of the global MWF from the ice sheets is calculated by ice
volume changes based on 100 year intervals, representing the net MWE.
The main contribution to the global signal is the meltwater discharge in
the North Atlantic/Arctic catchment area (Fig. 3). Because of the lack of
an explicit iceberg model, we impose the calving fraction of discharge
from Northern Hemisphere ice sheets provided by GLAC-1D into the ice-
rafted debris (IRD) belt (40°N-55°N, 45°W-20°W; Hemming, 2004) of
the North Atlantic. In the following the notation MWF refers to the
combined flux associated with melting and calving to represent the
analogue contribution to meltwater perturbations in hosing experi-
ments. Please note that this does not mean that our model approach
ignores precipitation minus evaporation which is inherently represented
by the hydrological cycle within COSMOS.
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Fig. 2. Map of meltwater discharge (MWF, meltwater flux in m/yr) in the different simulations at a) 16 ka BP, b) 15.4 ka BP, c) 15.2 ka BP, d) 14.9 ka BP. The MWF
fields consist of two parts: the melt water part of the glacial ice sheets (located at different coastal regions) and the part due to iceberg melting in the IRD belt of the

North Atlantic. The MWF is derived from the GLAC-1D reconstruction.
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Fig. 3. Temporal evolution of the total global (black) MWF (Sv) and the
Atlantic contributions by melting (blue) and calving (red) from GLAC-1D be-
tween 16 ka BP and 14.6 ka BP. The red stars correspond to the MWF scenarios
1to 4in Fig. 2 and Table 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

2.3. Experiments

An overview of experiment characteristics of all simulations in this
study are provided in Table 1. Details of the prescribed GLAC-1D
orography and deglacial meltwater discharge fields are provided in
Table 1 and Figs. 1-3.

Geological evidence suggests the occurrence of meltwater pulses at
19 ka BP (19 ka MWP) (Clark et al., 2004), 17.5 ka BP and 16 ka BP
(Bard et al., 2000). Before we perform any experiments with meltwater
fluxes, a simulation without meltwater input is conducted as the control
state for 16 ka conditions in experiment 16KCTL. The orbital forcing is
from Berger (1978) and the atmospheric greenhouse gas concentrations
are prescribed according to reconstructions from ice cores (Bereiter
et al., 2015; Loulergue et al., 2008; Schilt et al., 2010; Kohler et al.,
2017). This simulation is initialized from an LGM simulation, which has
been integrated for 4000 years under PMIP3 LGM background condi-
tions (Zhang et al., 2013) representative of the time slice 21 ka BP. The
largest ice sheet changes between LGM and 16KCTL take place in the
Northern Hemisphere at the margins of the ice sheets, which is most
pronounced in the ice sheet height decrease along southern ice sheet
segments (Fig. 4c). Based on the 16 ka state we designed a suite of
sensitivity experiments to test the impact of different meltwater fluxes
on AMOC. The Bering St. is closed in all simulations, a confident aspect
of GLAC-1D for this time interval.

According to GLAC-1D, for the 16 ka BP to B/A onset interval, the
total amount of global net MWF spans a range between 0.04Sv and
0.21Sv. To assess the potential AMOC changes to a range of meltwater
variations in the corresponding time interval, (as well as partially
address GLAC-1D chronological uncertainties) we chose four different

Table 1
This table summarizes experiment characteristics of all simulations in this study.
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meltwater discharge configurations (Table 1, Figs. 2, 3) representative
of 16 ka (MWF1 in experiment 16K_0.05 with 0.05 Sv), 14.9 ka (MWF2
in experiment 16K 0.1 with 0.10 Sv), 15.4 ka (MWF3 in experiment
16K_0.15 with 0.15 Sv) and 15.2 ka (MWF4 in experiment 16K_0.2 with
0.21 Sv). Additionally, we performed one experiment
(16K _0.1.0.2_grad) with a gradual MWF increase to 0.21 Sv in 1000
years based on 16K 0.1.

For comparison with the 16 ka state experiments, we conducted two
LGM state hosing experiments that apply the deglacial meltwater
discharge pattern according to MWF2 in experiments LGM_0.1 and
LGM_0.18. The respective discharge magnitudes in these two LGM ex-
periments are 0.1 Sv and 0.18 Sv, respectively (cf. section 3.3).

The 16 ka and LGM simulations are complemented by three experi-
ments with hybrid boundary conditions that all represent full LGM
conditions except a 16 ka ice sheet configuration to disentangle CO, and
ice-sheet effects. Experiment LGM_16KICE is conducted without any
meltwater discharge resulting from ice volume changes. In contrast ice
volume changes equivalent to a MWF of 0.1 Sv and 0.15 Sv are
distributed by the MWF2 pattern in experiment LGM_16KICE+0.1 and
LGM_16KICE+0.15, respectively.

2.4. HS1-B/A transition

The HS1-B/A transition occurred around 14.7 ka BP. According to
GLAC-1D, the total amount of MWF at this time is ~0.22 Sv, which is
larger than the MWF used in our freshwater sensitivity runs. Depending
on the geographic pattern of injection, such a large amount of freshwater
could force the AMOC into a weak mode. To return to a strong AMOC
mode, other forcing might have played a key role, such as a gradual CO,
increase (Zhang et al., 2017; Barker et al., 2019). Therefore, we test
whether the rise in atmospheric CO5 concentration can restore the
AMOC in the presence of a large amount of MWF. Among our freshwater
sensitivity experiments, the experiment MWF4 has the largest fresh-
water input (0.21Sv), which is close to the amount of freshwater when
the BA event occurs in the GLAC-1D reconstruction. A transient exper-
iment (16K_0.21_C0O2) mimicking the CO rise into the B/A is conducted
to test the CO;, effect for the AMOC recovery process with the presence of
this large MWF.

3. Results

The application of the various boundary conditions (Table 1, Figs. 1-
3) reveals three basic types of AMOC trajectories (Fig. 4). The first is a
modest AMOC weakening, which occurs in experiments LGM_16KICE
and 16KCTL. The second is a relatively strong transient AMOC reduction
followed by an abrupt AMOC intensification after several hundreds of

ID Boundary Conditions Initial Conditions Freshwater Global Meltwater Atlantic/Arctic Atlantic/Arctic Integration of
Routing Magnitude Melting Calving Model Years
16KCTL 16 ka LGM 0Sv 0Sv 0Sv 1000
16K_0.05 16 ka LGM MWF1 0.054Sv 0.004Sv 0.036Sv 1200
16K 0.10 16 ka LGM MWF2 0.101Sv 0.046Sv 0.026Sv 1650
16K 0.15 16 ka LGM MWE3 0.151Sv 0.095Sv 0.030Sv 2200
16K 0.21 16 ka LGM MWF4 0.208Sv 0.154Sv 0.031Sv 3500
16K 0.1.0.2_grad 16 ka 16K _0.10 MWF2 0.101Sv to 0.208Sv  0.046Sv to 0.026Sv to 1000
0.095Sv 0.054Sv
16K _0.21_CO2 16 ka, transient CO, model year 2000 in MWF4 0.208Sv 0.154Sv 0.031Sv 1400
16K _0.21

LGM_16KICE 16 ka ice sheet, LGM LGM 0Sv 0Sv 0Sv 800

CO,, LGM ORB
LGM_16KICE+0.10 16 ka ice sheet, LGM LGM_16KICE MWF2 0.101Sv 0.046Sv 0.026Sv 800

CO,, LGM ORB
LGM_16KICE+0.15 16 ka ice sheet, LGM LGM_16KICE MWE2 0.151Sv 0.069Sv 0.039Sv 800

CO,, LGM ORB
LGM_0.10 LGM LGM MWF2 0.101Sv 0.046Sv 0.026Sv 800
LGM_0.18 LGM LGM MWEF2 0.180Sv 0.082Sv 0.046Sv 800
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Fig. 4. Time evolution of the AMOC (Sv) defined as the maximum value of the stream function below 500 m in the North Atlantic for different sensitivity exper-
iments (cf. Figs. 2, 3 and Table 1). All experiments are started from experiment LGM at year zero.
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Fig. 5. AMOC (Sv) for the sensitivity experiments in Fig. 4, represented by the average of the last 100 model years. Positive and negative values indicate clockwise
and anti-clockwise circulation, respectively.
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years under fixed deglacial MWF in experiments 16K_0.05, 16K 0.1,
16K _0.15. The third trajectory is simulated in experiment 16K _0.21,
which shows a persistent weak AMOC without a rapid AMOC amplifi-
cation. In Fig. 5 we show the resulting AMOC states in the different
experiments averaged over the last 100 model years of each individual
simulation in Fig. 4. All states are characterized by weaker Atlantic
overturning than in the base LGM state.

In our 16 ka control simulation (16KCTL) the AMOC stabilizes at
~18 Sv, which is slightly weaker than the LGM state at ~21 Sv. If we
maintain the atmospheric CO, concentration and the orbital forcing at
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the level of the LGM state, and only consider the ice-sheet change at 16
ka BP (LGM_16KICE), the AMOC change is very similar to 16KCTL. This
suggests that the decrease in ice-sheet height is the main cause of the
reduced AMOC in 16KCTL and shows that the 16 ka boundary condi-
tions without any additional forcing (e.g. MWF) are not sufficient to
cause the large AMOC decrease inferred for typical HS1 conditions (e.g.
McManus et al., 2004). To address the differences that govern the
transient AMOC dynamics in the hosing experiments we investigate the
mechanism for an abrupt AMOC intensification in section 3.1. There-
after in section 3.2, we focus on the impact of rising CO» on the threshold
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Fig. 6. Trend evolution in the three 16 ka BP experiments with a transient weakening of the AMOC. a) AMOC index (Sv) on the corresponding experiment time

scales. The arrow marks the period which is used to calculate the composite trend in b) to e). b) precipitation minus evaporation (mm mon

ka 1), ¢) sea surface

temperature (SST, ‘Cka™1), d) sea surface salinity (SSS, psu ka™1) and e) sea surface density (kg m~2ka™1). ¢) to e) contain as an inlet plot the vertical profiles over
the index region NENA as defined by the red rectangle in panel c). (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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for the rapid AMOC amplification. In section 3.3 we examine the effect
of terrestrial ice decline on the AMOC sensitivity to deglacial meltwater
flux.

3.1. Mechanism of AMOC recovery

In the three hosing experiments 16K _0.05, 16K _0.10, and 16K 0.15,
the AMOC recovers from weak to strong (Fig. 4). The duration of the
weak AMOC phase is longer for a stronger MWF and an abrupt ampli-
fication process takes place after more than 1500 years in experiment
16K_0.15, which has the strongest sub-critical MWF for the rapid AMOC
amplification. All three experiments have an extended phase of gradual
AMOC increase prior to the abrupt transition in common. Fig. 6 shows
the composite trend analysis of different variables in the gradual phase
of these experiments. At the sea surface, a background warming (~1 °C
ka™1) decreases the surface water density in the northeastern North
Atlantic (NENA, the main convection sites) (Fig. 6¢). This strengthens
the vertical stratification thermally and stabilizes a weak AMOC. How-
ever, at the same time the local sea surface salinity (SSS) has an
increasing trend of 0.07 psu ka—!, which counteracts the thermal effect
and increases the surface water density (0.5 kg m® ka™') (Fig. 6d,e).
Similarly, the subsurface layer density also increases, but with a slower
trend than the surface (Fig. 6e inset). This vertical contrast in the rate of
water density change highlights the importance of a de-stratification via
surface salinization. Especially the simulated southward-shifted ITCZ
during the initial AMOC weakening during the first 200 years of hosing
are instrumental to increase salinity in the western subtropical North
Atlantic (WSNA, 60 -90° W, 10 -30° N) by an increased moisture
transport across Central America (Zhang et al., 2017). Since the AMOC is
not completely stagnant, the salty WSNA water masses are transported
northwards to the North Atlantic deep-water formation areas. This in-
creases the SSS in the northern NA, counteracting the freshwater flux
and hence promoting an initial AMOC strengthening once the AMOC
reaches its weak mode. As a result, enhanced vertical mixing is

(@) Salinity

| 1 1 |
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identified along the extension area of the Gulf Stream, which leads to a
local sea surface warming and an increase in sea surface salinity (Fig. 6c,
d) by stronger evaporation. This further increases the vertical mixing
and the strength of AMOC providing a positive feedback, which is key to
explain the AMOC recovery in our MWF experiments. Taking experi-
ment 16K_0.1 as an example (Fig. 7), salinity is rising in the upper 2000
m of the water column in the North Atlantic, with the most pronounced
salinity increase at the surface (Fig. 7a). Consideration of the meridional
freshwater transport (MFT), the overturning component of the north-
ward freshwater transport in the Atlantic Ocean (cf. Lohmann, 2003),
indicates that northward salinity across 43'N (i.e., the latitude between
Gulf Stream extension and sea ice cover) is rising along with the AMOC
strengthening until the AMOC amplifies to the strong mode (Fig. 7b).

During the abrupt recovery phase, the preceding ~600 year phase of
gradual warming (Fig. 7c) at water depths below ~1500 m plays an
important role. As AMOC weakens, a reduced vertical mixing slows
down the heat exchange between the cold sea surface and warmer
subsurface, leading to a gradual heat accumulation with a maximum
temperature increase at ~2000 m. This warming effect on density is not
strong enough to overcome the in-situ freshening at the sea surface to
generate a destabilization of the stratification. However, when the warm
water masses are ventilated to the sea surface, they promote the surface
warming, sea-ice retreat and vertical mixing. Given that the core of this
warming is at ~2000 m water depth, this positive feedback works only
when the strength of the AMOC reach a certain level that enable the
water masses to be ventilated to the surface. Hence, this becomes a
particularly important positive feedback once the AMOC transition has
started (Fig. 7d).

3.2. CO; effect on AMOC recovery threshold

From 16 ka BP to the onset of the B/A, the maximum MWF is 0.21 Sv
at 15.2 ka. As shown in Fig. 4, this amount of MWF is so strong that the
AMOC remains in the weak mode throughout simulation 16K _0.21. In
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Fig. 7. Trend evolution in experiment 16K_0.1 between model year 200 to 1100. Zonal mean trends in the Atlantic Ocean for a) salinity (psu ka~!) and b) tem-
perature (Cka™b). ¢) Time evolution of AMOC index (Sv, black) and MFT in the upper AMOC brunch at 43°N (Sv, red). d) The subsurface (2000 m) temperature (e,
red) evolution averaged in the NENA area. Bold lines in b) and d) represent 50 yr running-mean values. (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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Fig. 8. Time evolution of the AMOC index (Sv) for experiments 16K _0.21 and
16K_0.21_CO2 in response to prescribed atmospheric CO, changes (dashed grey
line). CO, gradually increases from 222 to 241 ppm in the first 300 years in
16K_0.21_CO2. Experiment 16K 0.21_CO2 starts from model year 2000
of 16K _0.21.

experiment 16K_0.21_CO2, we apply a gradual CO increase from 222
ppm to 241 ppm in 300 years, based on simulation 16K _0.21, to test
whether a CO; rise can trigger the deglacial AMOC recovery. As shown
in Fig. 8, an abrupt transition takes place ~1000 years after CO; starts to
rise. During the gradual phase prior to the abrupt AMOC amplification
changes in the MFT across 43°N are similar in both experiments
(Fig. 9a). However, the simulated temperature trends in NENA reveal
fundamental differences (Fig. 9b). Notably, the temperature trend is
positive at all depth levels in in our COy experiment 16K_0.21_CO,. In
contrast the upper ~800 m in our fixed CO, experiment 16K _0.21 are
characterized by a cooling trend. Furthermore, subsurface temperatures
below ~200 m in 16K_0.21_CO5 show a stronger trend throughout all

(a)

Global and Planetary Change 210 (2022) 103755

depth levels of the weakened NADW-cell. The resulting sub-surface
warming in the northern North Atlantic (Fig. 9c) leads to an
increasing temperature inversion as a key driver of vertical water mass
destratification in NENA.

Approximately 1000 years after the start of the CO, rise in experi-
ment 16K_0.21_CO2 the stratification at the convection sites breaks
down, and the AMOC recovers. From the difference in surface salinity in
the last 100 years of the two experiments (Fig. 9d), it can be seen that
after the recovery of the AMOC in the 16K _0.21_CO2 experiment, the
SSS in the North Atlantic is larger than in the same interval of the
16K_0.21 experiment. The difference is concentrated at the Gulf Stream
extension area and North-Eastern Atlantic. Although the timing of a
specific meltwater chronology relative to the CO, increase might be
different, the comparison of the two experiments clearly reveals that a
weak AMOC is more likely to recover from HS1 for a higher atmospheric
CO3 concentration.

3.3. Ice Sheet changes and AMOC meltwater sensitivity

So far, we found that the deglacial ice decline generates an AMOC
weakening and that under the influence of deglacial meltwater in
experiment 16K _0.21 the AMOC resides in a weaker state without any
sign of an abrupt AMOC amplification, unless atmospheric CO5 increases
to B/A levels.

To narrow the meltwater flux threshold that controls the abrupt
AMOC behavior we perform experiment 16K 0.1.0.2_grad. In this
experiment, based on simulation 16K 0.1 we gradually increase the
meltwater flux from 0.1 to 0.2 Sv in 1000 years (Fig. 10a). Experiment

(b)
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Fig. 9. Experiment characteristics in 16K_0.21 and 16K_0.21_CO2. a) Time evolution of the MFT in the upper brunch of the AMOC at 43'N (Sv), b) vertical tem-
perature profile trends in NENA (cf. Fig. 6¢) ¢) Atlantic stream function in 16K_0.21_CO2 averaged between 2800 and 2900 model years, d) SSS (psu) difference
(16K_0.21_CO2 minus 16K _0.21) averaged between model years 3300-3400. Bold solid lines in a) are 50 yr running mean values.
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Fig. 10. The time evolution of AMOC index
(Sv) in experiment 16K _0.1_0.2_ GRAD with a
gradual increase of deglacial meltwater
discharge from 0.1 to 0.2 Sv based on
pattern of MWF2 is shown in panel a). Panel
b) shows AMOC changes in the experiments
with constant discharge for LGM conditions
(LGM_0.1 and LGM_0.18) and LGM condi-
tions, but with reduced ice levels represen-
tative of 16 ka (LGM_16KICE+0.1 and
LGM_16KICE+0.1). The AMOC stream
function (cf. Fig. 5) averaged for the last
100 years in LGM_16KICE+0.15 is shown in
panel c).
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16K _0.1.0.2_grad shows that the strong to weak AMOC transition is
excited for fluxes greater than ~0.17 Sv under full 16 ka conditions.
Based on this threshold specification we test the impact of ice sheet
changes on the AMOC sensitivity. In experiment LGM_0.18 we apply a
MWF larger than the detected threshold under 16 ka conditions, but for
full LGM conditions. This experiment shows that the resulting AMOC is
stronger (Fig. 10b) than under 16 ka conditions with the same MWF
(Fig. 10a), revealing a less sensitive LGM AMOC. Together with our
knowledge from the previous section that rising CO, can transform a
super-critical to a sub-critical MWF perturbation, this result tends to
indicate that a larger ice sheet results in a less sensitive AMOC to
meltwater fluxes. To further pinpoint the role of declining ice sheets in
this sensitivity modulation we perform experiment LGM_16KICE+0.15.

18

In this experiment only the 16 ka ice sheet configuration replaces LGM
ice sheet conditions and a MWF of 0.15 Sv is applied (i.e. smaller than
the threshold value under 16 ka conditions). This experiment reveals a
relatively high sensitivity to deglacial MWF with an AMOC weakening of
~10 Sv (Fig. 10b). The reduction and the resulting AMOC (Fig. 10c)
largely resemble the characteristics in experiment 16K_0.21 (Figs. 4 and
5g) in spite of the weaker MFW in LGM_16KICE+0.15. The higher
AMOC sensitivity is linked to changes in the westerlies and zonal wind
stress (cf. Zhang et al., 2014) that favors enhanced sea ice export to the
northeastern North Atlantic. This causes weaker open ocean ventilation
and a weaker NADW-cell in experiment LGM_16KICE than in the LGM
simulation (Fig. 5a, b) and LGM_16KICE being more susceptible to MWF.
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4. Discussion and conclusions

The sequence and dynamics of abrupt deglacial events including the
LGM-HS1-B/A has been a source of debate. With respect to the HS1-B/A
transition our results are consistent with a growing number of studies
that identify a gradual deglacial warming as a cause of an abrupt AMOC
increase (e.g., Knorr and Lohmann, 2007; Ganopolski and Roche, 2009;
Zhang et al., 2017; Obase and Abe-Ouchi, 2019), without the necessity
to invoke a cessation of North Atlantic meltwater fluxes as a trigger for
the B/A (e.g. He et al., 2013; Liu et al., 2009; Menviel et al., 2011). Our
results also suggest that the MWF magnitude to attain and sustain a
weak HS type AMOC is modulated by the deglacial ice decline and CO»
increase (Zhu et al., 2014; Galbraith and de Lavergne, 2019; Klockmann
et al., 2016). More specifically, deglacial land ice decline leads to an
increased AMOC sensitivity to MWF. Vice versa, a CO5 rise decreases
this sensitivity. Hence, the increased AMOC sensitivity to meltwater for
smaller ice sheets might be an alternative key player contributing to a
weak HS1-type AMOC without the necessity to have a corresponding
meltwater increase. Vice versa, increasing atmospheric CO, can lead to
abrupt AMOC recovery at the end of HS1 without invoking a corre-
sponding meltwater decrease. Such a framework is complementary to
structural changes in the AMOC by CO5 and ice height changes (Zhang
etal., 2014, 2017) that sensitively depend on the interplay of changes in
both control factors. Nevertheless, we highlight here that that neither a
freshwater contribution (e.g. 19 ka MWP) to a weak AMOC during HS1
nor a temporal reduction in freshwater just prior to an AMOC amplifi-
cation at the onset of the B/A can be ruled out as contributing to AMOC
changes into and out-off HS1. For further discussion on the interaction of
meltwater and stability changes on AMOC variability during de-
glaciations we refer to Barker and Knorr (2021).

In summary we conducted a set of sensitivity experiments using
boundary conditions of LGM and 16 ka based on state-of-the art ice sheet
and freshwater reconstructions from GLAC-1D (Tarasov et al., 2012). In
the experiments without freshwater perturbation, a relatively strong
AMOC state is simulated for 16 ka background conditions. The AMOC
strength for 16 ka without meltwater perturbation is only slightly
weaker than for the LGM and a meltwater perturbation is required to
induce and maintain a weaker HS-type AMOC. The MWF threshold for
AMOC transition is dependent on the background climate conditions in
our experiments. Notably, rising CO, increases the threshold, while
deglacial ice decline increases the sensitivity of the AMOC to deglacial
meltwater.

For 16 ka conditions, a weaker HS-type circulation can be simulated
for meltwater fluxes within the range of reconstructions for HS1.
Persistent meltwater input below a critical magnitude only causes a
temporal weakening of the AMOC, followed by a fast recovery to a
strong AMOC state. A local increase in salinity by increasing northward
salinity transport gradually strengthens the AMOC. During the weaker
phase, heat is accumulated in intermediate water depth in the North
Atlantic Ocean, which ultimately leads to an unstable vertical density
profile and an abrupt recovery of AMOC. Such a thermal mechanism has
been identified by various types of models and data (e.g., Rithlemann
et al., 2004; Knorr and Lohmann, 2007; Kim et al., 2012; Li and Born,
2019; Lohmann et al., 2020). It appears that the subsurface warming in
conjunction with an increase in surface salinity leads to an unstable
weak AMOC state with a subsequent B/A-type warming during the last
deglaciation. We find that the destabilizing feedback depends on the
AMOC background strength. In future studies, we will analyze the
sequence of deglacial events in climate model setups using interactive
ice sheets (e.g., Barbi et al., 2014).

Finally, our findings highlight the importance of well-constrained
(within the constraints of limited paleo data) ice sheet/sea level re-
constructions for earlier glacial terminations to compare previous de-
glaciations to Termination 1 and to better understand the rather
exceptional early timing of the AMOC recovery at the B/A during the last
deglaciation.
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