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a b s t r a c t

The last interglacial (LIG: ~130 to 115 thousand years before present) is often used as an analogue for
near-future climate warming. Antarctic Ice Sheet response to LIG warming is of particular interest,
because of its implications for sea level rise. Comparison between LIG climate simulations and proxy-
based reconstructions of Southern Ocean sea surface temperature (SST) remains challenging, due to
high uncertainties in both reconstructions and simulations. In this two-part study, the accompanying
paper (Part 1) addressed uncertainties in the SST reconstructions by evaluating proxies relevant to
Southern Ocean SST, and made recommendations for which proxies and respective calibrations are most
reliable on glacial-interglacial time scales in this region. In the second part (this paper), we now apply
these recommendations to a synthesis of Southern Ocean SST over the penultimate glacial and LIG.
Similar to previous studies, we find that LIG warming at 40�S to 60�S reached 1.6 ± 1.1 �C (annual mean)
or 1.9 ± 1.3 �C (austral summer: JFM) relative to present. Annual/summer cooling in the penultimate
glacial maximum reached �3.6 ± 1.0 �C/�4.0 ± 1.2 �C, similar to the last glacial maximum. Compared
with the previous LIG SST syntheses, our reported uncertainties more strongly reflect geographic vari-
ability and dating errors, as we have reduced errors in the individual temperature reconstructions and do
not date records by aligning peaks in their SST. However, the reconstruction errors are still important,
and we do not recommend detailed interpretation of temperature records from small numbers of sites.
Instead, comparisons of our new synthesis with model simulations should focus only on the regional
average.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Interest in the last interglacial (LIG, 130 to 115 ka before present)
is motivated by its potential as an analogue for near-future climate
warming, in particular the contributions of ice sheets to sea-level
rise (e.g., Dutton et al., 2015; Yin and Berger, 2015; Sutter et al.,
2016; Gilford et al., 2020; Turney et al., 2020a; DeConto et al.,
2021). In the Southern Hemisphere, ice core evidence shows that
the East Antarctic Ice Sheet (EAIS) persisted through the LIG and
several previous interglacials (Petit et al., 1999; Watanabe et al.,
2003; Jouzel et al., 2007), during which times global and Antarc-
tic climates have sometimes been warmer than present (Past
Interglacials Working Group of PAGES, 2016). In contrast, persis-
tence of theWest Antarctic Ice Sheet (WAIS) through interglacials is
more uncertain (Mercer, 1978; Scherer et al., 1998; Vaughan, 2008;
ler).

ier Ltd. This is an open access artic
Turney et al., 2020a). During the LIG, southern mid-latitude sea
surface temperatures (SSTs) and Antarctic surface air temperatures
were likely less than ~2 �C and ~4 �C above present, respectively,
while sea level likely reached 6e9 m above present (Kopp et al.,
2009; Masson-Delmotte et al., 2011; Capron et al., 2014; Dutton
et al., 2015; Hoffman et al., 2017). Although individual contribu-
tions to this sea level high stand remain debated, the potential for
extensive WAIS ice loss even under moderate future warming is of
concern. The regional and global climatic consequences of
increasing fresh water fluxes from Antarctica into the Southern
Ocean provide additional motivation for considering future ice loss
(Bintanja et al., 2015; Fogwill et al., 2015; Mackie et al., 2020).

Differences in greenhouse gas concentrations, and in the sea-
sonal and spatial distribution of insolation, between the LIG and
present lead to spatial and seasonal differences in the nature of the
climatic forcing; these have been discussed in detail already
(Langebroek and Nisancioglu, 2014; Yin and Berger, 2015; Past
Interglacials Working Group of PAGES, 2016). In the Southern
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Hemisphere, thermal inertia of the ocean and efficient mixing by
the Antarctic Circumpolar Current (ACC) may act to dampen
regional and seasonal contrasts, in comparison to the Northern
Hemisphere where the ocean basins are relatively isolated and
there is much greater land cover. However, Antarctica and the
Southern Ocean were likely to have been closely coupled with
events in the Northern Hemisphere via the Atlantic meridional
overturning circulation over millennial time scales (e.g., Holden
et al., 2010; Pedro et al., 2018). The interest and complexity in
Southern Ocean climate during the LIG demands high-quality
paleoclimate reconstructions, and existing SST syntheses covering
this region already provide valuable references in that respect (e.g.,
Capron et al., 2014; Hoffman et al., 2017; Turney et al., 2020b: see
Table S1.1). This study builds on their efforts in two key respects.

Firstly (Part 1: Chandler and Langebroek, 2021), we focused on
the several challenges associated with reconstructing SST in the
Southern Ocean. Existing syntheses havemostly used temperatures
as originally published, but the choices of proxies and respective
calibrations are not necessarily optimal for this region. Using recent
databases of modern ocean sediment samples (Tierney and Tingley,
2014, 2018; Haddam et al., 2016; Saenger and Evans, 2019; Tierney
et al., 2019), and by considering problems associated with season-
ality, advection, and non-thermal influences, we then made rec-
ommendations for which proxies and calibrations are considered to
be most reliable for the Southern Ocean at glacial-interglacial time
scales.

Secondly (in this paper) we apply these recommendations to
establish a much longer LIG Southern Ocean SST synthesis than in
previous studies, now including all of the penultimate glacial (MIS
6,191 to 130 ka before present). As well as addressing interest in the
penultimate glacial itself (Rohling et al., 2017; Menviel et al., 2019),
this longer reconstruction should benefit LIG climate and/or ice
sheet simulations for which the penultimate glacial contributes to
the initialisation period (e.g., Goelzer et al., 2016; Albrecht et al.,
2020). We also continue our synthesis from the LIG to the pre-
sent but without adding the additional records that do not cover
the LIG. This is not intended for use directly as a reconstruction -
there are more detailed syntheses for the LGM and Holocene which
benefit from the more numerous and higher-resolution records
available for these periods (Waelbroeck et al., 2009; Gersonde et al.,
2003; Barrows and Juggins, 2005; Hern�andez et al., 2020). Instead,
it helps empricial evaluation of reconstruction errors by (i)
providing a reconstructed SST anomaly at 0 ka (which should be
zero) and (ii) providing 2 full glacial cycles with which to compare
SST reconstructions at sites where multiple proxies are available in
the same sediment core. Finally, we compare Southern Ocean SST
and Antarctic surface air temperatures over the last two glacial
cycles, and suggest that parameterisations employed in climatic
forcings for the present interglacial in the Southern mid-to high
latitudes should be robust throughout the penultimate glacial cycle,
at least at the coarse (2 kyr) resolution employed here.

2. Study region and methods

The study region, informally referred to here as the Southern
Ocean, is the ocean south of 40�S. This northern limit minimises
inter-basin variability by restricting our study area predominantly
to a region that is rapidly mixed by the Antarctic Circumpolar
Current (ACC). The southern boundary in theory is the Antarctic
continent, but in practice was 57�S due to a lack of records from
further south. The chosen region contains few continental margins,
where transport in boundary currents can cause problems for proxy
reconstructions (see Part 1). Modern Southern Ocean dynamics in
the context of global climate are described elsewhere (e.g., Rintoul,
2018).
2

The available SST proxies fall into two broad groups:
geochemical and assemblage. The former uses an empirical cali-
bration, and the latter a statistical approach using transfer func-
tions or the modern analogue technique (MAT). Our detailed
evaluation in Part 1 recommended two geochemical proxies (C37
alkenones and Globigerina bulloides Mg/Ca ratio) and two
assemblage-based proxies (foraminifera and diatoms). Fortuitously,
this selection includes one heterotrophic group and one photo-
tropic group in each of the two proxy groups. This diversity mini-
mises the poorly-constrained influences of past changes in
seasonality, habitat depth, or other factors that might affect one
group more than another.

Data for most SST reconstructions were obtained from the
Pangaea (https://www.pangaea.de) or NOAA (https://www.ncdc.
noaa.gov/data-access/paleoclimatology-data) archives. Otherwise,
datawere requested from the authors, or digitised from the original
publication (using WebPlotDigitizer: https://apps.automeris.io/
wpd/). Digitizing was only needed at 3 sites (Table A1) and was
the least favoured option because it is less accurate and it is not
possible to clearly identify individual data points in line plots.

Anomalies are reported relative to the World Ocean Atlas
(WOA2018: Locarnini et al., 2018). Modern SST at each site was
bilinearly interpolated from the four closest WOA18 grid points.
Capron et al. (2014) found the choice of modern ocean atlas
introduced little error (±0.2 �C), far smaller than the errors in the
reconstructions. The reconstructed core-top temperatures are not
used as the reference, because not all sites have a core-top sample.
Instead the available core tops were used to assess errors for the
subset of records that does have a core-top sample, since the
modern sediments should (in theory) yield a modern SST anomaly
of zero.

Following recommendations in Part 1, we focus only on the
Southern Ocean mean SST anomaly, and do not analyse records
from individual sites or sub-regions.
2.1. Selection criteria

To reduce the uncertainty in our mean regional SST anomaly, we
can reduce the error in individual reconstructions and/or increase
the number of reconstructions, considering that uncertainty in the
mean of n independent samples increases as s=

ffiffiffi

n
p

. Increasing n
requires the selection of lower-quality records that could increase
s, but also samples a greater area of the Southern Ocean, so that our
regional mean is more representative. Inclusivity is ultimately a
subjective compromise between quality and quantity. Suitability of
each proxy was evaluated by reviewing their individual strengths
and weaknesses (Part 1). Previous syntheses (Capron et al., 2014;
Hoffman et al., 2017; Turney et al., 2020b) have not been selective in
this respect, although Hoffman et al. (2017) recalculated the
contributing alkenone and Mg/Ca records using consistent cali-
brations. However, not all of the many available calibrations are
optimal for the Southern Ocean. This motivated our use of consis-
tent calibrations in this study, following the evaluation in Part 1.
2.2. Temperature calibrations

Temperatures based on diatom assemblages were used as
originally published. Temperatures for the other proxies were
calculated following the recommendations in Part 1, summarised
briefly as follows.

For the alkenone UK 0
37 index we used the Prahl et al. (1988)

annual SST calibration, and a revised summer SST calibration (Part
1) based on a core-top sediment database (Tierney and Tingley,
2018). The latter lies between the Sikes and Volkman (1993) and
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Müller et al. (1998) calibrations. Annual and summer temperatures
in �C are:

Annual SST ¼ 30:3UK 0
37 � 1:30

Summer SST ¼ 29:7UK 0
37 þ 0:90

The respective RMSEPs are 1.6 and 1.7 �C. The advantages and
disadvantages of using a single index to reconstruct both annual
and summer SST were discussed in Part 1, but most importantly we
note that the implicitly fixed seasonality prevents comparison of
summer and annual temperature reconstructions.

For G. bulloidesMg/Ca we used a revised calibration from Part 1,
based on core-top sediment databases (Saenger and Evans, 2019;
Tierney et al., 2019). Again, temperatures are in �C:

Annual SST ¼ 13:0lnð1:23Mg=CaÞ

The RMSEP is 2.6 �C.
For the foraminifera assemblages we calculated annual and

summer SST using the modern analogue technique and core-top
sediment census counts in the Haddam et al. (2016) database. We
used the unweighted mean of the 7 best analogues, based on
thirteen selected taxa (see Part 1), yielding respective annual and
summer RMSEPs of 1.2 and 1.4 �C.

2.3. Age models and chronology

The LIG and penultimate glacial are well beyond the ~40 ka
range of radiocarbon dating. Instead, dating of the Southern Ocean
sediment cores can be achieved by aligning one or more proxy
records in the sediment core with a suitable target, such as a global
or regional benthic foraminiferal d18O stack (Lisiecki and Raymo,
2005; Lisiecki and Stern, 2016), a proxy record in another marine
sediment core (e.g., Xiao et al., 2016; Hoffman et al., 2017), or an ice
core proxy record (Capron et al., 2014; Hoffman et al., 2017). Each
method has distinct strengths and weaknesses.

Since we are reconstructing SST, the simplest and most conve-
nient approach is to align the reconstructed SST with another
temperature. In their LIG SST syntheses, Capron et al. (2014) and
Hoffman et al. (2017) assumed that SST across all three main basins
of the Southern Ocean evolved synchronously with Antarctic ice
sheet air temperature at millennial time scales. On this basis,
Capron et al. (2014) aligned all their Southern Ocean SST re-
constructions directly with the high-resolution EPICA Dome C
(EDC) air temperature reconstruction (Jouzel et al., 2007). This
method was preferred over alignment of benthic foraminiferal
calcite oxygen isotopes (d18O), because of potentially asynchronous
changes in benthic d18O between ocean basins during glacial ter-
minations (Lisiecki and Raymo, 2009). In a combined approach,
Hoffman et al. (2017) aligned the SST of one high-resolution
‘reference core’ in each Southern Ocean basin with EDC air tem-
perature, but then aligned the remaining cores in each basin with
the respective basin's reference core using benthic d18O. This
allowed for some intra-basin variability in the timing of SST peaks.
Using SST for dating has the advantage of being applicable to all
available cores, some of which do not have d18O. However, three
important disadvantages are: (1) this method artificially amplifies
the reconstructed peak interglacial warming (and glacial cooling) if
local SSTchanges are not synchronous across the region; (2) the SST
reconstructions themselves often have poor signal-to-noise ratios
(see Part 1 and Section 3.2), and (3), age models suffer from am-
biguity if SST peaks based on different proxies or seasons at the
same site are separated by several thousand years (e.g., site FR1/94-
GC3: Pelejero et al., 2006; De Deckker et al., 2019).

Dating records by aligning benthic d18O with a global or regional
3

stack (Imbrie et al., 1984; Lisiecki and Raymo, 2005; Lisiecki and
Stern, 2016) has the advantage that the SST reconstructions and
age models are independent. However, foraminiferal d18O depends
on both seawater d18Ow (driven largely by global ice volume at
millennial time scales) and on temperature, according to the
paleotemperature equation (Eq. S2.1) (Urey et al., 1951; Shackleton,
1974). Neither d18Ow nor bottom water temperature changes were
necessarily globally synchronous, potentially introducing dating
errors of 2e3 kyr (Lisiecki and Stern, 2016). Another problem is that
many records only have planktic d18O (or no d18O data at all).
Several SST reconstructions in the Southern Ocean have used
planktic d18O for age modelling, but because planktic d18O likely
includes an important SST signal, we could then return to some of
the drawbacks just described for dating by SST.

Turney et al. (2020b) partly circumvented the problem of dating
in their global LIG SST synthesis by reporting temporal averages for
129 to 116 ka and for the late-glacial (140e135 ka), rather than
constructing a time series. However, their method does still need
some age control to identify the LIG and penultimate glacial
maximum (PGM), and the ~13 kyr time scale of the LIG-average SST
is likely too long to capture climatic changes important for ice sheet
or climate simulations over that period.

In Section S2 we discuss the use of foraminiferal d18O in more
detail, and estimate the relative contributions of temperature
changes and seawater d18Ow changes to foraminiferal calcite d18O
over glacial-interglacial time scales in the Southern Ocean. On that
basis, we choose to date records using benthic d18O where possible,
planktic d18O as an alternative, and exclude other records (e.g. those
aligned directly by SST). This was justified as follows.

1. SST reconstructions use different organisms from six planktic
groups, and are susceptible to important non-thermal in-
fluences (see Part 1). The resulting age models would suffer
from these same problems. In contrast, age models based on
SST-dependent planktic d18O are more consistent, as they are
still partly driven by seawater d18Ow and involve a much lower
diversity of organisms (only two species e G. bulloides and
N. pachyderma e from one planktic group).

2. Habitat tracking, which may dampen the SST signal in
geochemical SST proxies (see Part 1), is a hindrance to SST re-
constructions but is helpful when using planktic d18O for dating
because the water temperature signal in d18O is dampened
relative to the water isotopic d18Ow signal.

3. Advection of planktic organisms may introduce a large error in
SST reconstructions for some proxies, because organisms in the
sediments could have travelled many hundreds of kilometres
from their surface habitat (see Popova, 1986; van Sebille et al.,
2015; Nooteboom et al., 2019, and the discussion in Part 1).
This could clearly degrade age models based only on SST.
However, G. bulloides and N. pachyderma are both relatively fast
sinkers, and their fossils should have a relatively local origin in
comparison to other planktic groups (Fig. 1 in Part 1).

Our decision is a preferred but certainly not perfect solution.
Even when using only foraminiferal d18O for age models, further
challenges arise because of varying resolutions (between and
within records), and because in practice the picking of age tie points
is subjective. The challenge of consistently identifying tie points is
evident in Fig. S2.2.

The final question here is what chronology the records should
be transferred onto, since the several chronologies used in the
original temperature reconstructions differ by a few thousand years
during the penultimate glacial cycle (Imbrie et al., 1984; Martinson
et al., 1987; Lisiecki and Raymo, 2005; Parrenin et al., 2007; Bazin
et al., 2013; Veres et al., 2013; Lisiecki and Stern, 2016). Since we



Fig. 1. Resampling of irregular temperature records onto regular time slices. (a) Temperature sample ti at age i contributes to the temperatures Tj, Tjþ1 at neighbouring time slices Aj,
Ajþ1, with weightings of w and 1 � w. See Section 2.5 for details. (b) Example temperature records (blue) resampled to 2 kyr resolution (red). For the high-resolution record
reconstructed from alkenones at MD02-2588 (Govin et al., 2009), each time slice is based on several samples. In the low-resolution alkenones record from PS3489-2/ODP177-1090
(Martínez-Garcia et al., 2009), each time slice is based only on one sample, and some time slices are missing. (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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are selecting records with foraminiferal d18O, and for consistency
with many of the original publications, a convenient chronology is
LR04 (Lisiecki and Raymo, 2005). Using leads/lags between LR04
and the other chronologies (Imbrie et al., 1984; Martinson et al.,
1987; Lisiecki and Raymo, 2005; Parrenin et al., 2007; Bazin et al.,
2013; Veres et al., 2013), we can then transfer all selected records
onto LR04 without establishing new age models. Age modelling is
inevitably a subjective task, and using the authors' original age
models thus retains uncertainties reflecting ‘expert opinion’ in this
aspect of the synthesis. Such uncertainties are evident when
4

comparing the age models established by Capron et al. (2014) and
Hoffman et al. (2017) for the same sites: even using their quite
similar approaches, their respective ages were almost identical at
some sites but differed by 5e10 kyr at others (e.g., sites PS2489-2
and ODP177-1089).

A significant disadvantage of transferring the original age
models to LR04 is the possibility of asynchronous changes in
benthic d18O between themain Southern Ocean basins (Lisiecki and
Raymo, 2009; Capron et al., 2014; Lisiecki and Stern, 2016). This is
illustrated in the recent LS16 chronology (Lisiecki and Stern, 2016)



Start with sums ST,j ¼ 0, SW,j ¼ 0, and flag Fj ¼ False for all time slices j.
For all samples i ¼ 1…n:

Find j such that sample age ai lies between time slices Aj and Ajþ1.
Linear weighting w ¼ (ai � Aj)/Da.
Add wti to ST,j; add (1 � w)ti to ST,jþ1.
Add w to SW,j; add (1 � w) to SW,jþ1.
If w < 0.5, set Fj ¼ True.
If w � 0.5, set Fjþ1 ¼ True.

For each time slice j ¼ 0…J:
If Fj ¼ True then:

assign temperature Tj ¼ ST,j/SW,j

else:
assign no temperature for Tj.

All valid time slices have now been assigned a temperature.
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(plotted for the LIG in Fig. S2.1), where the end of the penultimate
glacial d18O maximum and start of the LIG d18O minimum differ by
up to 3 kyr between ocean basins. To take advantage of this more
recent LS16 chronology, which is based on many more sites in the
Southern Ocean than the older LR04 (Lisiecki and Raymo, 2005;
Lisiecki and Stern, 2016), we revise agemodels for our selected sites
where possible by aligning their benthic d18O with the respective
basin's LS16 benthic stack. For planktic d18O, we assume that iso-
topic changes were synchronous across all Southern Ocean basins
(due to rapid mixing by the ACC) and thus align records with the
mean across the four relevant LS16 regional water masses (deep
South Atlantic, deep Indian, deep Pacific and Intermediate Pacific:
see Lisiecki and Stern, 2016), recognising the potenial errors as
noted in Section S2.

2.4. Correction for advection

Correcting reconstructed SSTs for lateral advection of their
planktic hosts was considered important in the most recent SST
synthesis (Turney et al., 2020b). However, in Part 1 we highlighted
four important reasons to not use a drift correction in the Southern
Ocean. Briefly, these are: (1) the sinking rate and varies widely
between different proxies, and is poorly constrained, so assuming
the same sinking rate across all proxies is not appropriate; (2) drift
corrections were not applied to empirical calibrations or to training
data based on core-top sediments, so are not appropriate in re-
constructions using these uncorrected calibrations; (3) the drift
correction may be sensitive to changes in ocean circulation, which
has likely varied under past climates; and (4) ‘advection’ used here
in the loose sense also includes a diffusion component (related to
the eddy diffusivity of the ocean), which is a random process that
cannot necessarily be reversed in back-trajectory modelling (e.g.,
Batchelder, 2006). Instead we have chosen to exclude proxies
considered in Part 1 to be susceptible to strong advection bias.

2.5. Re-sampling and stacking records

The published sediment core records have inconsistent resolu-
tions and time periods. Before the records can be combined
(stacked) into a regular time series, they need re-sampling to a
common resolution. Specifically, each original record of n temper-
atures ti at ages ai (i ¼ 1…n) needs re-sampling to a common res-
olution (Da), at time slices Aj ¼ jDa (j ¼ 0…J) (Fig. 1). Here, to cover
the period from 200 ka to present at 2 kyr resolution, we use Da¼ 2
kyr and J ¼ 100. Simple linear interpolation of high-resolution re-
cords onto a low resolution time series could result in many sam-
ples not contributing to the re-sampled time series. Meanwhile,
linear interpolation of low-resolution records onto a higher reso-
lution time series can assign temperatures to times far from the
nearest sample; in this case, linear (or any other) interpolation is
not appropriate without some additional constraint. Instead, the
temperature Tj at each time slice Aj is calculated as a linearly
weighted average of all samples within a time range Aj ±Da. Thus,
for each record we calculate temperatures Tj at time slices Aj as
follows (see also Fig. 1).

Under this scheme, time slices j further than Da/2 from any data
5

point in the core record will remain flagged as False and will not be
assigned a temperature from that record. High-resolution records
will have a temperature assigned to most time slices, sometimes
calculated from several samples. Low-resolution records will only
have temperatures assigned to intermittent time slices, and those
time slices are likely to be based only on one sample. Examples of
both cases are shown in Fig. 1. For sites with low resolution and low
sedimentation rates (e.g., 2 cm/kyr at CHAT-1K, E49e19 and R657:
Weaver et al., 1998; Rickaby and Elderfield, 1999), we also note that
a single sample could span more than 2 kyr. For our purposes the
date of the sample is taken as that corresponding to the reported
sample depth. The most likely consequence of including a minority
of low-resolution records is some slight temporal smoothing of
regional mean temperature changes. The regional mean SST
anomaly at each time slice is the mean across all sites contributing
records to that time slice.
2.6. Uncertainties

When comparing this or past syntheses with climate simula-
tions, it is important to consider what exactly the reported uncer-
tainty represents.

One approach to estimating uncertainties in the regional SST
anomaly is to separately estimate dating errors, analytical errors,
and calibration errors at each site. These are then propagated
through each step of the synthesis in aMonte Carlo simulation (e.g.,
Capron et al., 2014; Hoffman et al., 2017). This has the advantage
that each individual site is assigned an error, but has some
important disadvantages for our application. First, spatial variance
is not included. If a hypothetical reconstruction technique were to
be developed with negligible dating and calibration error, the
Monte-Carlo simulation would return a negligible uncertainty in
regional mean SST for the Southern Ocean - even if records are
sparsely scattered across a large area. This is because the reported
error is in the mean SST at the chosen sites, not across the whole re-
gion. In addition, many sources of uncertainty (e.g., from season-
ality, particle drift and non-thermal influences: see Part 1) are not
well quantified even under modern conditions, so their uncertainty
will be even more poorly constrained under past climates.

In a synthesis of records, an alternative is to use a confidence
interval based simply on themean and standard deviation across all
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the records. Here, each anomaly is treated as a random sample from
the distribution of Southern Ocean SST anomalies. This will
empirically include geographical variability and most methodo-
logical errors, but it will exclude bias in calibrations of geochemical
proxies. For example, the linear Prahl and Wakeham (1987) cali-

bration is used to convert alkenone Uk0

37 index to SST, and the same
calibration parameters are used to reconstruct all records based on
alkenones, so errors in the calibration parameters will not be fully
accounted for in the final mean SST confidence interval. This could
be an important disadvantage where all records use the same
proxy, but becomes less important as the number of included proxy
types increases.

We are using four proxies selected from both main classes
(assemblage and geochemical). Therefore, we use the mean and
confidence interval of the stacked records as a simple but effective
estimate of uncertainty that includes spatial variance and random
reconstruction errors. We can further empirically evaluate errors
using the reconstructed SST at 0 ka (which should have an anomaly
of zero), and by comparison of two reconstructions from the same
sediment core.
3. Results

3.1. Penultimate glacial and last interglacial SST

Reconstructed SST anomalies at 2 kyr resolution show the ex-
pected glacial-interglacial cycles, reaching LIG maxima
of þ1.6 ± 1.1 �C (annual) and þ1.9 ± 1.3 �C (summer), in both cases
at 126 ka (Figs. 2 and 3). Using linear interpolation to estimate zero-
crossing points, the positive temperature anomaly most likely las-
ted from 131 to 119 ka (annual) or 132 to 118 ka (summer). There is
considerable uncertainty in this duration as the 95% confidence
intervals for the mean anomalies include zero for several thousand
years either side of the LIG optimum.

Cooling in the penultimate glacial reached �3.6 ± 1.0 �C
(annual) and �4.0 ± 1.2 �C (summer), but in contrast to the LIG,
there was no well-defined peak anomaly. Instead the long-term
temperature trend was relatively flat, with multiple minima of
similar magnitude between 186 and 142 ka (Fig. 2. However, the
uncertainties are relatively wide through the PGM, due to the lower
number of records rather than a wider spread, and we cannot be
sure whether these minima (or even the overall flat trend) reflect
real events or reconstruction errors.
3.2. Sensitivity and errors

3.2.1. Sensitivity to resolution
Sensitivity of the reconstruction to the chosen resolution was

tested by repeating the method at coarser resolution (4 kyr:
Table 1). Comparing 2 kyr and 4 kyr, we find that differences in the
strengths of the LIG optimum and PGM are within the un-
certainties. Therefore, our reconstructed temperatures show only
weak sensitivity to our choice of 2 kyr resolution. Finer resolution
(e.g., 1 kyr) is of course also possible, but is not meaningful in our
study given the dating errors, and at 1 kyr resolution there would
bemany time slices with few contributing sites. Nevertheless, a few
high-resolution sites in the Indian and Pacific ocean basins can
provide further insights into localised sub-millennial scale vari-
ability, as discussed in their original publications. These include
MD02-2488 (Govin et al., 2009), MD02-2588 (Romero et al., 2015),
MD88-770 (Barrows et al., 2007), MD97-2120 & MD97-2121
(Pahnke et al., 2003; Pahnke and Sachs, 2006), and SO136-GC3
(Pelejero et al., 2006; Barrows et al., 2007).
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3.2.2. Sensitivity to choice of proxies
Annual SST was reconstructed with C37 alkenones, foraminifera

assemblages and G. bulloides Mg/Ca, while summer SST was
reconstructed with C37 alkenones, foraminifera assemblages and
diatoms assemblages. In our evaluation of these proxies (Part 1),
the alkenones and foraminifera assemblages were considered as
the most reliable. Hence, we can repeat the synthesis using only
alkenones and foraminifera assemblages. Conveniently, this also
provides us with annual and summer SST time series based on the
same two proxies and almost the same sites (just 2 foraminifera
sites have only annual SST). Results based only on these two proxies
are very similar to those with three proxies (Table 1). Importantly,
the standard deviation of annual or summer SST at the LIG peak
(126 ka) increased, by 0.2 �C or 0.3 �C, after excluding Mg/Ca or
diatoms, respectively. This suggests that both Mg/Ca- and diatom-
based SSTs are consistent with the alkenone- and foraminifera
assemblage-based SSTs (otherwise, the standard deviation would
have been smaller after their exclusion). Therefore, inclusion of
G. bulloides Mg/Ca and diatoms should help to reduce overall un-
certainty in the regional mean SST anomaly.

3.2.3. Choice of revised calibrations
Comparison of SST time series based on individual proxies is

useful but has limited scope due to the low number of contributing
sites in many time slices (particularly prior to the LIG). However,
there are sufficient sites to compare the foraminifera assemblage
SST reconstructionwith the combined geochemical reconstructions
(alkenones and G. bulloides Mg/Ca). This is an interesting compar-
ison between the faunal and geochemical proxy groups, and is
possible using the originally published records as well as using our
revised/recommended calibrations. The comparison is helped by
the similar spatial distributions of sites for the two proxy groups
(Fig. 4b). To test for significant differences between the means of
the two proxy groups at each time slice, we use Welch's t-test,
which allows for unequal variances and sample sizes (Welch, 1947).

For the original reconstructions, we use the same selection of
sites as that used in the revised synthesis (Table A2), but use the
temperatures as originally published. We find the foraminifera
assemblage SST is consistently, and often significantly cooler, than
the geochemical group.

With our recommended calibrations in Section 2.2, the two time
series for annual mean SST are very consistent through both glacial
cycles (Fig. 4a). We find few significant differences, although this is
partly due to high variance and low N for many time slices
(particularly in MIS 6). There is an indication that the foraminifera
assemblage SST is a little cooler through the interglacials, but that
difference is not significant.

Overall, comparing the original and revised reconstructions in
this way provides further evidence that we have reduced the bias
associated with the different proxies.

3.2.4. Temperature bias
The reconstructed SST anomalies at 0 ka, which should be zero,

are þ0.3 ± 1.0 �C (annual) and þ0.8 ± 1.1 �C (summer). These
represent a weak (not statistically significant) warm bias in the
reconstruction. The magnitude of this bias is poorly constrained
because only 13 of 29 annual and 13 of 27 summer SST records have
a temperature at 0 ka. However, the bias is considerably smaller
than the amplitudes of (1) the glacial-interglacial temperature
changes and (2) the peak LIG warming relative to present. There-
fore, the positive LIG regional mean SST anomaly is unlikely to
simply reflect a warm bias in the temperature reconstructions.

For comparison, the annual and summer SST anomalies at the
same sites in the original reconstructions were þ0.6 ± 1.1 �C
(annual) and þ0.8 ± 3.5 �C (summer). The wide confidence interval



Fig. 2. Time series of revised SST anomalies at the selected sites in Table A1, for (a) annual and (b) summer (JFM). Each record has been revised following recommendations in Part 1,
then resampled to 2 kyr resolution (Section 2.5 and Fig. 1). Anomalies are relative to the 2005 to 2017 SST (World Ocean Atlas, 2018: Locarnini et al., 2018). Marine isotope stage
(MIS) boundaries follow Lisiecki and Raymo (2005). Records have been transferred to the Lisiecki and Stern (2016) chronology.
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in the original summer SST anomaly arises due to fewer contrib-

uting records (5 original, 9 revised), because the alkenone UK 0
37 in-

dex was mostly used only for annual SST, whereas we have used it
for summer too.

3.2.5. Duplicate reconstructions from one core
Comparison of duplicate SST reconstructions from a single core
7

provides a valuable empirical estimate of errors in reconstructed
SST, since errors in dating are eliminated. Herewe compare the four
sites which have multiple proxies with the same inferred season-
ality, and use the re-sampled 2 kyr data for the period 200 to 0 ka
(Fig. 5). We find a root mean square difference (RMSD) of 1.0 to
1.7 �C and a mean bias within ±0.9 �C when using the recom-
mended calibrations (blue bars in Fig. 5). Here the mean bias is



Fig. 3. (a) Annual and (b) summer SST anomalies at individual core sites, for time slices corresponding to the penultimate glacial maximum (PGM, at 142 ka), early last interglacial
(LIG) (130 ka), and LIG optimum (126 ka). Each record has been revised following recommendations in Part 1, and plotted anomalies are for 2 kyr time slices (Section 2.5 and Fig. 1).
Anomalies are relative to the 2005e2017 SST (World Ocean Atlas, 2018: Locarnini et al., 2018).

Table 1
Summary of Southern Ocean SST anomalies and their sensitivity to choices of synthesis method. *The penultimate glacial comprises several similar minima
between 186 and 142 ka. Figures quoted here are for 142 ka **The synthesis on the LR04 chronology uses the original age models, transferred from their
chronology to LR04 where necessary.

Annual SST anomaly Summer (JFM) SST anomaly

Total number of records, of which: 29 27
Alkenones 9 9
Diatom assemblage e 5
Foraminifera assemblage 15 13
G. bulloides Mg/Ca 5 e

Reconstructed SST at 0 ka (represents bias) þ0.3 ± 1.0 �C þ0.8 ± 1.1 �C
LGM minimum �3.9 ± 1.1 �C (24 ka) �3.8 ± 1.5 �C (22 ka)
LIG maximum þ1.6 ± 1.1�C (126 ka) þ1.9 ± 1.3�C (126 ka)
PGM ¡3.6 ± 1.0�C (*) ¡4.0 ± 1.2�C (142 ka)
Duration of positive anomaly 131 to 119 ka 132 to 118 ka
Mean latitude of sites 44.2�S 45.6�S
Latitude range 40.4 to 54.2�S 40.4 to 56.7�S

Sensitivity to resolution
LIG maximum, 2 kyr resolution þ1.6 ± 1.1 �C (126 ka) þ1.9 ± 1.3 �C (126 ka)
LIG maximum, 4 kyr resolution þ1.3 ± 0.7 �C (128 ka) þ1.7 ± 0.9 �C (128 ka)
PGM, 2 kyr resolution �3.6 ± 1.0 �C (*) �4.0 ± 1.2 �C (*)
PGM, 4 kyr resolution �3.5 ± 1.3 �C) (*) �3.3 ± 0.8 �C) (*)

Sensitivity to chosen proxies No Mg/Ca No diatoms
LIG maximum þ1.7 ± 1.4 �C (126 ka) þ2.0 ± 1.7 �C (126 ka)
PGM �3.8 ± 1.2 �C (*) �4.2 ± 1.2 �C (142 ka)

Sensitivity to dating**
LIG maximum: LR04 þ1.5 ± 0.9 �C (124 ka) þ1.9 ± 1.1 �C (124 ka)
PGM: LR04 �3.9 ± 1.2 �C (*) �3.9 ± 1.6 �C (*)
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Fig. 4. Top: Original and revised annual SST reconstructions at the sites selected in the revised synthesis, but separated by proxy group (foraminifera assemblage; geochemical).
Differences between the means of the two groups are quantified using Welch's t-test, and are significant (p < 0.05) outside of the green shading when |t/tcrit| > 1. Differences
between the two proxy groups are clearly reduced in the revised synthesis, compared to those in the original publications. Bottom: locations of the contributing SST records. (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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simply the difference in temperature between the respective re-
cords, averaged over time slices which have a temperature for both
records. Too few comparisons are available with which to mean-
ingfully assess the bias or reliability of individual proxies. Never-
theless, these results are encouraging from a number of aspects.
Firstly, the RMSDs are within the estimated RMSEPs for individual
proxies (Part 1), suggesting that the estimated RMSEPs provide a
9

realistic measure of the calibration errors, despite the potential for
spatial autocorrelation to artificially reduce estimated errors in
core-top datasets (Guiot and de Vernal, 2011a,b; Telford and Birks,
2011). Second, the low bias (<0.9 �C) indicates that offsets between
proxies are likely to be much smaller than the magnitude of glacial-
interglacial cycles. This is important in a synthesis of records from
different proxies, because an apparent change in regional mean SST



Fig. 5. Comparison of temperature reconstructions using different proxies in the same core, for the period 200 ka to present. (a) Annual SSTs reconstructed using the recommended
calibrations (see Part 1) and then resampled to 2 kyr resolution as described in Section 2.5. (b) Comparison of the root mean square difference (RMSD) and bias in the records as
originally published (red bars) and following revision using the recommended calibrations (blue bars). Original data sources are provided in Table A1. Proxy abbreviations are
alkenones (A), foraminifera assemblage (F), and G. bulloides Mg/Ca (M). (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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is less likely to simply reflect a changing contribution of the
different proxy types. Thirdly, the revised SSTs show reduced RMSD
and reduced bias in three out of four cases when compared to the
original published SSTs. This justifies our efforts to use consistent,
updated calibrations optimised for the Southern Ocean. Neverthe-
less, for specific time slices we find temperature differences
10
commonly reaching 3 �C, exceptionally 5 �C, affecting both glacial
climates and warm climates, again suggesting caution when ana-
lysing single records.
3.2.6. Sensitivity to dating
In Section 2.3 above we discussed briefly how the records
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should be dated, and chose to align records to the regional benthic
d18O stacks (LS16: Lisiecki and Stern, 2016) rather than transferring
the published age models to the older LR04 chronology (Lisiecki
and Raymo, 2005) used for many of the original reconstructions.
In practice, we find this choice makes little difference to the final
result (Table 1). This is probably because the errors in dating are still
dominated by the resolution of the records rather than inter-basin
variability in isotopic changes. Also, the 2 kyr resolution of the
synthesis is relatively coarse in comparison to the time scale of
inter-basin variability (<3 kyr).

3.3. Regional differences

We do not analyse in detail the differences between ocean ba-
sins, despite the potential value this could have in gaining a better
understanding of what is driving the observed changes in SST. Such
comparison is of questionable value because the relative contri-
butions of each proxy type, and the mean latitude of the contrib-
uting sites, vary between ocean basins. Furthermore, the relatively
small number of sites in each basin (Fig. 3) leads to uncertainties in
mean anomalies that are far greater than any apparent differences.
Qualitatively, we do not observe any obvious regional cold or warm
clusters in the time slices for the PGM (142 ka), early LIG (130 ka) or
LIG optimum (126 ka) (Fig. 3).

Although we cannot meaningfully compare different regions,
we can analyse how the correlation between pairs of records varies
with geographic separation. For N records, we have N(N � 1)/2
pairwise comparisons, giving us a much larger sample size thanwe
would have if comparing regional means. First, we calculate the
distances Dij between each pair of sites (i, j). D is in the circumpolar
sense, rather than the shortest (great circle) distance. For respective
longitudes Loni, Lonj in the range �180 to þ180�E, and latitudes
Lati, Latj in the range �60 to �40�N:

The average latitude is LatAv ¼ (Lati þ Latj)/2, and the radius of the
Earth is RE. Meridional and zonal displacements X and Y, respec-
tively, are then:

This a reasonable approximation for a narrow latitude band. Finally.

Now we correlate SSTs at the respective pairs of sites using
Spearman's rank correlation, yieldingN(N� 1)/2 pairs ofDij, rijwith
i ¼ 1 to N � 1, j ¼ i þ 1 to N.

For both annual and summer SST, 2D histograms of (Dij, rij)
(Fig. 6a,d) show generally strong site-to-site correlations at all
separations, with only a slight tendency towards an increasing
number of weaker correlations (e.g., rij < 0.5) as separation in-
creases. There are two clear clusters in the histogram for annual SST
(Fig. 6a), arising partly because the sites are themselves clustered
(Fig. 3). In Fig. 6a, one cluster of sites at close proximity Dij <
2000 km shows relatively strong site-to-site correlation
(0.4 < rij < 0.8). The second cluster includes sites separated by
~7000 km and shows slightly weaker site-to-site correlation
(0.4 < rij < 0.7). This second cluster of points with slightly weaker
correlation comprises site pairs either in different ocean basins or
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widely separated in the Pacific (Fig. 6b). There appears to be no
clear pattern in pairwise correlations for the individual or mixed
proxies (Fig. 6c). For summer SST, the clusters are still evident but
are less pronounced (Fig. 6d), and again there is no clear pattern for
the individual or mixed proxies and ocean basins (Fig. 6e and f).

Finally, we can also correlate the site-to-site correlation co-
efficients with separation distance (i.e., correlate rij with Dij. This
shows a weak decrease in site-to-site correlation with increasing
separation, significant at p < 0.05 for annual SST (r ¼ �0.15,
p ¼ 0.002) but not summer SST (r ¼ �0.09, p ¼ 0.089), consistent
with the patterns in the histograms (Fig. 6a,c)
4. Discussion

4.1. Comparison with recent LIG SST syntheses

Our synthesis of revised LIG SST reconstructions yields esti-
mates of mean regional SST anomalies in the Southern Ocean that
are not significantly different from those of recent syntheses (Fig. 7
and Table S1.1). The only exception is the Turney et al. (2020b) ‘LIG
average’ 129 to 116 ka summer SST, which is notably cooler than
both ours and that of Capron et al. (2014). In this respect it is
encouraging that the different approaches followed by each study
have arrived at somewhat similar answers, at least for the magni-
tude of LIG warming. There is also common consensus that the
Southern Ocean LIG optimum had very likely ended by 115 ka.

Despite the general similarities, the underlying approaches
differ in some important aspects which can be important, for
example when comparing these results with climate simulations.
Therefore, we discuss here what these different estimates, partic-
ularly the uncertainties, represent. First, we stress that the mean
and uncertainties quoted here for this study and the other syn-
theses have been calculated using themean and standard deviation
of SST anomalies at contributing sites south of 40�S (here reported
as the mean ± ts=

ffiffiffi

n
p

): they are not the uncertainties reported by
the original authors. We have used these alternative estimates to
enable a more consistent comparison across all studies. As noted in
Section 2.6, uncertainties originally reported by Capron et al. (2014)
and Hoffman et al. (2017) are in the mean SST anomaly only at their
specific sites (the error goes to zero if the calibration and dating
errors go to zero in their Monte-Carlo error analysis). In our
approach using the standard deviation and t-distribution, we as-
sume that errors are random and independent at each site, treat
each site as a random sample from a distribution of regional
anomalies, and thus estimate uncertainty in the mean SST anomaly
in the study region as a whole. Neither measure is necessarily better
than the other, but the difference can be important depending on
how these reconstructions are used. The Monte-Carlo approach is
perhaps better suited to comparisons with climate model output at
a few specific sites, while ourmethod is better suited to comparison
with a regional average. However, the Monte-Carlo error analysis
requires that errors are well constrained in each step of the
reconstruction, and this is not the case for Southern Ocean SST
reconstructions at glacial-interglacial time scales (Part 1). Further-
more, some planktic organismsmay be advectedmany hundreds of
km in the Southern Ocean, and the anomaly recorded at a core site
could reflect SSTchanges over awide area some distance away. This
footprint may have varied with time. Therefore, for most proxies
(except perhaps for foraminifera assemblages and Mg/Ca, associ-
ated with the fastest sinking group), wewould question the validity
of site-by-site comparisons with climate model output. Instead, the
regional average anomaly could provide a more meaningful com-
parison with simulations.

Capron et al. (2014) and Hoffman et al. (2017) both used revised



Fig. 6. For each pair of sites i, j, the separation distance (Dij) and Spearman's correlation in their SST (rij) were calculated as described in Section 3.3. (a) The 2D histogram of pairwise
separations and correlation coefficients for annual SST shows two clear clusters of site pairs: one centred on sites at close proximity (Dij < 2000 km) with relatively strong cor-
relation (0.4 < rij < 0.8), and a second at sites separated by ~7000 kmwith slightly weaker correlation (0.4 < rij < 0.7). Parts (b) and (c) show the individual points, coloured by their
mutual ocean basin or proxy, respectively. Site pairs in different basins or with different proxies are coloured in grey. A broadly similar pattern is seen in respective plots for summer
SST (def), but the clusters are weaker.
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age models, consistent chronologies, and mostly the original tem-
perature reconstructions. The only exceptions were alkenones and
Mg/Ca SSTs recalculated by Hoffman et al. (2017) using the Müller
et al. (1998) and Anand et al. (2003) calibrations. We have
included additional sites in our study, while also excluding partic-
ular sites and proxies which we believe are less reliable. This
required excluding some of the sites and proxies used in previous
syntheses, most notably the radiolarian assemblages. Overall, we
believe our estimate of regional mean SST should now be less
susceptible to reconstruction errors associated with the individual
proxies. This is supported by the relatively small RMSD and bias
between the few available pairs of SSTs reconstructed from the
same core (Fig. 5), compared to the RMSD and bias in the original
SSTs at those sites. The much smaller difference between the
foraminifera assemblage SST and the combined geochemical
(alkenone Mg/Ca) SST in the revised synthesis, when compared
with the original temperatures (Fig. 4), provides further validation
of our approach.

Our estimated uncertainty for the Southern Ocean summer SST
anomaly is very similar inmagnitude to the corresponding estimate
of uncertainty at Southern Ocean sites included by Capron et al.
(2014), despite our apparently smaller reconstruction errors and
larger number of sites (Fig. 7). Since our revised synthesis should
have reduced the error associatedwith the temperature proxies, we
12
must have added variance elsewhere. Time scale should not be a
factor because Capron et al. (2014) used 2 kyr-wide time slices,
similar to our study. The most likely source of added variance is in
the age models. In our synthesis, age models have been transferred
to a consistent chronology (LS16: Section 2.3), but are independent
of SST as they are based on foraminiferal d18O. In contrast, Capron
et al. (2014) established age models by aligning the reconstructed
SST anomalies directly with the Antarctic EDC reconstructed air
temperature, so it is inevitable that this aspect of their approach
will yield a smaller variance, as the timing of peak warming is
perfectly matched across all their Southern Ocean records. In
contrast, our independent alignment by d18O leads to SST peaks
offset by several thousands of years between records. Therefore,
while our efforts have not reduced the uncertainty in comparison
to Capron et al. (2014), we believe our uncertainty now better re-
flects geographic variability by having a smaller contribution from
SST reconstruction errors, and has not been artificially reduced by
aligning SST records by temperature.

A similar comparison of our results with Hoffman et al. (2017)
shows that the uncertainty in our Southern Ocean SST anomaly is
considerably smaller than that calculated for their Southern Ocean
sites, even though Hoffman et al. (2017) followed a similar method
to Capron et al. (2014). This difference derives primarily from the
choice of sites, and we highlight the records with the three



Fig. 7. Southern Ocean mean SST anomalies in this synthesis compared with those extracted from previous syntheses. Anomalies from (Capron et al., (2014) are those reported at
their four time slices (130, 125, 120, 115 ka). Anomalies from Hoffman et al. (2017) are at the same times and are extracted from their 0.1 kyr resolution time series. The ‘LIG’
anomalies reported by Turney et al. (2020b) cover (roughly) the period 116 to 129 ka represented by the green dashed line. Note that the different studies have different southern
limits and use different chronologies (See Table S1.1). The means and error bars are for sites south of 40�S, calculated using the standard deviation and t distribution: please note
these are not the original errors reported by the respective authors. (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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strongest annual SST anomalies at 125 ka in the Hoffman et al.
(2017) synthesis: these are ODP 1089 alkenones (þ9.7 �C), MD73-
025 radiolarians (�7.7 �C), and MD97-2120 Mg/Ca (þ7.3 �C). The
ODP 1089 alkenones reconstruction was excluded from our syn-
thesis because of reported sediment re-working (Sachs and
Anderson, 2003). We excluded MD73-025 as we chose to exclude
the radiolarians proxy, because of advection bias (Part 1). Finally,
our reconstructed SST anomaly for MD97-2120 at 125 ka (the mean
of 124 and 126 ka) was only þ1.9 �C because we used a revised Mg/
Ca calibration for G. bulloidesMg/Ca based on Southern Hemisphere
mid-latitude core-tops (temperature range 2e18 �C, see Part 1),
whereas Hoffman et al. (2017) used the Anand et al. (2003) multi-
species Mg/Ca calibration based on sediment trap data from the
Sargasso Sea (temperature range ~14e27 �C). These differences
highlight the benefits of a regional synthesis and calibrations.
Another potential factor is the choice of age models: although
Hoffman et al. (2017) aligned their Southern Ocean basin-specific
reference cores with EDC air temperature (similar to Capron
et al., 2014), the remaining cores within each ocean basin were
aligned to the respective reference core by benthic foraminiferal
d18O. This lead to differences reaching 5e10 kyr in age models at
sites used by both Hoffman et al. (2017) and Capron et al. (2014).
The age modelling approach of Hoffman et al. (2017) will tend to
introduce more variance than that of Capron et al. (2014) because
the former less strongly forces synchronous SST changes across all
records than the latter.
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Rather than focusing on the amplitude of SSTchanges, Chadwick
et al. (2020) evaluated the timing of LIG SST peaks in the Southern
Ocean marine sediment cores. Although the differences in timings
of peaks were not statistically significant across the three main
basins, evaluating timing is a challenging task: dating uncertainties
of commonly 1e4 kyr, and a limited number of records with suf-
ficient resolution (6e14 in each basin), are further compounded
with uncertainties in identifying peaks in temperature records with
low signal to noise ratio. We would face the same problems here,
and therefore do not discuss regional differences in the timing of
peak warmth.
4.2. Penultimate glacial maximum (PGM) SST anomalies

The PGM has seen less interest than the LIG in past studies, and
relevant temperature syntheses are correspondingly fewer. Neither
Capron et al. (2014) nor Hoffman et al. (2017) provided SST esti-
mates earlier than 130 ka. However, Turney et al. (2020b) included
annual temperature estimates for 140 to 135 ka, which closely
match our 142 ka PGM estimate (Fig. 2). The greater uncertainty in
the Turney et al. (2020b) pre-LIG SST, despite their greater number
of sites, most likely reflects their inclusion of more proxy types and
use of the original reconstructions.

Our reconstructed PGM temperature anomalies are similar to
those of the LGM (Fig. 2 and Table 1), and also the MIS 4 stadial
(71e59 ka). Although we do not focus on MIS 4, and do not include
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all the available records for that period, the comparison is never-
theless interesting given other recently reported evidence for full
glacial conditions during MIS 4 in the Southern Hemisphere (De
Deckker et al., 2019). However, in contrast to the last glacial
where temperatures likely followed a gradual cooling trend over
the ~40 kyr prior to the LGM, our reconstruction indicates (with low
confidence) a flatter long-term trend through the penultimate
glacial. Although there is some distinct variability at 10 kyr time
scales, these remain within the wide uncertainties. Such high un-
certainties arise partly due to the relatively low number of records
through that period, but potentially also because of uncertain
dating: there are few distinct events in the stable isotopes record
during the penultimate glacial (Lisiecki and Stern, 2016).

The lower interest in the PGMwhen compared to LIG should not
indicate its lack of importance in understanding Southern Hemi-
sphere ice sheet and climate response to LIG warming. Using the
modern Antarctic Ice Sheet volume of 27 million km3 (Fretwell
et al., 2013), an ice density of 917 kg m�3, and a typical accumu-
lation rate of 100 kg m�2 yr�1 over an ice surface area of
121 � 1011 m2 (Arthern et al., 2006), we crudely estimate the
average residence time of ice in Antarctica as 20 kyr. Of course some
ice is much older; at EDC, the period from 140 to 125 ka is repre-
sented in ice 1800 to 1600 m below the surface, compared to a total
ice thickness of 3300 m at that site (Jouzel et al., 2007). Given such
long time scales, both the geometry and ice temperature of the AIS
at the onset of the LIG will have been influenced by climate
throughout the penultimate glacial (and likely earlier). Therefore,
the penultimate glacial climate is very relevant to understanding
the LIG and its strength as an analogue for AIS response to future
warming, whether in terms of ice-ocean-climate feedbacks or sea-
level rise. Ongoing PMIP4 experiments (Menviel et al., 2019) and ice
sheet modelling efforts (e.g., Albrecht et al., 2020; Clark et al., 2020)
will hopefully provide a better understanding of Southern Hemi-
sphere climate and ice sheet dynamics during this period.

4.3. Spatial variability

Evaluation of the core-top datasets and calibrations relevant to
each proxy in Part 1 showed reconstruction errors of up to 2.6 �C,
while SST reconstructions at cores with multiple proxies (Fig. 5)
showed RMSDs up to 1.7 �C (and individual time slices with much
larger differences). For comparison, the magnitude of the glacial-
interglacial SST cycle was ~5 �C (Fig. 2). Given these relatively
high uncertainties at a low number of individual sites, we do not
discuss SST anomalies in smaller spatial subsets of records such as
specific ocean basins or latitude bands. However, as described in
Section 3.3, we can analyse the distribution of correlations between
site pairs.

Overall, there was a weak decrease in the strength of correlation
between sites separated by increasing distances (Section 3.3 and
Fig. 6). Note that clustering of points along the separation axis in
Fig. 6 reflects spatial clustering of the reconstructions as evident in
Fig. 3. The study region 57�S to 40�S represents a circumpolar band
of width 1900 km. Therefore, the weaker correlation in the clusters
of sites separated by > 5000 km, compared to that in the cluster of
sites separated by < 2500 km (Fig. 6a), must be attributed to
decreasing correlation with increasing difference in longitude. The
reason for this is evident in Fig. 6b, where the cluster of site pairs
with relatively strong correlation at short separation is primarily
composed of pairs in the same ocean basin (Atlantic or Pacific).
Meanwhile, the cluster of site pairs with slightly weaker correlation
at separations of ~7000 km is primarily composed of pairs either in
different ocean basins or widely separated in the Pacific. This is
interpreted as evidence for distinct regional signals superimposed
on larger scale (circumpolar) changes.
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The relatively high proportion of site pairs with weak correla-
tion (e.g. r < 0.4), even when using the same proxy at sites sepa-
rated by < 1000 km (Fig. 6c), suggests considerable variance in
reconstructed temporal changes even at small spatial scales.
Whether this is due to reconstruction errors or geographic vari-
ability is unclear, but we emphasise that such differences could
strongly influence age models established using SST.

Another potentially interesting aspect of the reconstruction
would be the changing strength of the meridional SST gradient
through the LIG, but we do not discuss this here because the
contribution of different proxy types varies with latitude. As a
result, real changes cannot be confidently separated from meth-
odological artefacts. These could include different sets of contrib-
uting sites and proxies at different latitudes, or latitude-dependent
changes in the seasonal responses of different proxies.

4.4. Link between SST and AIS air temperature over two glacial
cycles

Since we have not aligned our marine core SST reconstructions
directly with Antarctic Ice Sheet air temperature, we can mean-
ingfully compare changes in these two regions over the last two
glacial cycles. Air temperature reconstructions from water stable
isotopes in East Antarctic (EAIS) ice cores are available at Vostok
(Petit et al., 1999), Dome Fuji (Watanabe et al., 2003), EPICA
Dronning Maud Land (EDML)(EPICA Community Members, 2006),
EDC (Jouzel et al., 2007), and Talos Dome (TALDICE) (Stenni et al.,
2011). Climatic changes have been relatively homogeneous be-
tween these sites (Masson-Delmotte et al., 2011), and herewe use a
five-site average (Parrenin et al., 2013) resampled to 2 kyr following
themethod used above for the marine sediment cores. SeeMasson-
Delmotte et al. (2011) and Parrenin et al. (2013) for further details
and a discussion of error sources.

Significantly, we find that the relationship between Southern
Ocean SST and EAIS surface air temperature during the penultimate
glacial cycle (MIS 6 and 5; 190 to 80 ka) was very similar to that
followed in the current cycle (MIS 4 to 1; 80 ka to present) (Fig. 8).
The close relationship is interesting firstly because the provenance
of precipitation at the ice core sites under modern conditions was
considered to be the Southern Ocean between 40 and 50�S
(Masson-Delmotte et al., 2011), consistent with the location of most
of our SST reconstructions. Secondly, the consistency between the
two glacial cycles suggests that broad-scale features of the Southern
Hemisphere mid-to high-latitude climate were likely to have been
similar at respective stages in both glacial cycles. This provides a
little more confidence that ice sheet response towarmer conditions
in the LIG, for which there is no modern analogue, could be
representative of ice sheet response to future warming in the cur-
rent glacial cycle. Note that this result only applies to time scales
longer than 2 kyr.

The trajectory in Fig. 8 appears to show weak hysteresis, with
relatively cooler Southern Ocean SST during deglaciation. Although
this could be interpreted as being consistent with the effects of
freshwater fluxes into the Southern Ocean from Antarctica (Fogwill
et al., 2015; Mackie et al., 2020), the errors in the dating and in the
temperature reconstructions mean this hysteresis should not be
considered as a significant result.

5. Conclusions

In this two-part study we have evaluated SST proxies relevant to
the Southern Ocean at glacial-interglacial time scales (Part 1:
Chandler and Langebroek, 2021), and used the resulting recom-
mendations in the present paper (Part 2) to reconstruct SST
through the penultimate glacial cycle. This included the last



Fig. 8. Relationship between East Antarctic Ice Sheet (EAIS) surface air temperature and Southern Ocean SST over the last 2 glacial cycles (marine isotope stages 6 to 1). Starting in
the penultimate glacial at 190 ka (orange square), a point is plotted every 2 kyr along a trajectory that initially lies in the cluster of red points at cold temperatures. After the PGM
(142 ka), the trajectory rises along the upper red curve to the LIG optimum (126 ka), before cooling along the lower red curve to the cluster of points at intermediate temperatures
(MIS 5d-a). The trajectory changes to blue at the start of MIS 4 (72 ka), and returns to cold temperatures through the last glacial. After the LGM, the upper blue curve tracks deglacial
warming towards the cluster of points representing the Holocene and present (orange triangle). EAIS air temperature is resampled from Parrenin et al. (2013). Note that un-
certainties in SST are typically 1e2 �C (see Fig. 2). (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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interglacial (LIG), a period commonly used as an analogue for
climate and/or ice sheet response to warming in the near future. In
this second part we reach the following conclusions.

� Based on the recommended proxies and calibrations for this
region and time period, we find that the LIG Southern Ocean SST
anomaly peaked at 126 ka (þ1.6 ± 0.9 �C annual
SST; þ1.9 ± 1.3 �C summer SST: Fig. 2). This is broadly consistent
with other recent estimates (Fig. 7). However, our reported
uncertainties better reflect geographic variability, as we have
reduced errors in the individual temperature reconstructions.

� PGM cooling reached �3.6 ± 1.0 �C (annual SST) or �4.0 ± 1.2 �C
(summer SST). The long-term SST trend during the penultimate
glacial appears relatively flat from 186 to 142 ka.

� The reconstructed mean SST during the penultimate glacial and
LIG is robust to different choices of proxies, resampling resolu-
tion, and dating method. However, our revised calibrations
reduce the variance amongst different proxies (Fig. 4).

� Due to potentially large and poorly-constrained errors in indi-
vidual reconstructions (e.g., advection, seasonality, depth, cali-
brations: see Part 1 and Fig. 5), we do not recommend detailed
interpretations or comparisons of temperature records from
small numbers of sites. Instead, comparisons with model sim-
ulations should focus on the Southern Ocean regional mean,
treating the individual sites as random samples from this region.

� Weakly decreasing correlation between annual SST time series
at site pairs separated by increasing distance was interpreted as
evidence for distinct regional signals superimposed on larger
scale (circumpolar) changes (Fig. 6). A high proportion of site
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pairs with weak correlation, evenwhen using the same proxy at
sites separated by < 1000 km (Fig. 6c), suggests considerable
variance in reconstructed temporal changes even at small
spatial scales. This could strongly influence age models estab-
lished using SST.

� Southern Ocean (40e57�S) and Antarctic surface air tempera-
tures have been confined to a narrow trajectory over the last two
glacial cycles (Fig. 8). This close relationship provides increased
confidence that broad-scale climatic features of the penultimate
glacial cycle are relevant as analogues for near-future climate
warming.

Despite our efforts and those of previous similar studies, there is
still considerable uncertainty in Southern Ocean SST re-
constructions over the LIG and penultimate glacial. In particular,
the representative seasonality and depth of the individual proxies,
and the effects of lateral advection, both need to be better quanti-
fied in the Southern Ocean. The geographic coverage is also sparse
in this region, particularly south of ~ 50�S. While not helping the
low spatial coverage, additional SST proxy records from existing
sites which currently have one SST reconstruction will be very
valuable in helping to empirically assess the strengths and weak-
nesses of each proxy under past climates. Currently, we can only
really evaluate proxies under modern conditions in the Southern
Ocean, as there are too few sites with multiple temperature re-
constructions from one core.
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Table A1
Marine sediment core locations and data sources for sites selected in the revised synt
recalculated). yDigitised from original publication.

Site Location & water depth Stable oxygen isotopes for age mo

CHAT-1K 41.2S, �171.5E
3665 m

Benthic d18O (Uvigerina spp.):
Weaver et al. (1998)

DSDP-593 40.5S, 167.7E
1050 m

Benthic d18O (Uvigerina spp.):
Dudley and Nelson (1994)

DSDP-594 45.5S, 174.9E
1204 m

Benthic d18O (Uvigerina spp.):
Dudley and Nelson (1994)

E45-29 44.9S, 106.5E
3867 m

Planktic d18O (G. bulloides):
Howard and Prell (1992)

E49-17 48.3S, 90.2E
3546 m

Planktic d18O (G. bulloides):
Howard and Prell (1992)

E49-18 46.1S, 90.2E
3282 m

Planktic d18O (G. bulloides):
Howard and Prell (1992)

E49-19 43.9S, 90.1E
3057 m

Planktic d18O (G. bulloides):
Rickaby and Elderfield (1999)

E49-21 42.2S, 94.9E
3319 m

Planktic d18O (G. bulloides):
Howard and Prell (1992)

FR1/94-GC3 44.3S, 150.0E
2667 m

Benthic d18O (C.wuellerstorfi):
De Deckker et al. (2019)

GeoB3327-5 43.2S, �80.0E
3531 m

Benthic d18O (Cibicides spp.):
Ho et al. (2012)

KH94-4 48.1S 146.9E
2283 m

Planktic d18O (G. bulloides):
Ikehara et al. (1997)

MD02-2488 46.5S, 88.0E
3420 m

Benthic d18O (C. kullenbergi):
Govin et al. (2009)

MD02-2588 41.2, 25.5E
2907 m

Benthic d18O (C. wuellerstorfi):
Starr et al. (2020)

MD06-2986 43.4S, 167.9E
1477 m

Benthic d18O (C. wuellerstorfi):
Ronge et al. (2015)

MD84-551 55.0S, 73.3E
2230 m

Planktic d18O (N. pachyderma):
Pichon et al. (1992)

MD88-770 46.0S, 96.5E
3290 m

Benthic d18O (mixed spp.):
Sowers et al. (1993)

MD97-2106 45.2S, 146.3E
3310 m

Benthic d18O (sp.?):
Moy et al. (2006)

MD97-2120 45.5S, 174.6E
1210 m

Planktic d18O (sp.?):
Pahnke et al. (2003)

MD97-2121 40.4S, 178.0E
3014 m

Benthic d18O (sp.?):
Pahnke and Sachs (2006)

ODP177 1090 42.9S, 8.9E
3702 m

Benthic d18O (C. wuellerstorfi):
Venz and Hodell (2002)

ODP177 1094 53.2S, 5.1E
2807 m

Benthic d18O (Cibicidoides spp., Me
Hasenfratz et al. (2019)

ODP181 1123 41.8S, �171.5E
3290 m

Benthic d18O (Uvigerina spp.):
Elderfield et al. (2012)

PS1768-8 52.6S, 4.5E
3299 m

Planktic d18O (N. pachyderma):
Niebler (1995)

16
Data availability

Data for most original SST reconstructions and for the calibra-
tions are already available from the Pangaea (https://www.
pangaea.de) or NOAA (https://www.ncdc.noaa.gov/data-access/
paleoclimatology-data) archives. Our revised SST records at 2 kyr
resolution, and corresponding summary statistics, are also available
from Pangaea (dataset in review).
Author contributions

DC carried out the data analysis. Both authors contributed to
writing the paper.
Appendix. Marine sediment core locations and data sources
hesis. Mg/Ca data are all for G. bulloides. *SST used as in original publication (not

del SST Source data

FOR: Weaver et al. (1998)

ALK: McClymont et al. (2016)

FOR: Schaefer et al. (2005)

FOR: Howard and Prell (1992)

FOR: Howard and Prell (1992)

FOR: Howard and Prell (1992)
Mg/Ca: Rickaby and Elderfield (1999)
Mg/Ca: Rickaby and Elderfield (1999)

FOR: Howard and Prell (1992)

ALK: Pelejero et al. (2006)
FOR: De Deckker et al. (2019)
ALK: Ho et al. (2012)

ALKy: Ikehara et al. (1997).

FOR: Govin et al. (2009).

ALK: Romero et al. (2015)

FOR: Hayward et al. (2012)

DIAy*: Pichon et al. (1992).

FOR*: Barrows et al. (2007)

None: used only to compare benthic and planktic d18O.

ALK: Pahnke and Sachs (2006)
Mg/Ca: Pahnke et al. (2003)
ALK: Pahnke and Sachs (2006)

ALK: Martínez-Garcia et al. (2009)

lonis pompilioides): DIA*: Bianchi and Gersonde (2002)

FOR: Hayward et al. (2008)

DIA*: Zielinski et al. (1998)

https://www.pangaea.de
https://www.pangaea.de
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data


Table A1 (continued )

Site Location & water depth Stable oxygen isotopes for age model SST Source data

PS2102-2 53.1S, �5.0E
3299 m

Planktic d18O (N. pachyderma):
Bianchi and Gersonde (2002)

DIAy*: Bianchi and Gersonde (2002).

PS2489-2 42.9S, 9.0E
3794 m

Benthic d18O (Mixed spp.):
Becquey and Gersonde (2003)

FOR: Becquey and Gersonde (2003).

PS2495-3 41.3S, �14.5E
3134 m

Benthic d18O (Cibicidoides spp.):
Mackensen et al. (2001)

FOR: Niebler (2004)

PS75/059-2 54.2S, �125.4E
3613 m

Planktic d18O (G. bulloides):
Tapia et al. (2019)

Mg/Ca: Tapia et al. (2019)

R657 42.4S, 178.5E
1408 m

Benthic d18O (Uvigerina spp.):
Weaver et al. (1998)

FOR: Weaver et al. (1998)

RC11-120 43.5S, 79.9E
3135 m

Planktic d18O (G. bulloides):
Mashiotta et al. (1999)

Mg/Ca: Mashiotta et al. (1999)

SO136-111 56.7S, 160.2E
3900 m

Planktic d18O (N. pachyderma):
Crosta et al. (2004)

DIA*: Crosta et al. (2004)

SO136-GC3 42.3S, 169.9E
958 m

Planktic d18O (G. bulloides):
Barrows et al. (2007)

ALK: Pelejero et al. (2006)
FOR*: Barrows et al. (2007)
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Appendix B. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.quascirev.2021.107190.
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