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Abstract. The quaternary climate is characterised by glacial-interglacial cycles, with the most recent 19 

transition from the last glacial maximum to the present interglacial (the last deglaciation) occurring 20 

between ~ 21 and 9 ka. While the deglacial warming at southern high latitudes is mostly in phase with 21 

atmospheric CO2 concentrations, some proxy records have suggested that the onset of the warming 22 

occurred before the CO2 increase. In addition, southern high latitudes exhibit a cooling event in the middle 23 

of the deglaciation (15 - 13 ka) known as the Antarctic Cold Reversal (ACR). In this study, we analyse 24 

transient simulations of the last deglaciation performed by six different climate models as part of the 4th 25 

phase of the Paleoclimate Modelling Intercomparison Project (PMIP4) to understand the processes 26 

driving southern high latitude surface temperature changes. While proxy records from West Antarctica 27 

and the Pacific sector of the Southern Ocean suggest the presence of an early warming before 18 ka, only 28 

half the models show a significant warming (~1℃ or ~10% of the total deglacial warming). All models 29 

simulate a major warming during Heinrich stadial 1 (HS1, 18 - 15 ka), greater than the early warming, in 30 

response to the CO2 increase. Moreover, simulations in which the AMOC weakens show a more 31 
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significant warming during HS1 as a result. During the ACR, simulations with an abrupt increase in the 32 

AMOC exhibit a cooling in southern high latitudes, while those with a reduction in the AMOC in response 33 

to rapid meltwater exhibit warming. We find that all climate models simulate a southern high latitude 34 

cooling in response to an AMOC increase with a response timescale of several hundred years, suggesting 35 

the model’s sensitivity of AMOC to meltwater, and the meltwater forcing in the North Atlantic and 36 

Southern Ocean affect southern high latitudes temperature changes. Thus, further work needs to be carried 37 

out to understand the deglacial AMOC evolution with the uncertainties in meltwater history. Finally, we 38 

do not find substantial changes in simulated Southern Hemisphere westerlies nor in the Southern Ocean 39 

meridional circulation during deglaciation, suggesting the need to better understand the processes leading 40 

to changes in southern high latitude atmospheric and oceanic circulation as well as the processes leading 41 

to the deglacial atmospheric CO2 increase. 42 

 43 

1. Introduction 44 

The recent Quaternary climate is characterised by glacial-interglacial cycles of about 100,000-45 

year periodicity (Lisiecki and Raymo, 2005; Jouzel et al., 2007). These glacial-interglacial cycles are 46 

driven by insolation changes as external forcing and by feedbacks, including changes in atmospheric 47 

greenhouse gas (GHG) concentrations and the waxing and waning of continental ice sheets, mainly in the 48 

northern high latitudes (Abe-Ouchi et al., 2013). During the Last Glacial Maximum (LGM, ~21 ka; ka 49 

indicates 1000 years before present), the continental ice sheets covered a significant area of the high 50 

northern latitudes (Tarasov et al., 2012; Peltier et al., 2015), thus leading to a sea level fall of ~130 meters 51 

compared to pre-industrial (Lambeck et al., 2014). The atmospheric CO2 concentration was also ~100 52 

ppm lower than the pre-industrial (Petit et al., 1999; Bereiter et al., 2015). These climatic boundary 53 

conditions contributed to a colder climate during the LGM, with global mean surface air temperature 54 

anomalies estimated to be 4.5±0.9 ℃ lower than present-day (Annan et al., 2022). As the last deglaciation 55 

(transition from the LGM to the early Holocene) represents one of the largest, most recent and well-56 

documented natural warming of the last million years, an understanding of the processes and feedbacks 57 

during this time period can offer insight into our own modern changing world. Here, we focus on the 58 

southern high latitudes, where deglacial warming began before their Northern Hemisphere (NH) 59 
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counterparts (Shakun et al., 2012), and which have been suggested to play a major role in driving the 60 

increase in atmospheric CO2 concentration. Although the timing of the onset of the deglacial warming at 61 

southern high latitudes is poorly constrained, a compilation of Antarctic ice core records from East 62 

Antarctica suggested that the deglacial Antarctic warming started at ~ 18 ka, in phase with the rise in 63 

atmospheric CO2 concentration (Parrenin et al., 2013). On the other hand, a record from the West 64 

Antarctic Ice Sheet Divide ice core (WDC) suggests that the warming started at ~ 20 ka (Shakun et al., 65 

2012; WAIS project members, 2013). Moreover, an early onset of the deglacial warming (~21 ka) at mid-66 

southern latitudes has also been suggested based on SST and sea ice records from the Pacific sector of the 67 

Southern Ocean (Moy et al., 2019; Sikes et al., 2019; Moros et al., 2021; Crosta et al., 2022).  68 

Millennial-scale climate events are superimposed on the deglacial warming. At the beginning of 69 

the deglaciation, during Heinrich stadial 1 (HS1, ~18 to 14.7 ka, following Ivanovic et al., 2016), 70 

Greenland and the North Atlantic region remained cold (Buizert et al., 2014, Martrat et al., 2007), while 71 

significant warming occurred at southern high latitudes (WAIS project members, 2010). This period was 72 

associated with a weakening of the Atlantic Meridional Ocean Circulation (AMOC), evidenced by Pa/Th 73 

in marine sediments (McManus et al., 2004; Ng et al., 2018). During the subsequent Bølling-Allerød (BA, 74 

~14.7 to 12.8 ka) period, Greenland surface air temperatures rose by more than 10℃ in just a few decades 75 

(Stephensen et al., 2008; Buizert et al., 2014), and the AMOC strengthened significantly (Severinghaus 76 

& Brook, 1999; McManus et al., 2004; Roberts et al., 2010; Ng et al., 2018). A cooling event at southern 77 

high latitudes, known as the Antarctic Cold Reversal (ACR), was identified between ~15 and 13 ka 78 

(Jouzel et al. 2007; Pedro et al., 2016), concurrent with the BA. The Younger-Dryas (YD, 12.8 to 11.7 79 

ka) followed the BA, and was characterised by a drastic cooling in Greenland and the North Atlantic. 80 

While the processes leading to the YD are still debated (Renssen et al., 2015), it has been suggested that 81 

the YD can be attributed to a weakening of the AMOC (McManus et al., 2004), caused by a rerouting of 82 

freshwater into the Arctic that was then transported toward the deep-water formation sites of the subpolar 83 

North Atlantic by coastal boundary currents (Condron and Winsor, 2012; Kapsch et al., 2022). Climate 84 

model simulations with marine proxy constraints support the variations in the AMOC during the last 85 

deglaciation (Pöppelmeier et al., 2023). 86 
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An AMOC weakening causes a warming in the South Atlantic as the meridional oceanic heat 87 

transport to the North Atlantic is weakened (Stocker & Johnsen, 2003; Stouffer et al., 2006). This 88 

warming can then be propagated into the Southern Ocean and Antarctica (Pedro et al., 2018). The 89 

contrasting temperature changes between Greenland and the southern high latitudes can also be found 90 

during abrupt events of the last ice age known as Dansgaard–Oeschger cycles (Dansgaard 1993; NGRIP 91 

project members, 2004; WAIS Divide project members, 2015), which have led to the notion of a bipolar 92 

seesaw (Stocker and Johnsen 2003; Capron et al., 2010). Alongside these events, the atmospheric CO2 93 

increase throughout the deglaciation occurred in steps, suggesting a link to millennial-scale climate events 94 

(Marcott et al., 2014) and changes in Southern Ocean circulation contributing to degassing of oceanic 95 

carbon (Anderson et al., 2009, Menviel et al., 2018). 96 

Transient climate simulations provide a suitable framework for assessing the processes leading to 97 

deglacial climate changes. Early transient simulations that were conducted with transient orbital forcing, 98 

GHGs and ice sheets suggested that an increase in spring insolation in the southern high latitudes was 99 

responsible for the onset of warming (Timmermann et al., 2009), and that deglacial warming of the 100 

Southern Ocean appeared as early as ~20 to 18 ka in association with sea ice retreat (Roche et al., 2011). 101 

Transient simulations that also included freshwater input into the North Atlantic highlighted the AMOC 102 

impact on climate change (Liu et al., 2009; He et al., 2011). Menviel et al. (2011) further assessed whether 103 

the ACR was a response to the strong AMOC increase at the end of HS1 or whether it was caused by 104 

enhanced meltwater input from the Antarctic ice sheet. These simulations were designed to simulate 105 

AMOC changes in agreement with estimates from proxy records, and therefore the magnitude, location, 106 

and timing of the implemented meltwater fluxes were idealised. In contrast, experiments forced with 107 

meltwater fluxes consistent with ice sheet reconstructions based on sea-level constraints often simulate 108 

millennial-scale AMOC changes in disagreement with accepted interpretations of climate and ocean 109 

records. Some experiments simulate an AMOC weakening at the time of the BA because of significant 110 

mass loss of NH ice sheets (Bethke et al., 2012; Ivanovic et al., 2018a; Kapsch et al., 2022; Bouttes et al., 111 

2023) or do not simulate any abrupt climate events (Gregoire et al., 2012). With an idealised scenario that 112 

follows the evolution of NH ice sheets more closely (except for the 14 ka meltwater pulse), the MIROC 113 

climate model shows that it is possible to simulate an abrupt AMOC strengthening with the presence of 114 
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continuous freshwater in the North Atlantic because of gradual warming (Obase and Abe-Ouchi, 2019). 115 

These studies indicate that different models have different sensitivities in terms of the AMOC response 116 

to forcing and, therefore, it is useful to analyse multi-model results for a robust understanding of the 117 

climatic processes. 118 

To facilitate further examination of the mechanisms driving deglacial climate change, a protocol 119 

for carrying out transient simulations of the last deglaciation was proposed as part of the fourth phase of 120 

the Paleoclimate Modeling Intercomparison Project (PMIP4) (Ivanovic et al., 2016). The protocol of 121 

PMIP4 deglaciation summarised climate forcing (ice core based atmospheric GHGs and reconstructed 122 

ice sheets) for climate model experiments. The protocol is designed to be flexible in that the use of some 123 

boundary conditions is determined by each modelling group, which allows an explorations of different 124 

climate scenarios. The multi-model assessment of the last deglaciation performed here provides an 125 

opportunity to investigate the mechanism of past climate changes and to evaluate the uncertainties from 126 

the models’ sensitivity to the forcings.  127 

Some boundary conditions for climate models, including GHG and Antarctic ice sheet (prescribed 128 

in PMIP4 protocol), result from climate change at the southern high latitudes. Proxy records and 129 

modelling studies indicate that physical and biogeochemical changes in the Southern Ocean may have 130 

significantly contributed to ocean carbon uptake during glacial periods, and that early deglacial changes 131 

in the Southern Ocean could have provided a major contribution to the atmospheric CO2 increase observed 132 

during HS1 (Sigman et al., 2010, Skinner et al., 2010, Martinez-Garcia et al., 2011, Bouttes et al., 2012, 133 

Menviel et al., 2016, Menviel et al., 2018, Gottschalk et al., 2019). Subsurface warming on the Antarctic 134 

shelf contributes to the mass loss of Antarctic ice sheets through enhanced melting of ice shelves, and 135 

retreat of grounding lines (Golledge et al., 2014; Lowry et al., 2019). In addition, climate conditions at 136 

southern high latitudes can impact the formation of the Antarctic Bottom Water (AABW) and the shoaling 137 

of AMOC (Sherriff-Tadano et al., 2023). Hence investigating the climate evolution at southern high 138 

latitudes may give an insight into critical climate system feedback during the last deglaciation. 139 

Here, we analyse the deglacial climatic evolution (21‒11 ka) at southern high latitudes as 140 

simulated in six PMIP4 transient experiments, and compare the results with paleo-proxy records. We 141 

mainly focus on the Antarctic surface air temperature (SAT) and Southern Ocean sea surface temperature 142 
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(SST) changes. As there is a substantial difference between the AMOCs in the simulations, we utilise 143 

statistical or simple models to assess the impact of changes in atmospheric CO2 and AMOC on Southern 144 

Ocean SST. We analyse the evolution of the AABW, Southern Ocean westerlies and subsurface ocean 145 

temperature in the Southern Ocean to discuss critical climate system feedbacks occurring at southern high 146 

latitudes. 147 

 148 

2 Methods  149 

2-1 Climate models and experiments used in this study 150 

We use the PMIP4 transient simulations of the last deglaciation performed with six atmosphere-151 

ocean coupled climate models (Table 1). These simulations are initialised with LGM conditions. The 152 

Equilibrium Climate Sensitivity (ECS, defined by global mean SAT changes in response to doubling CO2 153 

from the pre-industrial) of each model ranges from 2.0 to 3.9 ℃, and the global mean surface air 154 

temperature (SAT) anomaly for the LGM is 3.5 to 7.3 ℃ (Table 1). Table 2 summarises the experimental 155 

design of each model simulation and their reference articles. While some of the modelling groups 156 

performed two or more sensitivity experiments with different model parameters or boundary conditions 157 

(e.g., different freshwater forcing (FWF) scenarios or ice sheets), for this study we have selected one 158 

representative simulation from each climate model. Fig. 1 summarises the time evolution of the climate 159 

forcings, i.e. insolation, atmospheric GHGs, and continental ice sheets used in the simulations. Both 160 

reconstructions (ICE-6G_C VM5a, henceforth ‘ICE-6G_C’; and ‘GLAC-1D’) have larger Antarctic ice 161 

sheet volume at the LGM, with a ~ 10 m sea-level equivalent volume change at the LGM, relative to 162 

present-day. Both suggest ~ 100 m of elevation change since the LGM at EPICA Dome C (EDC, 123°E, 163 

75°S), while WAIS Divide (WDC, 112°W, 79.5°S) differs by 300 meters between the two datasets (Fig. 164 

1d).  165 

Fig. 2a summarises the total amount of FWF in the NH in six simulations. The FWF schemes can 166 

be classified into two groups: [a] FWF adjusted to reproduce large-scale AMOC variability (iTRACE, 167 

LOVECLIM, MIROC) and [b] FWF consistent with the reconstructed ice volume changes (HadCM3, 168 

MPI-ESM, iLOVECLIM) based on ICE-6G_C or GLAC-1D (Fig. 2a, black lines). Notably, during HS1, 169 

iTRACE and LOVECLIM have significant FWF (~ 0.2 Sv), while other simulations apply FWF of less 170 
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than 0.1 Sv. In LOVECLIM and MIROC, the meltwater flux was uniformly applied to the North Atlantic, 171 

while other models use the location of the melting NH ice-sheet and associated runoff to apply a spatially 172 

varying FWF (Table 2). ICE-6G_C (HadCM3, MPI-ESM, iLOVECLIM) leads to a meltwater input of 173 

about 0.1 Sv to the Southern Ocean at 11.5‒11 ka. iTRACE and LOVECLIM also applied freshwater flux 174 

to the Southern Ocean to simulate the ACR (iTRACE: up to 0.2Sv during 14.4‒13.9 ka, LOVECLIM: 175 

fixed at 0.09Sv during 14.67‒14.1 ka). 176 

In section 3.3, we conduct further analysis to examine the processes driving Southern Ocean SST 177 

using a multilinear regression (MLR) model and a thermal bipolar seesaw model adapted from Stocker 178 

and Johnsen (2003). 179 

 180 

2-2: Simple models to disentangle CO2 and AMOC 181 

2-2-1: Multilinear Regression model 182 

 We use a MLR model to regress changes in SST onto CO2 and AMOC variations: 183 

SST = α * CO2 + β * AMOC + γ   , (1) 184 

where SST (Southern Ocean SST, averaged over 55‒40°S), and AMOC (defined as the maximum 185 

meridional overturning streamfunction in the North Atlantic, at depths below 500 m and 20‒60°N) are 186 

output from the climate models, and CO2 is the forcing used in each simulation. The AMOC in the analysis 187 

is normalised with respect to the maximum and minimum values in each model. The CO2 is also 188 

normalised with respect to the total change between 21 and 11 ka (~83 ppm). The MLR analysis is applied 189 

to the time-varying areally-averaged Southern Ocean SST values and time-varying 2-D fields of the 190 

Southern Ocean SST, respectively. Every 100-year mean SST, AMOC, and CO2 from 20 to 11 ka are 191 

used as the input for this analysis, so each dataset has 90 time-slices. One note is that we do not consider 192 

insolation nor other forcings, because the insolation forcing and CO2 are not independent; both gradually 193 

change during the last deglaciation (Fig. 1). 194 

2-2-2: Thermal bipolar seesaw model 195 

 As the MLR model does not consider transient climate response, we construct a thermal bipolar 196 

seesaw model following Stocker and Johnsen (2003). The original thermal bipolar seesaw model is based 197 

on an energy balance between the North and South Atlantic Oceans. We add the effect of CO2 on 198 
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temperature, which was not considered in the original model. The thermal bipolar seesaw model in this 199 

study solves the temporal evolution of SST using the following equations: 200 

𝑑𝑆𝑆𝑇

𝑑𝑡
 = 

𝑆𝑆𝑇𝑒𝑞−𝑆𝑆𝑇(𝑡)

𝜏
  (2) 201 

SSTeq = α * CO2(t) + β * m(t)  (3) 202 

where SSTeq is an equilibrium temperature (change since the LGM) expected from the CO2 and state of 203 

the AMOC at time t. SST(t) is the SST change since LGM at time t, and τ is the characteristic timescale 204 

of the bipolar seesaw. CO2(t) is the CO2 concentration at time t, and is normalised with maximum and 205 

minimum values as in the MLR model. The term m(t) represents the modes of the AMOC (strong or 206 

weak) from the climate model outputs. Based on AMOC values in each model, we assume m(t)=0 if the 207 

AMOC is greater than 14 Sv, and m(t)=1 if the AMOC is smaller than 14 Sv.  208 

 Every 100-year mean AMOC and CO2 value from 20 to 11 ka are used as the input, as the time 209 

step is set to 100 years. The thermal bipolar model is initialised with SST=0. We investigate the best 210 

combinations of parameters (α, β, τ) based on systematic sensitivity experiments, with combinations of 211 

parameters shown in Table 3 (9610 set of parameters for each model). We find the best combinations of 212 

parameters based on a minimum root mean square error estimator applied to simulated and actual SST 213 

changes in each model.  214 

 215 

3. Results 216 

3-1: AMOC  217 

As AMOC variations can impact southern high latitude climate, we summarise here the transient 218 

evolution of the AMOC in the different simulations. As detailed below, the AMOC evolution is 219 

substantially affected by the FWF schemes. All simulations except for MIROC display a strong (>20 Sv) 220 

AMOC at the LGM (Fig. 2b). This is in line with the majority of PMIP4 simulations that display stronger 221 

AMOC at the LGM than during Pre-Industrial (PI; Kageyama et al., 2021), although it is not consistent 222 

with LGM reconstructions from multiple marine tracers (Lynch-Stieglitz et al., 2007; Bohm et al., 2015, 223 

Menviel et al., 2016). During the period corresponding to HS1, the AMOC stays weak in MIROC and 224 

significantly declines in the iTRACE and LOVECLIM simulations, as meltwater is added into the North 225 

Atlantic. On the other hand, in the other simulations, there is only a slight reduction in AMOC (~1 Sv) as 226 
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the meltwater input into the North Atlantic stays below 0.05 Sv. At the BA (~14.7 ka), three models 227 

exhibit an abrupt change from weak to strong AMOC, triggered by a rapid reduction in FWF (iTRACE 228 

and LOVECLIM) or as a response to the gradual background warming (MIROC). These simulations 229 

featuring an AMOC strengthening broadly agree with marine proxy records (Fig. 2b black line). On the 230 

other hand, the other three simulations (HadCM3, MPI-ESM, iLOVECLIM) display an AMOC 231 

weakening due to a significant increase in FWF originating from the ice sheet collapse associated with 232 

Meltwater Pulse 1a (Deschamps et al., 2012). During the Younger-Dryas (12.8‒11.7 ka), iTRACE, 233 

LOVECLIM, and MIROC simulate an AMOC decline, corresponding to an increase in FWF or an 234 

oscillatory nature of the AMOC in MIROC (Kuniyoshi et al., 2022). HadCM3 simulates a gradual AMOC 235 

reduction, while MPI-ESM exhibits multi-centennial AMOC variability. At 11 ka, the AMOC strength 236 

returns to a strong mode except for iLOVECLIM, which stays weak after the BA. 237 

3-2 SST and SAT 238 

Fig. 3 summarises the simulated Antarctic SAT and Southern Ocean SST changes since the LGM 239 

in all the simulations (LGM is defined as 21 ka in most models, with some exceptions because of 240 

differences in the timing of initialisation; 20.6 ka for LOVECLIM, 20.0 ka for iTRACE). The SAT at 241 

WDC and EDC are compared with the ice core based reconstructions from Parrenin et al. (2013) and 242 

Buizert et al., (2021). 243 

3-2-1: 21‒18ka (onset of warming) 244 

This period corresponds to mostly stable atmospheric CO2, with an increase in spring to summer 245 

insolation at southern high latitudes driven primarily by obliquity change (Fig. 1a). Three models 246 

(MIROC, HadCM3, MPI-ESM) exhibit a gradual ~1℃ warming between 21 and 18 ka at both WDC and 247 

EDC (Fig. 3c). This simulated EDC warming is comparable with EDC ice core estimates (Parrenin et al., 248 

2013). However, the magnitude of warming suggested from WDC (~2℃ warming between 19.5‒19 ka, 249 

Shakun et al., 2012) is not simulated by any of the models (Fig. 4a). On the other hand, a slight cooling 250 

is simulated at WDC in iTRACE and at EDC in LOVECLIM, with the latter exhibiting little change (Fig. 251 

4a).  252 
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Significant SAT warming in MIROC, HadCM3 and MPI-ESM occurs at the same time as a 0.5‒253 

1.0℃ SST warming in the Southern Ocean north of the sea ice edge, and a gradual reduction in Southern 254 

Ocean sea ice area (Figs. 3f and 4).  255 

3-2-2: 18‒14.7ka (HS1)  256 

This period corresponds to an increase in CO2 from 190 to 230 ppm. Reconstructions from the 257 

WDC and EDC suggest a 4‒8℃ warming (Fig. 3c‒d). All models exhibit a larger warming during this 258 

period than between 21 and 18 ka. iTRACE simulates the largest warming (+6‒8℃), closely following 259 

the estimates from ice core data. The sharp increase in temperature in iTRACE starts at ~18 ka, 260 

corresponding to a period of major reduction in AMOC strength (Fig. 3b). The warming in MPI-ESM 261 

follows iTRACE with a 5℃ warming, despite a minor reduction in AMOC strength. The HadCM3 262 

exhibits ~4℃ warming at WDC and ~2℃ warming at EDC, while the other models simulate a 2‒4℃ 263 

warming at EDC and WDC (Fig. 3c‒d). iTRACE exhibits the most significant Southern Ocean SST 264 

warming at 5 ℃ and LOVECLIM exhibits a sharp Southern Ocean SST increase, ~3℃, in response to an 265 

AMOC reduction at ~17 ka. The other models’ Southern Ocean SST increase by 1‒2 ℃ (Fig. 3e). 266 

Southern Ocean sea ice area exhibits the same trends as the Southern Ocean SST, with iTRACE 267 

simulating the largest sea ice area reduction of up to 40% compared to the LGM (Fig. 4b).  268 

3-2-3: 14.7‒13ka (BA) 269 

At 14.7 ka the abrupt and large warming of the BA is recorded in Greenland, while a gradual 2℃ 270 

cooling (ACR) is recorded at WDC and EDC between 14.7 and 13 ka. Three models (iTRACE, MIROC, 271 

LOVECLIM) simulate an abrupt AMOC increase at the BA onset, and a concomitant cooling at southern 272 

high latitudes: ~1-2 ℃ Antarctic SAT and Southern Ocean SST decrease. iTRACE and LOVECLIM 273 

exhibit a sharp cooling in Southern Ocean SST and SAT in the early phase of the BA, probably enhanced 274 

by the meltwater flux into the Southern Ocean (Menviel et al., 2011). In contrast, the three other models 275 

(HadCM3, MPI-ESM, iLOVECLIM) exhibit a warming in the early phase of the BA, corresponding to 276 

an AMOC weakening. Subsequently, HadCM3 and MPI-ESM exhibit a gradual cooling over the 277 

Antarctic and Southern Ocean as the AMOC strengthens in the later part of the BA (~13.5 ka). 278 

iLOVECLIM displays a rapid warming at 13.5 ka, followed by a cooling despite the AMOC being weak 279 
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throughout this period, which is explained by abrupt surface albedo changes caused by the evolving land-280 

sea mask in the Antarctic region (Bouttes et al., 2023). 281 

3-2-4: 13‒11ka (YD and Holocene onset) and total deglacial warming  282 

This period corresponds to the YD, during which an AMOC weakening has been suggested 283 

(McManus et al., 2004, Ng et al., 2018). Both EDC and WDC reconstructions show a 2‒4℃ warming 284 

between 13 and 12 ka. During that time, iTRACE, MIROC, and LOVECLIM simulate an AMOC 285 

weakening as well as a southern high latitude warming. iTRACE simulates a ~3‒4℃  increase in Southern 286 

Ocean SST, while LOVECLIM and MIROC simulate a 1℃ warming. MPI-ESM exhibits multi-287 

centennial variability associated with variations in AMOC strength. MPI-ESM and iLOVECLIM exhibit 288 

sharp cooling in Southern Ocean SST and SAT starting at ~11.5 ka, enhanced by the meltwater flux into 289 

the Southern Ocean (Kapsch et al., 2022). 290 

The total deglacial (21‒11 ka) warming is 10 ℃ in WDC, while the EDC estimates range from 5 291 

to 10 ℃ (Parrenin et al., 2013; Buizert et al., 2021). Across the simulations, a 2 to 10 ℃ warming is 292 

simulated over Antarctica. Only one model (MPI-ESM) simulates a larger warming at EDC than at WDC, 293 

while three models suggest a larger temperature change at WDC (iTRACE, HadCM3, LOVECLIM), and 294 

two models show a similar warming at both sites (MIROC, iLOVECLIM). In line with the WDC and the 295 

upper range of EDC estimates, iTRACE and MPI-ESM display a 8‒10 ℃ total warming over Antarctica. 296 

The Southern Ocean sea ice edge retreats poleward by 10° latitude in most models. A SST increase of up 297 

to 6 ℃ is simulated in this area in iTRACE, LOVECLIM, HadCM3, and MPI-ESM, while a ~4 ℃ SST 298 

increase is simulated in MIROC and iLOVECLIM (Fig. 5).  299 

The different magnitudes of warming between models could be explained by the range of 300 

temperature changes between LGM and PI, as the mean SAT and SST changes are different by a factor 301 

of two (Table 1). To reduce this model difference, Antarctic SAT are normalised by the temperature 302 

anomaly between LGM and PI. When normalised, iTRACE still has the largest warming (Fig. 6a),  303 

MIROC and LOVECLIM display the second and third-largest warming for HS1. One common point in 304 

these three models is the weak AMOC in HS1 (Fig. 6b left). Even if the total amount of global warming 305 

is small, the weakening of AMOC in HS1 with MIROC and LOVECLIM contributes to HS1 warming as 306 

in iTRACE. In contrast, the other three models (HadCM3, MPI-ESM, and iLOVECLIM) exhibit mostly 307 
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strong AMOC during HS1, and the normalised HS1 warming were smaller (Fig. 6 right panels). The 308 

normalised Antarctic SAT change at 11 ka varies between 0.3‒0.8 with respect to the total temperature 309 

change between LGM and PI, indicating that some warming also occurred after the onset of the Holocene. 310 

This marks a main difference between the simulations and proxy data, in that the temperature at 11 ka is 311 

comparable to the pre-industrial values based on ice core reconstructions (Parrenin et al., 2013; Buizert 312 

et al., 2021). 313 

3-3: SST – CO2 – AMOC relationship analysis 314 

  The simulated AMOC time series display large differences across simulations derived from 315 

different FWF schemes, which complicates the quantification of the relative importance of CO2 forcing 316 

and AMOC changes in driving southern high latitude temperature changes in each model. To overcome 317 

this, we examine the Southern Ocean SST trajectory against CO2 forcing, and AMOC strength (Fig. 7). 318 

Fig. 7 clearly shows that the deglacial increase in atmospheric CO2 has significant impacts on the Southern 319 

Ocean SST because the temperature trajectory is mostly proportional to CO2 changes unless there are 320 

significant AMOC changes. Temperature changes associated with changes in AMOC are superimposed 321 

on Southern Ocean SSTs, in that an AMOC weakening or strengthening (blue or red circles) tends to 322 

induce warming or cooling, respectively. Even though the actual time series of AMOC in each model are 323 

very different, this result suggests that southern high latitude temperature changes can be decomposed 324 

into the effects of CO2 and AMOC. The relative importance of CO2 and AMOC are quantified in the 325 

following subsections. 326 

 327 

3-4: Results of MLR model 328 

The results of the MLR model indicate that the CO2 coefficients range from 1.0 to 6.5℃ for the 329 

total deglacial CO2 changes (Table 4). All models have a negative coefficient of AMOC (‒0.3 to ‒2.4℃), 330 

indicating a Southern Ocean SST increase for an AMOC weakening. The results suggest that an AMOC 331 

shutdown during HS1 has the potential to increase temperature as CO2 increases (which is able to explain 332 

about half of the total deglacial changes during HS1). 333 

The regression against Southern Ocean 2-D SST fields indicates that the CO2 coefficient is mostly 334 

positive over the Southern Ocean, ranging from ~0.5 ℃ in the Antarctic zone where sea ice is present 335 
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until 11 ka, to 2‒6 ℃ in the Southern Ocean north of the LGM winter sea ice edge (Fig. 8). The sensitivity 336 

to the AMOC is mostly negative in the Southern Ocean, and areas of high sensitivity overlap with those 337 

of CO2, suggesting sea ice modulates the areas sensitive to both CO2 and AMOC changes.  338 

3-5: Results of bipolar seesaw model 339 

Table 5 summarises the results of the bipolar seesaw model. All models have positive CO2 340 

coefficients (2.0‒6.0℃) and negative AMOC coefficients (‒0.5 to ‒2.9℃), as in the MLR models. The 341 

time series simulated by the bipolar seesaw model are compared with actual SST changes and with MLR 342 

models in Fig. 9. The bipolar seesaw model succeeds in reproducing a gradual SST decrease as a result 343 

of an AMOC strengthening (e.g. gradual cooling in iTRACE and MIROC, 15‒13 ka). This gradual 344 

cooling was not represented by the MLR model, which exhibits an immediate SST response to AMOC 345 

changes. The response time ranges from 100‒700 years, with most models ranging from 500‒700 years 346 

with the exception of LOVECLIM and iLOVECLIM (Table 5).  347 

We note that a sharp cooling associated with freshwater in the Antarctic Ocean was not 348 

represented because both models, MLR and bipolar seesaw, do not consider meltwater in the Southern 349 

hemisphere (~14.5 ka of iTRACE and LOVECLIM, ~11.5 ka of MPI-ESM and iLOVECLIM) 350 

 351 

3-6: Other Southern Ocean climate variables 352 

We analyse AABW transport (minimum global meridional overturning streamfunction, at depths 353 

below 3000 m and 60°S‒30°S) as an indicator of Southern Ocean meridional circulation, and 850 hPa 354 

zonal mean winds over the Southern Ocean (zonal mean winds averaged over 65°S‒40°S). We focus on 355 

the onset of deglaciation (21‒18 ka) and the initial significant increase in CO2 (~HS1, 18‒15 ka). The 356 

AABW (Fig. 10b) at the LGM ranges from 10 to 30 Sv among the six models and stays relatively constant 357 

between 21 and 18 ka. In the subsequent period (18‒15 ka), iTRACE exhibits a significant decline in the 358 

AABW, in phase with Southern Ocean SST changes (Fig. 10d). LOVECLIM and MPI-ESM exhibit a 359 

gradual decline in AABW (~5 Sv), while three other models (MIROC, HadCM3, iLOVECLIM) exhibit 360 

a small reduction or a stable AABW. The zonal winds over the Southern Ocean do not change 361 

significantly between 21 and 18 ka, apart from MIROC and MPI-ESM, which exhibit a slight weakening 362 

(Fig. 10c). Between 18 and 15 ka, the zonal winds continue to decline in MIROC and MPI-ESM, and also 363 
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start to decline in iTRACE and LOVECLIM. Little changes in zonal winds are simulated in iLOVECLIM, 364 

while HadCM3 exhibits a ~10% strengthening.  365 

Subsurface ocean temperatures south of 60°S at depths of around 500 m (Fig. 10e) exhibit an 366 

increase during HS1 in 4 of the 6 simulations, with the largest warming (1.2 °C and 0.8 °C) simulated by  367 

the two simulations which exhibited the largest SST increase (iTRACE and MPI-ESM). During the ACR 368 

(15‒13 ka), iTRACE and MIROC exhibit a gradual sub-surface temperature decrease while HadCM3 and 369 

MPI-ESM exhibit a continuous warming, as per the SST changes in the respective models. iLOVECLIM 370 

and LOVECLIM exhibit small changes (<0.5℃) in the total sub-surface temperature. Abrupt subsurface 371 

warming in iTRACE (~14 ka) and LOVECLIM (14.8‒14.2 ka) coincide with Southern Ocean SST 372 

reduction, suggesting that this results from enhanced Southern Ocean stratification as a response to 373 

Southern Ocean meltwater input (Menviel et al., 2011; Lowry et al., 2018).  374 

4. Discussion 375 

4-1: Onset of deglacial warming 376 

The climate forcing in the early deglaciation primarily comes from insolation due to obliquity and 377 

precession changes (Fig. 1a), which leads to an increase in spring to summer insolation south of 60 °S 378 

(Fig. S1). Ice core data suggest that the onset of deglacial warming at WDC was earlier  than the increase 379 

in CO2, and this early deglacial warming has been suggested to result from an AMOC reduction (Shakun 380 

et al., 2012) or local insolation changes (WAIS project members, 2013). Not all models show such 381 

warming and when a warming is simulated, it is smaller than estimated from proxy records. Three models 382 

(MIROC, HadCM3, MPI-ESM) exhibit a small but significant warming (~ 0.5℃) between 21 and 18 ka 383 

(Fig. 4a) in both West and East Antarctica, as well as in Southern Ocean SST, primarily in the Pacific 384 

sector (Fig. 4b) as suggested by proxy records (Moy et al., 2019; Sikes et al., 2019; Moros et al., 2021). 385 

Although the amplitude of the early warming in these models is comparable to a previous modelling study 386 

(Timmermann et al., 2009), the other models show a slight cooling (iTRACE and LOVECLIM) or little 387 

change (iLOVECLIM).  388 

The first explanation for the differences in the simulated temperature change between 21 and 18 389 

ka is the contrast in LGM climate states, and in particular, the extent of Southern Ocean sea ice. MIROC, 390 
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HadCM3 and MPI-ESM have less LGM summer sea ice than other climate models, and the winter sea 391 

ice does not reach as far north: the northern margin of winter sea ice extent is located at ~60 °S in the 392 

Pacific sector, while it is at 50‒55 °S in the other models (Fig. 4b bold lines). We note that these results 393 

for sea ice extent are within the range of reconstructions, as most recent proxy records combined with 394 

PMIP climate models estimated austral winter and summer sea ice extent to be around 60‒55 °S and 65 °S, 395 

respectively (Lhardy et al., 2022; Green et al., 2022). The smaller sea ice extent at the LGM may allow 396 

the Southern Ocean to absorb increased incoming shortwave radiation during austral spring to summer, 397 

and induce significant warming with sea ice retreat (Timmermann et al., 2009; Roche et al., 2011). If the 398 

LGM Southern Ocean sea ice extent is extensive, the increase in insolation primarily south of 60 °S (Fig. 399 

S1) does not warm the Southern Ocean as much because of high sea ice albedo. The second explanation 400 

is the difference in the FWF. The three simulations that display an early deglacial warming include a FWF 401 

(~ 0.02 Sv) in the North Atlantic based on ICE-6G_C (Fig. 2a). An early ice sheet discharge from the 402 

Fennoscandian ice sheet (Touccane et al., 2010) could have weakened the AMOC and contributed to the 403 

Southern Ocean warming. 404 

Another model-data difference is the different early warming rates between West and East 405 

Antarctica. The data from WDC suggests there was significant warming in West Antarctica, while a less 406 

significant change in East Antarctica is suggested by EDC. In contrast, the models simulate similar 407 

warming rates in both West and East Antarctica (Fig. 4a), suggesting the models may underestimate the 408 

spatial heterogeneity in West and East Antarctic warming. This might be attributed to the Antarctic ice 409 

sheet history prescribed in the experiments, where both ICE-6G_C and GLAC-1D have minor surface 410 

elevation changes at WDC in the early deglaciation (Fig. 1d). Buizert et al. (2021) used the MIROC and 411 

HadCM3 models and showed that the uncertainty in Antarctic ice sheet height affects the difference 412 

between LGM and PI temperatures because changes in surface elevation affect SAT (~1 °C per 100 m). 413 

This might suggest that the lower surface elevations at WDC, related to the ice sheet terminus retreat 414 

between 20‒15 ka in the Amundsen Sea (Bentley et al. 2014), may have contributed to the early deglacial 415 

warming primarily in West Antarctica. 416 

Uncertainty in the Antarctic ice sheet could also explain some model-data differences during the 417 

early Holocene, where simulations indicate more warming occurs after the onset of the Holocene (Fig. 6). 418 
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This is different from ice core data (Fig. 4) and global mean ocean temperature (including deep-sea 419 

temperature) estimated from noble gases in ice cores, which suggests that temperatures reache Holocene 420 

levels at the end of YD (Bereiter et al., 2018). The higher surface elevation of the Antarctic ice sheet at 421 

11 ka compared to the present-day in the experimental design (Fig. 1e) may contribute to the simulated 422 

Holocene warming. 423 

4-2: Rate of temperature changes 424 

 HS1 (~18‒14.7 ka) exhibits significant warming in all models because of the CO2 increase, with 425 

the total warming being dependent on the sensitivity of each model to CO2 and to AMOC changes. 426 

iTRACE simulates the largest warming, 6‒8℃, in both WDC and EDC, which is the closest to the 427 

warming rate from ice-core data among the six models. Estimates from the MLR and bipolar seesaw 428 

models indicate that both the increase in CO2 during HS1 (~ 40 ppm) and the reduction in AMOC 429 

contributed to this warming. iTRACE notably exhibits the largest global mean SAT changes at the LGM 430 

(7.3 ℃, compared to the six-model mean of 5.3 ℃). However, the ECS of iTRACE (3.6 ℃) is not the 431 

highest among the six models; MIROC4m has the highest ECS (Table 1). We examine the relationship 432 

between ECS and the LGM global mean SAT changes using multi-model PMIP3 and PMIP4 simulations 433 

(Fig. S4). We find a weak negative correlation (‒0.06) between the ECS and global mean LGM SAT 434 

changes, and the SAT anomalies in the individual climate models can vary by about a factor of two even 435 

with the same ECS. A substantial asymmetry between warm and cold climates has been identified in 436 

previous studies because of the presence of continental ice sheets, ocean dynamics, and cloud feedback 437 

(Yoshimori et al., 2009; Zhu and Poulsen, 2021). Hence, a good understanding of the forcing and climate 438 

system feedback of the LGM climate is critical for evaluating the rate of warming during the last 439 

deglaciation. 440 

The sensitivity to AMOC ranges from 0.5‒2.9 ℃, based on the analysis using the thermal bipolar 441 

seesaw model (Table 5). A multi-model study comparing freshwater hosing experiments of 11 climate 442 

models (including LOVECLIM, MIROC, and HadCM3 used in this study) under LGM climate shows 443 

that a majority of models exhibit warming in the Southern Ocean (Kageyama et al., 2013). However, the 444 

simulation length in their study is less than 420 years, as opposed to the estimated timescale in this study 445 
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(~500‒700 years), suggesting the need for longer simulations to estimate the extent of the climate 446 

response at southern high latitudes.  447 

The MLR and thermal bipolar seesaw models in this study may have a limited ability in 448 

disentangling the effects of CO2 and AMOC or in considering non-linear responses. For example, the 449 

AMOC sensitivity of the LOVECLIM model seems low compared to the 1.5 ℃ Southern Ocean SST 450 

increase found in the simulation of Heinrich stadial 4, in which the atmospheric CO2 concentration was 451 

kept constant (Margari et al. 2020, Fig. S2). In addition, a MIROC simulation with a larger freshwater 452 

(0.1 Sv) during HS1 than in the standard deglaciation experiment exhibits a 0.5 ℃ higher Southern Ocean 453 

SST with a 3 Sv weaker AMOC (Fig. S3), indicating that the Southern warming in response to AMOC 454 

strength is nonlinear. Finally, the coefficients of CO2 and AMOC are not necessarily constant in time, 455 

and other climate forcings derived from insolation and continental ice sheets can impact temperature 456 

changes. Despite these limitations, these analyses can provide estimates of each model’s deglacial 457 

sensitivity to CO2 forcing and AMOC. 458 

As shown here, the deglacial AMOC variations are quite different amongst the simulations. Only 459 

those which display an AMOC increase at the end of HS1 can capture a cooling trend corresponding to 460 

the ACR as suggested by ice-core data (iTRACE, LOVECLIM, MIROC). In comparison to previous 461 

transient simulations of the last deglaciation, the representation of the duration of the ACR has improved, 462 

as it was previously simulated as too short (Lowry et al., 2018). On the other hand, simulations that are 463 

forced with a large NH meltwater pulse consistent with ice sheet reconstructions do not simulate an ACR 464 

(Ivanovic et al., 2016; 2018; Kapsch et al., 2022; Bouttes et al., 2023). Regarding the BA, investigating 465 

the impacts of changing boundary conditions, typically those of ice sheets, GHGs and insolation, is 466 

necessary to reduce the gap between the climate responses and ice sheet reconstructions. Southern FWF 467 

can enhance the ACR, as found in iTRACE (~14.2 ka) and LOVECLIM (~14.7 ka), with a sharp cooling 468 

in Southern Ocean SST and Antarctic SAT primarily in WDC. This is caused by the intensified 469 

stratification in the Southern Ocean (Menviel et al., 2010; 2011), which induces significant warming in 470 

the subsurface and contributes to further mass loss from Antarctic ice sheets (Golledge et al., 2014). As 471 

ice core data does not exhibit such sharp cooling events as compared to climate model simulations (Fig. 472 

3), this may provide some constraints on the extent and duration of FWF from the Antarctic ice sheet.  473 
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 474 

4-3: Implications for climate system changes in southern high latitudes 475 

Reconstructions have suggested that changes in Southern Ocean circulation, probably driven by 476 

wind changes, were important for the modulation of Southern Ocean CO2 outgassing during the 477 

deglaciation. In particular, marine sediment cores from the sub-Antarctic zone suggest an enhanced opal 478 

flux during HS1, which could reflect increased upwelling in the Southern Ocean due to changes in 479 

Southern Hemispheric westerlies (SHW) (Anderson et al., 2009). This is consistent with decreasing deep 480 

and intermediate-depth Southern Ocean ventilation ages (Skinner et al., 2010, Burke et al., 2011), 481 

increasing intermediate-depth pH in the Southern Ocean during HS1 (Rae et al., 2018), and a compilation 482 

of Southern Ocean δ18O records indicating a poleward shift of the SHW across the deglaciation (Gray et 483 

al., 2023). Stronger or poleward-shifted SHW and/or enhanced AABW formation during HS1 would 484 

indeed enhance Southern Ocean CO2 outgassing and lead to an atmospheric CO2 increase comparable to 485 

that from ice core estimates (Menviel et al., 2014; Menviel et al., 2018). In contrast, most models show 486 

very little change or a gradual weakening in the SHW across the deglaciation, and there is little latitudinal 487 

migration of the SHW. Only the HadCM3 model displays a SHW strengthening. However, additional 488 

studies should look in more details into potential changes in the location of the SHW in these simulations, 489 

as well as regional changes in SHW strength and their relation to other climatic variables (Rojas et al., 490 

2009; Sime et al., 2013). In addition, no model exhibits an increase in AABW, which could contribute to 491 

the upwelling of carbon-rich water mass in the deep ocean and CO2 outgassing from the Southern Ocean. 492 

Instead, the deglaciation may have contributed to the long-term weakening in AABW by warming the 493 

Southern Ocean, enhancing sea ice melt, and decreasing surface salinity (Marson et al., 2016). While it 494 

has been suggested that larger Southern Ocean sea ice extent would lead to an atmospheric CO2 decrease 495 

at the LGM (Marzocchi et al., 2020, Stein et al., 2020), few models simulate significant changes in oceanic 496 

CO2 due to a Southern Ocean sea ice change (Gottschalk et al., 2019). These physical changes still need 497 

to be reconciled with processes put forward to explain the deglacial atmospheric CO2 changes by running 498 

coupled climate-carbon simulations.  499 

Finally, we also find that changes in subsurface ocean temperature in the Southern Ocean, one of 500 

the critical factors impacting the retreat of the Antarctic ice sheet, display significant differences across 501 
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the simulations. This could be related to different ECS or FWF in the Southern Ocean, and should also 502 

be investigated in future studies to quantify uncertainties in subsurface ocean temperature changes. 503 

Model-dependent subsurface ocean temperature change is one source of uncertainty in projecting future 504 

Antarctic ice sheet mass loss (Serrousi et al., 2020). In contrast to the present simulations of the last 505 

deglaciation, which prescribe the Antarctic ice sheet history, climate variability occurring during the 506 

deglaciation can impact the Antarctic ice sheet, which can act as feedback to Southern Ocean climate via 507 

meltwater input from the Antarctic ice sheet (Menviel et al., 2010; Golledge et al., 2014; Clark et al., 508 

2020). Hence, further coupled climate and ice sheet modelling studies are needed to improve our 509 

understanding of climatological and glaciological processes and to evaluate model performance under a 510 

warming climate and rising sea levels (Gomez et al., 2020). 511 

5. Conclusion 512 

In our multi-model analysis of transient deglacial experiments, most models simulate the onset of 513 

the deglacial warming at southern high latitudes between 18 and 17 ka, in phase with the atmospheric 514 

CO2 increase. The early warming simulated in some models could be related to the smaller LGM sea ice 515 

extent, which may affect the sensitivity to insolation change, or to a slight reduction in the AMOC in 516 

response to small freshwater input from NH ice sheets. The models do not exhibit significant differences 517 

in the warming rates between West and East Antarctica, contrary to what is suggested by ice core records. 518 

The most rapid warming occurs between 18 and 15 ka in response to increased CO2 concentration, with 519 

the rate of warming being related to the climate sensitivity of each model. The reduction in the AMOC 520 

during HS1 associated with increased freshwater flux in the North Atlantic as imposed in some models 521 

further contributes to the warming. The simulations further suggest that an abrupt AMOC increase at the 522 

end of HS1 is necessary to simulate the southern high latitude cooling corresponding to the ACR. The 523 

amplitude and duration of the cooling is different between the models because of the different North 524 

Atlantic freshwater scenarios, and the different amplitudes and timescales of bipolar climate responses in 525 

each model. The simulations do not exhibit significant changes in winds over the Southern Ocean or 526 

meridional circulation in the Southern Ocean, which could contribute to enhanced CO2 outgassing from 527 

the Southern Ocean. This indicates the necessity for future climate system modelling studies to quantify 528 

the sequence of climate changes and atmospheric CO2 increase during the last deglaciation. 529 
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Name 
Climate model 

name 
ECS [K] 

Global mean 

LGM SAT 

anomaly [K] 

References 

iTRACE iCESM1.3 3.6 7.3 Tierney et al., (2020)  

LOVECLIM LOVECLIM 2.8 4.2 McDougall et al., (2020) 
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MIROC MIROC4m 3.9 4.5 Chan and Abe-Ouchi, (2020) 

HadCM3 HadCM3B 2.7 6.1 Kageyama et al., (2021) 

MPI-ESM MPI-ESM-CR P2  6.1  

iLOVECLIM iLOVECLIM 2.0 3.5  

Table 1: Summary of climate models analysed in this study. Note that the ECS for MPI-ESM (model 553 

version MPI-ESM-CR P2) has not been calculated. 554 

  555 

Name Freshwater scheme GHGs Ice sheets 
References for 

deglaciation experiments 

iTRACE TraCE-like PMIP4 ICE-6G_C He et al., 2019; 2021 

LOVECLIM TraCE-like 
Kohler et al., 

2017 
ICE-5G Menviel et al., 2011 

MIROC 
ICE-6G_C with 

adjustment 
PMIP4 

ICE-5G 

(LGM fix) 

Obase and Abe-Ouchi  

2019; Obase et al., 2021 

HadCM3 ICE-6G_C PMIP4 Ice-6G_C 
Ivanovic et al., 2018; 

Snoll et al., 2022 

MPI-ESM ICE-6G_C 
Kohler et al., 

2017 
Ice-6G_c Kapsch et al., 2022 

iLOVECLIM ICE-6G_C PMIP4 Ice-6G_c Bouttes et al., 2023 

Table 2: Summary of the experimental design used in the transient deglacial simulations.  556 

 557 

Parameter [unit] Range 

CO2 coefficient α [K/83 ppm] 1.0‒7.0, every 0.2 

AMOC coefficient β [K/(normalised AMOC)] 0.0‒3.0, every 0.1 

Response timescale τ [year] 100‒1000, every 100 

Table 3: Parameter ranges in the thermal bipolar seesaw model. 558 
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CO2 coefficient 

[K/83 ppm] 

AMOC coefficient 

[K/(normalised AMOC)] 

Coefficient of 

Determination 

iTRACE 6.5 ‒2.4 0.90 

LOVECLIM 4.1 ‒0.4 0.91 

MIROC 1.4 ‒0.5 0.81 

HadCM3 3.3 ‒1.4 0.95 

MPI-ESM 3.1 ‒1.2 0.90 

iLOVECLIM 1.0 ‒1.4 0.56 

Table 4: Results of the MLR model for Southern Ocean SST. 559 

 
CO2 coefficient 

[K/83 ppm] 

AMOC coefficient 

[K/(normalised 

AMOC)] 

Response timescale 

[year] 

iTRACE 6.0 ‒2.9 500 

LOVECLIM 4.4 ‒0.6 300 

MIROC 2.4 ‒0.9 600 

HadCM3 4.8 ‒1.3 700 

MPI-ESM 3.4 ‒1.4 500 

iLOVECLIM 2.0 ‒0.8 100 

Table 5: Results of the bipolar seesaw model for Southern Ocean SST 560 
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 561 

Figure 1: Forcing of the last deglaciation. (a) Insolation. Black: 65°N July, red: 65°S January based on 562 

Berger (1978), (b) CO2. Black: Bereiter et al., (2015), red: Kohler et al., (2017), (c) FWF in the NH from 563 

ICE-6G_C (black lines) and GLAC-1D (red lines), (d-e) Elevation change at WDC (bold lines) and EDC 564 

(dashed lines) from ICE-6G_C and GLAC-1D. 565 
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 566 

Figure 2: (a) Freshwater forcing (total value in the NH) and (b) simulated time series of AMOC. The top 567 

panels indicate the freshwater flux from ice sheet reconstructions (black indicates ICE-6G_C and red 568 

indicates GLAC-1D) and composite 231Pa/230Th in the North Atlantic, retrieved from Ng et al., (2018). 569 

The grey shading indicates HS1 (18‒14.7ka) and the YD (12.8‒11.7ka), respectively, and the period in 570 

between corresponds to the BA (14.7‒12.8 ka). . 571 
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 572 

Figure 3: Time series of (a) atmospheric CO2 (Bereiter et al., 2015) and (b) simulated AMOC, (c‒d) SAT 573 

at WDC and EDC, (e) Southern Ocean SST, (f) Southern Ocean sea ice area in the transient simulations. 574 

The SAT, SST and sea ice area indicate changes since the LGM. The grey lines in (c‒d) represent 575 

reconstructions from Buizert et al., (2013), and the black line in (d) represents reconstructions from 576 

Parrenin et al., (2013). 577 
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 579 

Figure 4: (a) SAT and (b) SST anomalies at 18 ka compared to the LGM. The coloured circles in (a) 580 

represent 18 ka-LGM warming based on ice core data (Parrenin et al., 2013), and the bold and dashed 581 

lines in (b) represent LGM austral summer and winter sea ice extent (85 and 15% annual-mean sea ice 582 

concentration). 583 
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 584 

Figure 5: SST anomalies at 11 ka compared to the LGM. The bold and dashed lines indicate LGM and 585 

11 ka sea ice extent (15% sea ice concentration), respectively. 586 
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 587 

Figure 6: AMOC, and Antarctic SAT normalised with respect to the difference between PI and LGM. 588 

The actual PI and LGM differences are indicated in parentheses. The left panels show three simulations 589 

with weak AMOC during HS1, and the right ones show strong AMOC during HS1. The grey line in (b) 590 

is the normalised Antarctic SAT from EDC based on Parrenin et al., 2013. 591 
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 592 

Figure 7: Relationship between Southern Ocean SST (vertical axis, change since LGM), CO2 (horizontal 593 

axis) and AMOC strength anomaly from the mean strength between 20‒11 ka (colours). The trajectory 594 

of the deglacial CO2 forcing (CO2), simulated SST changes and AMOC are plotted with circles at 200-595 

year intervals. Note that the vertical axes are different between models to represent the total deglacial 596 

warming. 597 
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 598 

Figure 8: Results of the MLR model for 2-D SST maps. Top: AMOC coefficients. Bottom: CO2 599 

coefficients. The black lines represent LGM sea ice edges. 600 
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 601 

Figure 9: Results of the MLR model and bipolar seesaw model for Southern Ocean SST. The black lines 602 

represent the actual SST change (anomaly from 20 ka). The blue and red lines represent the results of 603 

MLR and bipolar seesaw models, respectively. 604 
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 605 

Figure 10: Time series of simulated (a) AMOC, (b) AABW, (c) 850hPa winds over the Southern Ocean 606 

(65‒40°S), (d) Southern Ocean SST, and (e) subsurface ocean temperature south of 60°S (at depths 400‒607 

666 m).  608 
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