
1. Introduction
In the present day, Antarctic winter sea-ice (WSI) covers an area of ∼18 × 10 6 km 2 and forms a critical compo-
nent of the global climate system (Maksym, 2019). Sea ice has a high albedo or “reflectivity” (Hall, 2004), and 
seasonal growth in sea ice influences the strength of Southern Ocean (SO) and global overturning circulation 
through the formation of dense Antarctic shelf and bottom waters (Abernathey et al., 2016; Rintoul, 2018). Rising 
atmospheric greenhouse gas concentrations are driving current global warming, with a predicted reduction of 
24%–34% in the Antarctic winter sea-ice extent (WSIE) by 2100 (Meredith et al., 2019). Model simulations have 
been unable to faithfully replicate recent changes in Antarctic sea ice unless they use unrealistically reduced 
warming trends (Rosenblum & Eisenman,  2017). This is likely due to the short length of the observational 
record and the complex climate dynamics and feedbacks associated with changes to modern WSIE (Hobbs 
et  al.,  2016; Purich et  al.,  2016). Marine Isotope Stage (MIS) 5e proxy records offer valuable evidence of a 
“warmer-than-present” climate, and the opportunity to improve our understanding/prediction of the impacts of 
future climate change.

During MIS 5e (130–116 ka) both mean annual global atmospheric temperatures and mean annual SO sea-surface 
temperatures (SSTs) peaked at ∼2°C warmer than preindustrial (PI) (Capron et al., 2017; Fischer et al., 2018). A 
recent study has shown that, during MIS 5e, global sea levels were likely 1.2–5.3 m higher than the present day 
(Dyer et al., 2021). Unlike future anthropogenic warming, MIS 5e warming is forced by orbital changes, along-
side a variety of internal ocean-ice-atmosphere feedbacks, rather than being driven by increasing atmospheric 
greenhouse gas concentrations. However, MIS 5e represents an important “laboratory” to evaluate climate model 
performance under warmer-than-present conditions.

Abstract Marine Isotope Stage (MIS) 5e (130–116 ka) represents a “laboratory” for evaluating climate 
model performance under warmer-than-present conditions. Climate model simulations for MIS 5e have 
previously failed to produce Southern Ocean (SO) sea-surface temperatures (SSTs) and sea-ice extent 
reconstructed from marine sediment core proxy records. Here we compare state of the art HadGEM3 and 
HadCM3 simulations of Peak MIS 5e SO summer SSTs and September sea-ice concentrations with the latest 
marine sediment core proxy data. The model outputs and proxy records show the least consistency in the 
regions located near the present-day SO gyre boundaries, implying the possibility that model simulations are 
currently unable to fully realize changes in gyre extent and position during MIS 5e. Including Heinrich 11 
meltwater forcing in Peak MIS 5e climate simulations improves the likeness to proxy data but it is clear that 
longer (3–4 ka) run times are required to fully test the consistency between models and data.

Plain Language Summary Investigating past warm periods can provide us with an analog for how 
climate will respond to future warming. In this study we compare the latest model simulations of Southern 
Ocean (SO) sea-surface temperatures and Antarctic winter sea-ice extent from 130,000 years ago with data 
from marine sediment cores. The simulations and sediment core data show the least match in the areas near the 
boundaries of the present day SO gyres (large, circulating ocean currents), implying that possibly changes in 
the position and size of the gyres are not fully recreated in the computer simulations. The inclusion of ice sheet 
meltwater into the North Atlantic improves the comparison between the simulations and sediment core data but 
it is clear that longer run times are required to fully test their consistency.
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Model simulations of the Peak MIS 5e climate at 127  ka are a part of the Coupled Model Intercomparison 
Project (CMIP6) and Paleoclimate Modelling Intercomparison Project (PMIP4) (Otto-Bliesner et  al.,  2017). 
Analysis of the short (50–100 years) orbitally forced CMIP6-PMIP4 ensembles indicates that these simulations 
exhibit SO summer SSTsmodel (SSSTs) which were ∼0.5°C cooler during Peak MIS 5e than the PI and that there 
was an average reduction of ∼5%–8% in WSIE at 127 ka relative to the PI (Otto-Bliesner et al., 2021). These 
simulation results are a poor match for published Peak MIS 5e proxy records from SO marine sediment cores, 
which indicate a SSSTproxy warming of 0–5°C relative to the PI (Capron et al., 2017; Otto-Bliesner et al., 2021). 
The SO model-data discrepancy is hypothesized to be due to the absence of the Heinrich 11 (H11) meltwater 
event in CMIP6-PMIP4 Tier 1 simulations (Otto-Bliesner et al., 2021). Though we also note that model-data 
comparisons of MIS 5e Antarctic WSIE have been limited by the location of most published marine sediment 
core records: they are located north of the modern WSIE, and likely also north of the 127 ka WSIE (Chadwick 
et  al.,  2020; Holloway et  al.,  2017). The location of proxy records further restricts the ability to reconstruct 
summer sea-ice extent, with all MIS 5e marine sediment core records located north of the modern summer sea-ice 
edge (Chadwick et al., 2020, 2022b).

The inclusion of the H11 meltwater event in the North Atlantic in the latest model runs results in a slow-
down in the Atlantic Meridional Overturning Circulation (AMOC), with a weakening of ∼60% compared to 
non-meltwater-hosed runs (Guarino et al., 2023). Under a weakened AMOC, less heat is transported northwards, 
and the inclusion of H11 meltwater forcing is therefore expected to cause an additional increase in SO temper-
atures (Capron et al., 2017) and reduction in sea-ice cover (Holloway et al., 2018) relative to standard MIS 5e 
simulations, thus improving the match between models and proxy data.

The published syntheses of proxy records from SO marine sediment cores in Capron et al. (2017) and Chadwick 
et al. (2020) indicate Peak MIS 5e SSSTsproxy were between 0 and 5°C warmer than the present and PI, with this 
warming anomaly decreasing toward the South Pole. The most southerly marine cores in these syntheses have 
SSSTproxy anomalies for Peak MIS 5e of <1.5°C (40°W–40°E), but there are no MIS 5e marine records located 
south of the modern Antarctic Polar Front (APF) for most of the SO (80°E–40°W).

Whilst most proxy records of Antarctic sea ice are located too far north to precisely constrain the Peak MIS 5e 
WSIEproxy, a recent reconstruction suggests that the WSI edge was located 1–2° south of its modern position in the 
Pacific sector and >5° south of its modern position in the Atlantic sector (Chadwick et al., 2022b).

This study presents a new model-data comparison for the SO during MIS 5e. Peak MIS 5e Antarctic September 
sea-ice concentrations (SICmodel) and SO SSSTsmodel from the latest UK fully-coupled HadGEM3-GC3.1 (hereaf-
ter HadGEM3) numerical simulations, both with and without the H11 meltwater event (Guarino et al., 2023), and 
from the H11 meltwater-hosed HadCM3 numerical simulations in Holloway et al. (2018) are compared with the 
latest diatom transfer function estimates of September SICproxy and SSSTsproxy from nine marine sediment cores 
(Chadwick et al., 2021, 2022b) to answer the following:
 Can we now tell if different areas of the SO show more or less consistency between model simulations and proxy 

data during MIS 5e?
 Is H11 meltwater forcing necessary for the models to match the proxy records?
 Are our current state of the art models capable of simulating the proxy data?

2. Materials and Methods
2.1. Numerical Simulations

HadGEM3 is a global coupled atmosphere-land-ocean-ice model which combines the Unified Model Atmos-
phere model (Walters et al., 2017), the JULES land surface model (Walters et al., 2017), the NEMO ocean model 
(Madec et al., 2019) and the CICE sea-ice model (J. K. Ridley et al., 2018). The atmosphere model has a hori-
zontal resolution of 135 km and 85 vertical levels, and the ocean model has a horizontal resolution of 1° and 75 
vertical levels. The PI control run is presented in Menary et al. (2018), uses a 700 years spin-up followed by a 
200 years run length, and constant 1850 climate forcing (see Menary et al. (2018) for further details).

The standard Peak MIS 5e simulation (hereafter referred to as LIG_HG) is published in Guarino, Sime, Schröeder, 
Malmierca-Vallet, et al. (2020) and the H11 simulation is published in Guarino et al. (2023). They were run using 
the protocol described in Otto-Bliesner et al. (2017) for Tier 1 and Tier 2 PMIP4 simulations. The Peak MIS 5e 
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climate was simulated by forcing the HadGEM3 model with constant last interglacial orbital and greenhouse gas 
boundary conditions (see Guarino et al. (2023) for further details), with all other boundary conditions consistent 
with the PI simulation (Menary et al., 2018). In the H11 run, the H11 meltwater event is simulated by adding a 
constant freshwater flux equal to 0.2 Sv, evenly across the North Atlantic between 50 and 70°N (Otto-Bliesner 
et  al.,  2017), with all other boundary conditions and forcings identical to the LIG_HG simulation (Guarino 
et al., 2023).

The LIG_HG simulation was spun-up for 350 years, to reach a quasi-atmospheric and upper-ocean equilibrium 
(Williams et  al.,  2020), followed by a production run of 200  years to account for model internal variability 
(Guarino, Sime, Schröeder, Lister, et al., 2020). The H11 simulation was initialized from the end of the LIG_HG 
spin-up and run for 250 years. The climatological averages from the final 100 years (150–250 years), once the 
AMOC had reached a new equilibrium (Figure S1 in Supporting Information S1), are presented here (hereafter 
referred to as H11(250)_HG).

HadCM3 is a faster running, but older and lower resolution, UK model than HadGEM3, and is a coupled 
atmosphere-ocean general circulation model (Gordon et al., 2000) with the TRIFFID dynamic vegetation model 
(Cox, 2001) and MOSES 2.1 land surface model (Cox et al., 1998) included. The atmosphere model in HadCM3 
has a horizontal resolution of 3.75° longitude by 2.5° latitude and 19 vertical levels, and the ocean model has a 
horizontal resolution of 1.25° and 20 vertical levels (Guarino, Sime, Schröeder, Malmierca-Vallet, et al., 2020). 
HadCM3 has more simplified physics for the atmosphere, ocean, and sea ice than HadGEM3. The sea-ice 
scheme for HadCM3 uses a zero-layer thermodynamic model (Semtner, 1976), no sea-ice rheology, and applies 
wind stress to the ocean beneath the sea ice, with the top layer ocean current used for advection (Bryan, 1969). 
Whereas, for HadGEM3 the sea-ice scheme uses four sea-ice layers and a snow layer for the thermodynamics 
(Bitz & Lipscomb, 1999), a prognostic melt pond model (Flocco et al., 2012), and a elastic-viscous-plastic rheol-
ogy with a remapping algorithm scheme for transport and advection (Hunke et al., 2015).

The HadCM3 simulations are published in Holloway et al. (2018), with 0.25 Sv freshwater forcing to the North 
Atlantic applied for 1600 years. We use the climatological averages for years 150–250 of the model run (hereafter 
referred to as H11(250)_HC), to match the length of the run performed for HadGEM3, and the last 100 years 
(1500–1600 years) (hereafter referred to as H11(1600)_HC), to examine how SSSTsmodel and SICsmodel evolved 
after a longer period of H11 type forcing.

MIS 5e SSSTsmodel (average January to March (JFM)) are presented as anomalies relative to the PI control runs 
whereas September SICsmodel are presented as absolute values.

2.2. Marine Sediment Cores

Modern Analog Technique (MAT) diatom transfer function estimates of September SICsproxy and SSSTsproxy 
for Peak MIS 5e, reconstructed from nine marine sediment cores and published in Chadwick et al. (2022b), are 
compared to model output. The transfer function methodology is detailed in Chadwick et al. (2022b) and the data 
for all the cores is available from Chadwick et al. (2021). In brief, the MAT transfer function compares the MIS 
5e diatom species assemblages with a reference data set of 257 surface sediment samples. The five most similar 
surface sediment samples to each MIS 5e sample were identified using the chord distance and a weighted average 
of the environmental conditions for those five reference samples was used to reconstruct the conditions during 
MIS 5e. The reconstructed September SICsproxy have a Root Mean Square Error of Prediction (RMSEP) of 0.09 
and SSSTsproxy have a RMSEP of 1.1°C. For PI SSSTsproxy at each core site the average January-March SSTproxy 
from 1870 to 1900 was calculated from the HadISST1 data set (Rayner et al., 2003). The average SSSTproxy and 
September SICproxy in the 130–128 ka interval is considered to represent Peak MIS 5e conditions. This time inter-
val is chosen as it is within the chronological uncertainty (±2 ka) of both the peak δ 18O in the EPICA Dome C 
ice core record at ∼128 ka (Sime et al., 2009) and the termination of the H11 meltwater event at 130 ka (Marino 
et al., 2015).

3. Results
3.1. SSSTmodel Anomalies

In both the LIG_HG and H11(250)_HG simulations the pattern of SSSTmodel anomalies for Peak MIS 5e rela-
tive to the PI is very similar (Figures  1a and  1b). Both runs show a cooling (0–1°C) in the Atlantic sector 
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(70°W–20°E) and a warming (0–1.5°C) in the Indian sector (20–150°E) during Peak MIS 5e relative to the PI, 
with both trends more pronounced in the H11(250)_HG run (Figure 1b). In the Pacific sector (150°E–70°W), 
both the LIG_HG and H11(250)_HG simulations show a warming (0–1°C) in the eastern region (120–70°W) and 
a cooling (0–0.5°C) in the western region, south of the modern WSIE (150°E–150°W) but have diverging trends 
in the central area (150–120°W) where the LIG_HG run has a warming of up to 1°C and the H11(250)_HG run 
has a mixture of warming and cooling, all by less than 0.5°C (Figures 1a and 1b).

The H11(250)_HC and H11(1600)_HC simulations both have greater warming trends than either of the 
HadGEM3 runs, with only a few localized areas of cooling in the H11(250)_HC run and none in H11(1600)_HC 
run (Figures 1c and 1d). In the H11(250)_HC run, the area north of the modern WSIE had largely warmed by 
0.5–1.5°C, whereas the region within the modern WSIE was generally less than 0.5°C warmer than PI (Figure 1c). 
In the H11(1600)_HC run the SSSTmodel anomalies have increased throughout the SO relative to the H11(250)_
HC run, with the region within the modern WSIE mainly 0.5–1.5°C warmer than PI and the area to the north of 
the modern WSIE largely showing 1–3°C warming (Figure 1d). All simulations show the greatest Peak MIS 5e 
warming in the 90–170°E region, north of 60°S (Figure 1).

Figure 1. Maps of summer (January to March (JFM)) SSTmodel anomalies for Peak Marine Isotope Stage 5e relative to the preindustrial. (a) LIG_HG. (b) H11(250)_
HG. (c) H11(250)_HC. (d) H11(1600)_HC. Colored circles on all maps represent the JFM SSTproxy anomalies from Chadwick et al. (2022b) and colored squares 
represent the SSSTproxy anomalies from Capron et al. (2017). The dashed black lines mark the boundaries between the three Southern Ocean sectors and the dotted black 
lines mark the modern extents of the Weddell Sea and Ross Sea gyres (positions of the Weddell Sea gyre is from Vernet et al. (2019) and the Ross Sea gyre is from 
Dotto et al. (2018)).
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3.2. SSSTproxy Anomalies

With the exception of core TPC290, the sediment cores all indicate warmer conditions during Peak MIS 5e than 
the PI (Table 1 and Figure 1). The Pacific sector cores have SSSTproxy anomalies of less than 1.5°C, with the 
more southerly cores showing a warming of less than 1°C (Table 1). The nearby cores TPC288 and TPC287 in 
the Atlantic sector have similar SSSTproxy anomalies to each other, whereas, in the Indian sector, the proximally 
located cores MD03-2603 and U1361A have very different SSSTproxy anomalies to each other, with the SSSTproxy 
anomaly for core MD03-2603 more than 3°C warmer than the anomaly in core U1361A (Table 1 and Figure 1).

Within the ±1.1°C uncertainty on the diatom transfer function SSSTproxy values and the standard deviation of the 
model output, the Peak MIS 5e–PI SSSTproxy anomalies in all Pacific sector cores match the H11(250)_HC and 
H11(1600)_HC runs (Table 1 and Figures 1c and 1d). Proxy data for cores PC509 and ANTA91-8 also match the 
HadGEM3 model outputs (Table 1) and the proxy data in core ELT17-9 matches the LIG_HG run (Table 1). The 
transfer function Peak MIS 5e SSSTproxy anomaly in core U1361A also matches, within uncertainty, the values 
from all four model runs (Table 1). The transfer function SSSTproxy anomalies in cores TPC288 and MD03-2603 
only match the model output for H11(1600)_HC and in core TPC287 there is not a match with any of the model 
outputs considered here (Table 1). Cores TPC288, TPC287, and MD03-2603 have SSSTproxy anomalies >2°C 
warmer than all the models and core TPC290 > 1.5°C cooler than all the models (Table 1).

3.3. September SICsmodel

The patterns of September SICsmodel are very similar between the HadGEM3 simulations (Figures 2a and 2b), 
with the main difference a greater WSIEmodel in the H11(250)_HG run in the Pacific sector region 150–120°W 
and in the Weddell Sea to the east of the Antarctic Peninsula (Figure 2b). The HadCM3 simulations both have 
a reduced WSIEmodel compared to the HadGEM3 runs, most notably in the eastern Weddell Sea (30°W–30°E) 
where the WSI edge is >5° latitude further south than either of the HadGEM3 runs (Figures 2c and 2d). In the 
H11(1600)_HC run, the September SICsmodel are reduced compared to H11(250)_HC run, with the WSI edge 
2–5° latitude further poleward in the former (Figure 2d).

3.4. September SICsproxy

Within the ±0.09 uncertainty on the transfer function September SICproxy values and two standard deviations of 
the model outputs, the Peak MIS 5e September SICsproxy for many of the cores (TPC290, MD03-2603, U1361A 
and ANTA91-8) do not match any of the model runs (Table 1 and Figure 2). The match between model and proxy 
September SICs in the other cores is largely due to the high standard deviations of the model output. The proxy 
data in cores TPC288, TPC287, ELT17-9, and PC509 are the closest match for the H11(1600)_HC simulation 
(Table 1). The pattern of September SICsmodel in the H11(1600)_HC simulation is also the best match with the 
transfer function values in the sediment cores (Figure 2d), with the greatest discrepancy evident in the expan-
sion of western Pacific sector (150°E–150°W) WSIEmodel, relative to the modern, in the H11(1600)_HC run, 
compared with the WSIEproxy reduction evident in the sediment core data (Figure 2d).

4. Discussion
4.1. SSSTmodel/proxy Anomalies

For the Pacific sector core sites, the best model-data match for SSSTmodel/proxy anomalies is with the H11(1600)_HC 
run (Table 1 and Figure 1d), suggesting that the region south of 60°S in this sector was largely 0.5–1°C warmer 
than PI during Peak MIS 5e (Figure 1d). This SSSTmodel anomaly is consistent with the more southerly SO core 
sites in Capron et al. (2017) and Chadwick et al. (2020) and suggests that the region south of the APF warmed 
less than the rest of the SO during MIS 5e. The better match between the proxy data and the H11(1600)_HC simu-
lation than between the proxy data and the H11(250)_HC simulation supports the need to run meltwater-hosed 
simulations for a longer duration than the 250 years in both the H11(250)_HG and H11(250)_HC runs.

In the Indian sector, all the model runs in this study indicate warmer conditions at core site MD03-2603 than the 
nearby U1361A (Table 1), but none of them have a difference of more than 0.8°C, whereas the transfer function 
SSSTproxy anomalies are >3°C warmer at core site MD03-2603 than U1361A (Table 1). The colder conditions 
around core U1361A could be due to increased melting of the Wilkes subglacial basin during MIS 5e (Wilson 
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et al., 2018). The shelf bathymetry would likely funnel any colder glacial meltwaters toward U1361A rather than 
MD03-2603 (Behrens et al., 2019), promoting the difference in SSSTmodel/proxy anomalies. However, this does 
not explain why the SSSTproxy anomaly for core MD03-2603 is still >2°C greater than any of the model results.

The colder-than-PI SSSTproxy in core TPC290 is anomalous when compared to the nearby Atlantic sector cores 
TPC288 and TPC287 (Figure 1 and Table 1). This is likely a result of high abundances of the diatom group Chae-
toceros resting spores (rs.) during MIS 5e (Chadwick & Allen, 2021), as discussed in Chadwick et al. (2022b). 
This diatom group is associated with meltwater stratification (Crosta et al., 1997) and WSI (Armand et al., 2005) 
and is found in highest present day abundances along the Antarctic Peninsula. Therefore, the high Chaetoceros 
rs. abundances in core TPC290 MIS 5e samples are likely to be misattributed to the colder conditions along the 
Antarctic Peninsula than to the Scotia Sea, where there are no modern samples in the transfer function reference 
data set (Chadwick et al., 2022b).

Figure 2. Maps of September SICsmodel for Peak Marine Isotope Stage 5e. (a) LIG_HG. (b) H11(250)_HG. (c) H11(250)_HC. (d) H11(1600)_HC. Colored circles on 
all maps represent the September SICsproxy in Chadwick et al. (2022b). The solid gray line on all maps marks the modern (1981–2010) median September sea-ice extent 
(Fetterer et al., 2017), the dotted gray lines mark the September sea-ice extent from the preindustrial (PI) model runs (HadCM3 PI extent is from Turner et al., 2001), 
and the dashed black lines mark the boundaries between the three Southern Ocean sectors.
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None of the model runs considered here are able to recreate the ∼2.7°C SSSTproxy anomaly in the Atlantic sector 
cores TPC288 and TPC287 (Table 1 and Figure 1). This discrepancy could be as a result of a poleward constric-
tion of the northern limb of the Weddell Gyre not materializing in the model runs. A constriction of the Weddell 
Gyre would displace warm (>1.5°C) surface waters to the south during Peak MIS 5e, causing larger positive 
SSSTproxy anomalies at cores TPC288 and TPC287 than if both cores had remained bathed by Weddell Sea 
surface waters during Peak MIS 5e. A reduction in the extent of the Weddell Gyre during MIS 5e is supported by 
the findings of Ghadi et al. (2020) and Chadwick et al. (2022a) and is consistent with the increased strength of the 
Antarctic Circumpolar Current during MIS 5e relative to the recent shown by Wu et al. (2021).

A CMIP3 and CMIP5 model ensemble by Wang  (2013) identified that subpolar gyre areal extent displays a 
diverse response to warmer-than-present climatic conditions, with trends varying from a 23 × 10 10 m 2/decade 
decrease to a 69 × 10 10 m 2/decade increase between models. The HadCM3 run included in this ensemble showed 
a slight increasing trend in areal extent of 1 × 10 10 m 2/decade and the barotropic stream functions from the 
LIG_HG and H11(250)_HG simulations (Figure S2 in Supporting Information S1) indicate that the model posi-
tion of the Weddell and Ross Sea gyres is very similar to their modern positions. This all supports minimal, or 
no, poleward contraction in model gyre positions during MIS 5e, relative to today, in contrast to the hypothesized 
contraction evidenced by the proxy records. Our proxy-model comparison could therefore be highlighting defi-
ciencies in subpolar gyre evolution in models, with the greatest model-data discrepancies from the core sites at 
the edges of the present-day gyre extents.

Both Kuhlbrodt et al. (2018) and Menary et al. (2018) indicate that SO circulation in HadGEM3 simulations of 
the PI and present day show a fairly close match to observations. Therefore the discrepancy between SSSTproxy 
anomalies and SSSTmodel anomalies is not just an artifact of the model being unable to faithfully recreate PI 
circulation in the SO.

It is also possible that the discrepancy between SSSTproxy anomalies and SSSTmodel anomalies for cores TPC288 
and TPC287 is as a result of the simulations not being run for a sufficient duration for the meltwater-induced 
warming perturbation to fully propagate across the SO. The improved match between SSSTproxy anomalies and 
SSSTmodel anomalies for the H11(1600)_HC simulation than for the H11(250)_HC simulation (Figure 1) suggests 
that running meltwater forced simulations for a longer duration could result in SSSTmodel anomalies consistent 
with the SSSTproxy anomalies in cores TPC288 and TPC287.

The >2°C SSSTproxy anomalies in cores TPC288, TPC287, and MD03-2603 are greater than other published 
SSSTproxy anomalies from the region south of the APF (Capron et al., 2017; Chadwick et al., 2020) and contrasts 
with the pattern of decreased SSSTproxy anomalies toward the continent. The largest SSSTproxy anomalies in the 
Capron et al. (2017) and Chadwick et al. (2020) syntheses were found in cores that were likely bathed by differ-
ent surface water masses during MIS 5e compared to present/PI (Chadwick et al., 2020), indicating that this is 
likely also the case for core sites TPC288, TPC287, and MD03-2603. This difference in the surface water mass 
above the core sites could have been caused by either changes in gyre extent, in the case of cores TPC288 and 
TPC287, or by movement of Antarctic Circumpolar Current fronts, in the case of core MD03-2603 (Chadwick 
et al., 2022b). Comparing the SSSTproxy anomalies in the Atlantic and Indian sectors with the Pacific sector shows 
that there is strong longitudinal heterogeneity in SSSTproxy anomalies in addition to the latitudinal variation iden-
tified by Chadwick et al. (2020).

For the SO south of the APF, Capron et al. (2017) reconstructed a mean SSSTproxy anomaly of +1.4 ± 1.2°C 
during Peak MIS 5e relative to the PI and Chadwick et al. (2022b) reconstructed a mean SSSTproxy anomaly of 
+1.6 ± 1.2°C relative to the PI. Combining these syntheses indicates that the SO south of the APF averaged 
1.5 ± 1.2°C warmer during Peak MIS 5e than the PI.

4.2. September SICsmodel/proxy

In the western Pacific (Ross Sea) sector all the model runs appear to overestimate Peak MIS 5e WSIEmodel, with 
the HadCM3 runs even indicating an expansion in WSIEmodel relative to the modern (Figures 2c and 2d). The 
eastern Pacific sector has better model-data agreement, especially for the H11(250)_HG and H11(1600)_HC runs 
(Figures 2b and 2d). The shape of modern Pacific sector WSIE is strongly influenced by the position of the APF 
and the shape and position of the Ross Sea Gyre (Nghiem et al., 2016), with the proxy data indicating a poleward 
movement of the APF and contraction of the Ross Sea Gyre in the western Pacific sector which is less apparent 
in the models.
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A similar poleward contraction of the Weddell Gyre during MIS 5e, as previously hypothesized with the SSSTproxy 
anomalies in cores TPC288 and TPC287 (Section 4.1), would also help explain the shape of the WSIEmodel in 
the HadCM3 runs (Figures 2c and 2d), with a longitudinal constriction of the Weddell Gyre during MIS 5e also 
supported by proxy data from the western Indian sector (Ghadi et al., 2020). Alternatively, running meltwater 
forced simulations for a longer duration could also result in an improved match between SICsproxy and SICsmodel 
for cores TPC288 and TPC287, with an improved model-proxy match already seen in H11(1600)_HC compared 
to H11(250)_HC (Figure 2).

The shape of the eastern Indian sector WSIEmodel in the HadCM3 simulations in the proximity of cores MD03-
2603 and U1361A (Figures 2c and 2d) is consistent with the greater Peak MIS 5e September SICproxy recon-
structed for core U1361A. High glacial meltwater flux can promote increased WSIE (Merino et al., 2018) and the 
configuration of the eastern Indian sector WSIE therefore supports a large release of glacial meltwater from the 
Wilkes subglacial basin during MIS 5e (Wilson et al., 2018), which was channeled toward core U1361A rather 
than core MD03-2603, as discussed in Section 4.1. Many of the estimates of Peak MIS 5e September SICproxy 
have a good visual similarity to the models (Figure 2) but do not match the models within the transfer function 
uncertainty (Table 1). This discrepancy is due to the steep gradient in SIC fraction, with values between 0.2 and 
0.8 occupying only a small geographic area (Figure 2), and therefore small variations in the position of the WSI 
edge can make a large difference to the Peak MIS 5e September SICmodel/proxy at most of the core sites. This is 
supported by the high standard deviation of model output for September SICsmodel between 0.2 and 0.8 (Table 1).

5. Conclusions
Reconstructed Peak MIS 5e September SICsproxy and SSSTproxy anomalies display variation both within and 
between SO sectors (Figures 1 and 2). The greatest discrepancies between the proxy data and the simulation 
results are for the WSIE in the western Pacific sector and the SSSTs in the Atlantic sector (Figures 1 and 2), 
which could be due to a poleward contraction of the Ross Sea and Weddell Gyres, respectively, that is not fully 
realized in the models, or could also be as a result of the meltwater hosed simulations not having been run for a 
sufficient duration.

Of the four HadGEM3 and HadCM3 simulations presented in this study, the best match to the proxy data is 
provided by the H11(1600)_HC simulation (Figures 1d and 2d and Table 1). The better model-data agreement 
for the H11(1600)_HC run than for the H11(250)_HC run supports the importance of including North Atlantic 
meltwater hosing in models of Peak MIS 5e climate and running the models for longer than 250 years. The 
importance of this meltwater hosing in MIS 5e reconstructions has also been shown through transient modeling 
of Termination II in Obase et al. (2021). The short run length of the H11(250)_HG simulation explains the poor 
match to the proxy data as the output is more likely reflective of the conditions at ∼133 ka (Holloway et al., 2018; 
Marino et al., 2015) than 130–128 ka. Guarino et al. (2023) showed that after 250 years of meltwater hosing, the 
global heat transport south of 55°S remained unaffected in HadGEM3 simulations, which would explain why 
the WSIE in H11(250)_HG does not show any more consistency with the proxy records than the non-meltwater 
forced LIG_HG simulation.

Running the meltwater hosed H11(250)_HG simulation for a longer duration, ideally 3–4 ka (Marino et al., 2015), 
is crucial for investigating how well the latest simulations match with the Peak MIS 5e conditions reconstructed 
from marine sediment cores. Whilst the existing evidence suggests that H11 meltwater forcing is required to get 
a match between the models and proxy data, the current model run-duration is too short and likely needs to be 
run for at least 1500 years for us to know whether state of the art models are capable of matching the Peak MIS 
5e conditions evidenced by the proxy data. Of particular interest in the analysis of longer HadGEM3 runs would 
be to assess whether the model would resolve the greater reduction in the Atlantic sector WSIEmodel/proxy seen in 
both sediment core data (Chadwick et al., 2022a, 2022b) and previous models (Holloway et al., 2017; Holloway 
et al., 2018) but absent from either the LIG_HG or H11(250)_HG simulations (Figures 2a and 2b). Additionally, 
for future model runs there potentially needs to be additional focus on how the Weddell Sea and Ross Sea gyres 
are realized in the simulations.
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Data Availability Statement
The MIS 5e September SIC and SSST data for the nine marine sediment cores, produced using the Modern 
Analog Technique, are available from PANGAEA (Chadwick et al., 2021). All HadGEM3 and HadCM3 model 
output presented in this manuscript are available as netCDF files from Mendeley (Chadwick & Guarino, 2023). 
Additionally the PI HadGEM3 output is available from the Earth System Grid Federation (J. Ridley et al., 2018).
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