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Abstract The interaction between ocean circulation and biological processes in the Southern Ocean is
thought to be a major control on atmospheric carbon dioxide content over glacial cycles. A better
understanding of stratification and circulation in the Southern Ocean during the Last Glacial Maximum (LGM)
provides information that will help us to assess these scenarios. First, we evaluate the link between Southern
Ocean stratification and circulation states in a suite of climate model simulations. While simulated Antarctic
Circumpolar Current (ACC) transport varies widely (80–350 Sverdrup (Sv)), it co-varies with horizontal and
vertical stratification and the formation of the southern deep water. We then test the LGM simulations against
available data from paleoceanographic proxies, which can be used to assess the density stratification
and ACC transport south of Australia. The paleoceanographic data suggest a moderate increase in the
Southern Ocean stratification and the ACC strength during the LGM. Even with the relatively large uncertainty
in the proxy-based estimates, extreme scenarios exhibited by some climate models with ACC transports of
greater than 250 Sv and highly saline Antarctic Bottom Water are highly unlikely.

1. Introduction

The Antarctic Circumpolar Current (ACC) carries approximately 150 Sv (1 Sv = 106m3 s�1) of water eastward
around the Antarctic, vertically extending from the surface to the bottom of the Southern Ocean. The
ACC is in thermal wind balance: the buoyancy force acting on the tilted density surfaces across the ACC
(Figure 1) is balanced by the Coriolis force acting on the horizontal current. Today, this baroclinic transport
(integrated thermal-wind transport referenced to zero bottom velocity) dominates the total ACC transport.
The baroclinic portion of the ACC measured south of Australia is 147 ± 10 Sv [Rintoul and Sokolov, 2001],
and the total transport estimated from inverse methods is 157 ± 10 Sv [Ganachaud and Wunsch, 2000].

1.1. Controls on ACC Transport

The ACC transport and the density stratification of the Southern Ocean are intimately linked to one another,
but the thermal wind is merely a statement of balance and does not reveal the source of momentum or its
response to different climate states. The overlying westerly winds impart zonal momentum into the ACC,
which is balanced by the interfacial form stress and the topographic drag [e.g., Allison et al., 2010; Johnson
and Bryden, 1989; Masich et al., 2015]. While it has long been thought that the ACC transport may scale
with the wind stress, in recent years it has emerged that this picture is complicated by the importance of eddy
activity in the Southern Ocean. Theoretical and modeling studies [Hallberg and Gnanadesikan, 2006;Meredith
and Hogg, 2006; Munday et al., 2013] suggest that, in fact, the mean flow of the ACC (and thus its density
stratification) is relatively insensitive to changes in wind strength over the Southern Ocean. In an idealized
simulation with an eddy resolving model, Munday et al. [2013] show that when the strength of Southern
Ocean westerly winds is varied between no winds at all and 5 times the modern value, only the variability
of the ACC flow increases and the mean flow does not vary. Thus, the mean flow of the ACC is set not by
the strength of the winds over the Southern Ocean, but rather by surface buoyancy fluxes and physical
processes that control density stratification in this region [Howard et al., 2015; Mazloff et al., 2013; Munday
et al., 2011].

1.2. ACC Transport During the LGM

Last Glacial Maximum (LGM) coupled ocean-atmosphere climate model simulations show a wide range in
behaviors of the ACC transport, water mass distribution, and the overturning circulation. The simulated
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Figure 1. (a) Locations of data used in ACC density reconstruction (the red and blue dots are sediment core locations for the data shown in Figure 3, and the green
dot is the location of the pore water measurements used to infer Lower Circumpolar Deep Water Density [Adkins et al., 2002]. The solid black lines are the positions
of the Antarctic Fronts [Orsi et al., 1995]. (b) Present-day density structure south of Australia (σθ) [Locarnini et al., 2013; Zweng et al., 2013] with depth of sediment cores
north (red) and south (blue) of the ACC marked; the dashed red line in Figure 1a shows the section shown in Figure 1b.

Figure 2. (a) Annual mean ACC transport (y axis, in Sv) is plotted against the (vertically and zonally averaged) meridional
density difference (kgm�3) between the two latitudes, north and south of the ACC at 40°S and 60°S for modern and
LGM PMIP2 model simulations. (b) The vertical stratification (zonally averaged density difference between 0 and 3000m at
40°S) is plotted against the meridional density difference (kgm�3). (c) The volume flux of AABW into the abyssal Atlantic
Ocean is plotted against the meridional density difference (kgm�3). The value of AABW export is taken from Table 2 of
Weber et al. [2007]. In all panels, the preindustrial condition is marked as (0 k) and the LGM (21 k).
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LGM ACC transport among the Paleoclimate Model Intercomparison Project Phase 2 [Braconnot et al., 2007]
(PMIP2) models shows a wide range from approximately 80 Sv to over 350 Sv, reflecting the equally wide
range of density stratification (Figure 2). The coarse resolution of the ocean component of these models
precludes the full, nonlinear representation of eddies, partly explaining the diverging climate sensitivities
of the models.

McCave et al. [2014] used the grain size of the sortable silt fraction of the sediments from a series of sediment
cores to infer bottom current speed across the ACC just downstream of the Drake Passage. While they found
evidence for a decrease in bottom current in the southern portion of their transect, this is compensated by an
increase in the northern portion, and they conclude that there was no net change in the strength of the ACC.
However, recently published grain size measurements suggest a reductions in bottom speed at the northern
edge of the Drake Passage and thus a slower ACC [Lamy et al., 2015]. In contrast, a study of themagnetic grain
size in the Indian Ocean Sector suggests an increase in bottom speed for the Subantarctic ACC during the
LGM [Mazaud et al., 2010].

The oxygen isotope ratio (δ18O) in tests of benthic foraminifera has been used as a proxy for seawater density
in the upper ocean, as it reflects both temperature of calcification and the δ18O of the seawater, in which the
test calcified which in the upper ocean is well correlated with salinity [Lynch-Stieglitz et al., 1999]. In principle,
we can estimate the density stratification across the LGM ACC, and thus, the LGM ACC transport, using oxygen
isotopemeasurements in benthic foraminifera, provided that we are able to establish the relationship between
foraminiferal δ18O and density in this region. In this paper we will first explore the link between density
stratification and circulation in the Southern Ocean using the climate model simulations. We will then use a
compilation of paleoceanographic data, including foraminiferal δ18O and reconstructions of seawater proper-
ties from pore waters, in order to estimate the Last Glacial Maximum density stratification and ACC transport
in the Australian sector of the Southern Ocean. Finally, we will combine this new estimate with other data
relevant to ACC strength and discuss the implications for LGM circulation and biogeochemistry.

2. Density and ACC Transport in PMIP Models

The output from preindustrial and Last Glacial Maximum (LGM) experiments for five climate models run
under prescribed greenhouse gas concentrations and orbital parameters for the Paleoclimate Model
Intercomparison Project 2 [Braconnot et al., 2007] (PMIP2) was analyzed. Paleoclimate model output for
the preindustrial (0 k) and LGM (21 k) is obtained from the PMIP2 server at http://pmip2.lsce.ipsl.fr/. The
climate models used here are Community Climate System Model version 3 [Otto-Bliesner et al., 2006],
Institut Pierre Simon Laplace Climate Model version 4 [Marti et al., 2010], Model for Interdisciplinary
Research on Climate version 3.2 [Hasumi and Emori, 2004], ECBilt/CLIO [Goosse and Fichefet, 1999; Opsteegh
et al., 1998], and Hadley Centre Coupled Model version 3 [Gordon et al., 2000]. The eastward volume transport
is first integrated vertically and then meridionally from Antarctica to the northern continental boundaries
at three longitudes (Drake Passage, South Africa, and Australia). Taking a specific sector of the ACC transport
does not change the overall picture, but we average the values from the three sectors with equal weights to
derive broadly defined estimates of the ACC transport.

The models exhibit a wide range of behaviors, with modern day Antarctic Circumpolar Current (ACC) trans-
port from approximately 50 to 300 Sv, with some of the models simulating stronger ACC during the LGM
and some a weaker LGM ACC (Table S1 in the supporting information). To calculate the ACC transport, we
first take the annual mean zonal velocity and integrate it vertically from bottom topography to the surface
and then meridionally from the Antarctic to northern continental boundaries. We calculate the integrated
volume transports at Drake Passage, South Africa, and Australia. The zonal transport south of Australia is
approximately 20 Sv stronger than the Drake Passage/South Africa transport due to the additional mass
flux to balance the Indonesian Throughflow. Among the PMIP2 models the density contrast across the ACC
(40°S–60°S) is significantly correlated with the vertical density stratification in the north of the ACC (at 40°S,
0–3000m) reflecting the geometrical link between vertical and horizontal stratification (Figures 2a and 2b).

2.1. Antarctic Bottom Water Formation, Atlantic Water Mass Structure, and ACC Transport

Reconstructions of stable carbon isotope and Cd/Ca in benthic foraminifera indicate the increased vertical
extent of the Antarctic Bottom Water (AABW) and shoaling of the North Atlantic Deep Water (NADW) in
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the Atlantic Ocean during the LGM [Curry and Oppo, 2005; Lynch-Stieglitz et al., 2007; Marchitto and Broecker,
2006]. About half of the PMIP2 models have a shoaled boundary between the northern and southern deep-
water circulation cells and the other half did not [Weber et al., 2007]. Some climate models that correctly
reproduce the shoaling of the water mass boundary exhibit increased density contrast between northern-
and southern-source deep waters [Hesse et al., 2011; Otto-Bliesner et al., 2006], where the higher density of
the polar Southern Ocean increased the AABW formation, filling the greater fraction of the abyssal Atlantic
basin. The extensive sea ice formation may have enhanced the extraction of buoyancy near the Antarctic
coast, leading to the formation of saltier and denser AABW. In the analyzed models, the export rate of
Antarctic Bottom Water (AABW) to the abyssal Atlantic Ocean is also significantly correlated to the density
stratification [Weber et al., 2007] (Figure 2c). Those models that formed strongly saline AABW predicted inten-
sified ACC transport with a strong density gradient across the ACC as explained by the thermal wind balance.

2.2. Using Models and Modern Data to Inform Strategy for Data-Based Reconstruction

Since, generally, it is only possible to estimate past density from proxy (sediment core and pore water) data
for the LGM along the sea-floor, we first explore whether the changes in ACC transport in these model experi-
ments can be adequately captured using ocean margin density information alone. Additionally, we limit the
calculation of baroclinic transport to above 3.3 km, the depth at which there is no topographic barrier
between the Antarctic and Australian continent, thus enabling a transport estimate from ocean margin data.
The calculation is referenced to zero transport at this 3.3 km reference depth. Despite the wide range in
predicted ACC transport, individual models show a transport that is largely baroclinic (Figure S1 in the
supporting information). If we make a similar calculation using modern seawater properties along the
Antarctic and Australian margin at 135°E [Antonov et al., 2010; Locarnini et al., 2010], we obtain a transport
of 130 Sv, about 88% of the baroclinic transport referenced to the bottom using a full set of hydrographic
data across the channel of 147 Sv [Rintoul and Sokolov, 2001] and 82% of the 157 Sv estimate of the total
transport of the ACC [Ganachaud andWunsch, 2000] (Table 1). Similarly, the models show baroclinic transport
referenced to 3.3 km that is approximately 70% of the total transport and that changes in baroclinic transport
scales with changes in the total transport.

Another limitation of the paleoclimate data is that there is little direct evidence with which to reconstruct
the salinity and temperature (and thus density) along the Antarctic continental margin. However, given
the demonstrated link between vertical stratification north of the ACC and horizontal stratification
across the ACC (Figure 2), we explore the possibility of reconstructing changes in the ACC based only on
density information north of the ACC. Today, the deep water along the Antarctic Margin has similar potential
density as in the samewater masses at greater depths to the north of the ACC (Figure 1). Since we have a pore
water-based LGM density estimate for Lower Circumpolar Deep Water (LCDW) on the Chatham Rise in the
South Pacific [Adkins et al., 2002], we recalculate the ACC transport using themodern water column data mak-
ing the approximation that the waters along the Antarctic margin have the same properties as LCDW at the
site of the pore water reconstructions. This results in a lower ACC transport than the calculation using the
actual Antarctic margin density. There is a 26% reduction for the calculation using the World Ocean Atlas
Climatology data on the Australian margin (Table 1) and an average 14% reduction for the data from the
model simulations. However, with the exception of the models with very weak ACC, the transport changes
in the models calculated from the Australian margin alone reflect the sense of the transport changes calcu-
lated with data from both margins (Figure S2).

Table 1. ACC Transport South of Australia

Using Modern Oceanographic Data
Full inverse methods [Ganachaud and Wunsch, 2000] 157 ± 10 Sv
Baroclinic transport referenced to bottom [Rintoul and Sokolov, 2001] 147 ± 10 Sv
Baroclinic transport refereced to 3 km using ocean margin data 130 Sv
Baroclinic transport referenced to 3 km, no Antarctic margin data 96 Sv

Using Core top foraminifera δ18O, same approximations as LGM study
Baroclinic transport referenced to 3 km, no Antarctic margin data 98 Sv

Using LGM foraminifera δ18O and pore water reconstructions
Baroclinic transport referenced to 3 km, no Antarctic margin data 116 ± 52 Sv
Best estimate for LGM total transport 186 ± 83 Sv
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For our data-based LGM ACC transport reconstruction, we will use this approach. LCDW density will be inferred
from the porewater-based temperature and salinity estimates at ODP Site 1123, and the density on the
Australian Margin will be reconstructed using benthic oxygen isotope data and estimates of the T, S, and
δ18O of seawater along this margin.

3. Methods

We calculate the baroclinic transport of the ACC south of Australia above 3 km based on an estimate of the
vertical density structure south of Australia and an assumed constant density along the Antarctic margin.
Pore water-based temperature and salinity estimates of Lower Circumpolar Deep Water (ODP Site 1123)
[Adkins et al., 2002] are used to calculate density along the Antarctic margin. The vertical profile of seawater
density south of Australia is calculating using temperature and salinity values estimated from δ18O in glacial
aged benthic foraminifera from a vertical transect of sediment cores from the southern margin of Australia
(Figure 1). We establish the relationship between benthic foraminifera δ18O and seawater temperature and
salinity using paleoceanographic information from various sources and proxies. We also explore the sensitivity
of this estimate to the assumed values by randomly sampling the various input parameters within the bounds
of their probable values and recalculating the transport (Monte Carlo approach).

3.1. Oxygen Isotope Profiles From Benthic Foraminifera

We reconstruct vertical profiles of δ18O from benthic foraminifera of the genera Cibicidoides and Planulina
using recent and glacial aged sections of sediment cores from the continental margin south of Australia
(Figure 3 and Table S2). All oxygen isotope data and age models for data from the Australian Margin have
been previously published by a number of different groups [Holbourn et al., 2002; Lynch-Stieglitz and
Fairbanks, 1994; McCorkle et al., 1998; Moy et al., 2006; Sikes et al., 2009]. Some of these studies included
analyses on mixed species of Cibicidoides (which likely included some wuellerstorfi, which is sometimes
assigned to the Cibicidoides genus), and some included Planulina wuellerstorfi alone as detailed in the original

Figure 3. Oxygen isotope ratios in benthic foraminifera from both sides of the ACC from (a) core top and (b) Last Glacial
Maximum sediments [Duplessy et al., 2002; Holbourn et al., 2002; Lynch-Stieglitz and Fairbanks, 1994; Mackensen et al.,
1989, 1993;Mackensen, 1994;McCorkle et al., 1998;Moy et al., 2006; Ninnemann and Charles, 2002; Ott and Gersonde, 1997a;
1997b; Sikes et al., 2009]. The solid circles are data from north of the ACC (Australian margin) and are from Cibicidoides and
Planulina. The heavy open circles are δ18O data from south of the southern ACC Front. The lighter open circles are data from
south of the Polar Front [Orsi et al., 1995]. All water depths are shifted upwards by 120m to account for lower sea level
during the LGM. The red solid line is the predicted δ18O value for foraminifera in the genera Cibicidoides and Planulina on
the continental margin south of Australia based on the modern water column properties [Locarnini et al., 2013; Marchitto
et al., 2014; Ostlund et al., 1987; Zweng et al., 2013]. The red dashed lines is the predicted δ18O for foraminifera on the
Antarctic margin south of Australia base on water column T and δ18O [Jacobs et al., 2005; Schmidt et al., 1999]. The blue
dashed line is the average value of the LGM foraminiferal δ18O for the Antarctic sediment cores.
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references. Oxygen isotope ratios are reported as the Cibicidoides and Planulina values without additional
species corrections. Data from older studies [Lynch-Stieglitz and Fairbanks, 1994;McCorkle et al., 1998] are cor-
rected relative to the originally reported values to account for calibration issues in these laboratories that
were discovered subsequent to publication [e.g., Ostermann and Curry, 2000], as well as differences in pre-
paration procedures in some of the earlier studies (“roasting” samples prior to analysis, use of common acid
bath preparation device). In both cases, the data are adjusted by an offset, bringing Holocene values from the
study in line with expected values for these genera [Marchitto et al., 2014] and the data from the more recent
publications. An offset of +0.32 is applied to data from Lynch-Stieglitz and Fairbanks [1994] and +0.30 to data
from McCorkle et al. [1998]. The corrected values are in good agreement with newer data from the nearby
Tasman Sea at similar water depths [Ronge et al., 2015]. We also re-analyzed samples from depths in the cores
from the Lynch-Stieglitz and Fairbanks [1994] study, where sufficient Cibicidoides remained in our samples,
and found a mean offset of 0.28 ± 0.04‰ (standard error, n= 41) relative to the earlier measurements at
the same depths [Lynch-Stieglitz, 2015]. LGM water depth is corrected by subtracting 120m to account for
the global sea level drop.

We also compile the existing benthic oxygen isotope data from south of the ACC (Figure 3 and Table S3). We
find only three cores in the literature with benthic oxygen isotope data from the Antarctic continental margin
[Mackensen et al., 1989, 1993;Mackensen, 1994]. These data are from the species Epistominella exigua, and we
apply a �0.42‰ correction before plotting to account for the offset in oxygen isotope ratios between
this species and data from Cibicidoides and Planulina [Labeyrie et al., 1996]. We include two other cores from
south of the southern ACC Front (sACCF), one from Cibicidoides and one from E. exigua, data corrected as
above [Ott and Gersonde, 1997a, 1997b]. We also report some data from sediment cores, which are today
near or south of the Antarctic Polar Front, but north of the southern boundary of the ACC (South ACC
Front = sACCF) [Orsi et al., 1995]. These cores are today bathed by waters, which are not as dense as those
on the continental margin as they are not fully south of the ACC, but if there were northward movement
of the Antarctic frontal systems during glacial times may have been more fully south of the ACC. For one
of these cores, the originally reported data [Ninnemann and Charles, 2002] have been corrected by +0.4 to
account for interlaboratory calibration issues [Hodell et al., 2003]. The data from six additional cores from
the Indian sector of the Southern Ocean were measured at the Laboratoire des Sciences du Climat et de
l’Environnement (previously Centre des faibles Radioactivités) using methods described in the supporting
information, and the down core data are reported in Table S4. Glacial-interglacial oxygen isotope differences
from two of these cores have been published previously [Duplessy et al., 2002].

While we show the data from the Antarctic sediment cores in the figures, we do not use the oxygen isotope
data from these Antarctic cores in our LGM ACC transport estimate. We cannot use these data to estimate the
density on the Antarctic side of the ACC since we cannot constrain the relationship between the δ18O of sea-
water and salinity during the LGM, which might have changed substantially due to changes in the cycling of
freshwater via sea ice formation and melt.

3.2. Estimating LGM Seawater Density

Seawater density is a function of temperature, salinity, and pressure. While the effect of pressure is easily cal-
culated from water depth, the lateral gradients in density that are needed to estimate the ACC flow depend
on the temperature and salinity of seawater. Perhaps, the best estimates of past seawater temperature and
salinity are based on the measurements of sediment pore fluid chlorinity and oxygen isotope ratios, which
directly preserve information about the salinity and oxygen isotope ratios in seawater during glacial times.
When combined with oxygen isotope measurements in benthic foraminifera, which reflect both the oxygen
isotope ratio in seawater and the temperature of calcification, seawater temperature can be reconstructed as
well [Adkins et al., 2002; Schrag et al., 2002]. However, these measurements are only available for a limited
number of locations, primarily in deep waters.

Surface and thermocline temperature can be estimated from a number of different methods. Temperature
estimates can be combined with the oxygen isotope ratio in foraminiferal calcite in order to reconstruct past
seawater δ18O (δ18Osw). In the thermocline and upper ocean outside of polar areas, seawater δ18O is related
to salinity as changes in both quantities are driven by evaporation and precipitation [Craig and Gordon, 1965].
In the warm surface waters of the upper ocean, potential density and the δ18O of foraminiferal calcite
respond similarly to changes in temperature and freshwater forcing, and the δ18O of calcite alone can be
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used to estimate seawater density [Lynch-Stieglitz et al., 1999]. But in colder waters, it is critical to estimate
temperature and salinity independently.
3.2.1. Density of Lower Circumpolar Deep Water
The density profile south of the ACC today is relatively uniform, and its vertical average likely reflects themost
voluminous Lower Circumpolar Deep Water (LCDW), which spreads into the northern basins through the
lower limb of the meridional overturning circulation (Figure 1). We make the approximation that LCDW
temperature (T) and salinity (S) represent conditions along the Antarctic margin for our calculations of ACC
transport (see section 2 above for a discussion of this approximation). We use pore fluid-based temperature
and salinity reconstructions from Site 1123, which is located in South Pacific near New Zealand at 3290m
water depth [Adkins et al., 2002]. Recently published pore fluid measurements from a number of deep
Pacific sites confirm that the salinity measured at Site 1123 (36.2‰) is representative of much of the
deep Pacific between 3300 and 5800m water depth [Insua et al., 2014]. Site 1123 is also relatively near the
South Australian margin where we estimate the density profile north of the ACC.
3.2.2. Density Profile North of the ACC
The water column north of the ACC contains mode and intermediate waters in the upper ocean, as well as
deep waters of various origins. The modern T-S-δ18Osw relationship shows that most of the column north
of the ACC can be well approximated as a linear mixture of Subtropical Surface Water (STSW) and Antarctic
Intermediate Water (AAIW) (0–1000m water depth) or LCDW and AAIW (1000–3000m water depth)
(Figure S3). Our approach is to determine the T, S, and δ18Osw of each of these end-member water masses
(LCDW, AAIW, and STSW) for the Holocene and the LGM. The predicted δ18O for benthic foraminifera in
the genera Planulina and Cibicidoides (δ18Ocib) is determined for each end-member using end-member
δ18Osw and T. We then use the δ18Ocib measurements from sediment cores taken from the continental margin
south of Australia in order to establish the relative mixture of each end-member at each core site in the trans-
ect, and using the T and S of the end-members calculates density. It is assumed that the core of AAIW is
located at 1000m water depth during the LGM as it is today.

For the LCDW end-member we use the T, S, and δ18Osw estimates from Site 1123 [Adkins et al., 2002] as
discussed above. Establishing the T, S, and δ18Osw of the AAIW and surface waters south of Australia is more
complicated as no pore water measurements are available. We do have δ18Ocib data at the water depth
currently bathed by AAIW, and planktonic foraminiferal δ18O, which reflects conditions at the surface. The
foraminiferal δ18O is a function of temperature and the δ18Osw [Marchitto et al., 2014]:

δ18Ocib ¼ δ18Osw -0:27
� �þ 3:58� 0:245Tþ :0011T2 (1)

Given the δ18Ocib and an independent estimate of temperature, we can then determine the δ18Osw of
each end-member.

Elmore et al. [2015] present a 400 kyr low-resolution record of AAIW temperatures obtained fromMg/Ca mea-
surements on the benthic foraminifera Uvigerina perigrina. For the LGM (δ18Ocib = 3.8‰), they reconstruct
AAIW temperatures of 2.1°C, about 3°C colder than modern temperatures at this core site. More generally,
they find glacial values of about 2°C and interglacials values of up to 5°C at this site. We use a value of
2.1°C for the LGM temperature of AAIW off South Australia. The magnitude of the inferred temperature
change is consistent with estimates of glacial-interglacial sea surface temperature change in the Subantarctic
Zone, where AAIW is formed today. Mashiotta et al. [1999] estimate that the LGM temperature in the
Subantarctic Pacific near where AAIW forms today was 2.5° cooler than present. Their estimate is based on
the Mg/Ca of Neogloboquadrina pachyderma (left coiling), a cold-tolerant foraminifera that is likely to reflect
the cold season conditions when AAIW forms. The LGM δ18O of 3.8‰ for the N. pachyderma corresponds well
to the AAIW δ18Ocib value observed south of Australia reinforcing the idea that AAIW formed in this region
during the LGM as it does today.

For the surface water end-member we refer to the compilation of Bostock et al. [2013], which expands on the
MARGO database [Waelbroeck et al., 2009] in the region south of Australia. There are three sea surface tem-
perature records from the Great Australia Bight north of 40°S with (one alkenone based and two based on
foraminiferal assemblage data) [Calvo et al., 2007; Passlow et al., 1997], which show an average glacial tem-
perature drop of 5°C. We therefore reduce the modern STSW end-member temperature by 5°C for our
LGM analysis.
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Today, the relationship between δ18Osw and salinity in surface and intermediate waters of the South Indian
ocean is almost linear (δ18Osw = 0.607S–20.88) (Figure S4). The linear relationship and slope are typical for
surface waters in temperate regions of the world ocean [Craig and Gordon, 1965], as well as in the subsurface
waters above the depth of AAIW in the tropical and temperate ocean, which gain their properties from the
subduction of these temperate surface waters. If we assume that this linear relationship is a result of a mixture
of salty subtropical gyre waters with a high-latitude freshwater end-member (δ18Ofw), a fresh end-member
value of �20.9‰ is inferred:

δ18Osw ¼ δ18Ofw þ δ18Ofw - δ18Ogyre
� �

= Sfw – Sgyre
� �� �

*S
�

(2)

We will assume that the relationship between δ18Osw and salinity in the thermocline is controlled by similar
processes during the LGM. If we combine equations (1) and (2) and assume that the freshwater end-member
has a salinity of zero we obtain

S ¼ δ18Ocib þ 0:27� 3:58� 0:245Tþ 0:0011T2
� �� δ18Ofw

� � �Sgyre
� �

= δ18Ofw � δ18Ogyre
� �

(3)

Given LGM δ18Ocib and T for the end-member water masses, we can estimate salinity using equation (3) and
independent estimates of δ18Ofw, δ

18Ogyre, and Sgyre.

The δ18O of the world ocean is estimated to have been higher by 1.0‰ [Schrag et al., 2002], and the salinity
by 1.4 g/kg [Insua et al., 2014] during the LGM relative to the present. We thus increase the values of the sub-
tropical gyre end-members (Sgyre, δ

18Ogyre) by these amounts. Reconstructions of δ18Osw in the tropical
Indian and Pacific oceans using Mg/Ca and oxygen isotope measurements on surface dwelling planktonic
foraminifera [Gibbons et al., 2014] support the idea that subtropical surface water δ18O changes were close
to the whole ocean change of 1‰. There is no direct evidence (independent of δ18O) for changes in tropical
salinity. However, we note that a pore water reconstruction from 1.4 km depth in the tropical Pacific shows a
similar increase in salinity during the LGM as the deeper Pacific sites [Adkins and Schrag, 2003; Insua et al.,
2014]. The fact that there is no discernable depth trend in reconstructed salinity from the LGM Pacific is
consistent with the idea that intermediate water salinity changes were not drastically different from the
global average.

Changes in the δ18O of the freshwater end-member can be estimated from modeling studies, as supported
by the changes in the δ18O of precipitation archived in ice cores. In an atmospheric model which simulates
the δ18O of precipitation, Risi et al. [2010] show that the δ18O of precipitation in the regions where the south-
ern hemisphere thermocline is ventilated drops by 3–5‰ when this model is driven by LGM boundary con-
ditions including sea surface temperatures from CLIMAP. This model result is supported by the ice core δ18O
record from Taylor Dome that shows a 3‰ decrease from the modern for the LGM [Grootes et al., 2001]. We
therefore assume that the δ18O of precipitation (δ18Ofw) was 4‰ lower than the modern value during the
LGM (�24.9‰).

3.3. ACC Transport Estimate and Monte Carlo Error Estimate

Once we have established a best estimate vertical density profile south of Australia as described above, we
combine it with our Antarctic margin density estimate from LCDW and calculate the baroclinic volume
transport relative to a reference level of 3 km using today’s average ACC latitude (56°S) for the Coriolis para-
meter. In order to make the best assessment of the reduction of ACC transport during the LGM relative to the
modern, we compare it to a modern transport estimate using the same input parameters and methods as
applied for the LGM (Table 1).

We assess the sensitivity of the ACC volume transport to the assumed and measured input parameters by
estimating the uncertainty on each parameter (Table 2) and recalculating the transport by randomly resampling
each input parameter within the assumed distributions. The latitude for the ACC transport is assigned a 1-sigma
uncertainty of 2.5° to allow for the possibility of frontal movements of up to 5° latitude. It is expected that the
ACC latitude was constrained by the bathymetry during the LGM as it is today. There is evidence for a
northward position of the sea ice edge and temperature zonation [Bostock et al., 2013; Gersonde et al., 2005],
but the data are not dense enough to detect the fronts (steep gradients) themselves. The uncertainties in
the salinity and δ18Osw of LCDW at the Chatham Rise are taken from Adkins et al. [2002]. That study used the

Paleoceanography 10.1002/2015PA002915

LYNCH-STIEGLITZ ET AL. LGM ANTARCTIC CIRCUMPOLAR CURRENT 546



glacial-interglacial difference in δ18Osw, in addition to the glacial-interglacial difference in δ
18Ocib, to determine

the LGM temperature. So we account for the fact that the error in temperature is not completely independent,
but will be driven both by the error in δ18Osw and an additional error on the δ18Ocib that they used in their
calculation.

For the temperature of subtropical surface water at the Australian Margin, we assign a 1-sigma uncertainty of
±1°C based on the range of about 4°C in sea surface temperature estimates using different proxies in this
region [Bostock et al., 2013]. For the temperature of AAIW at the Australian Margin we use a 1-sigma error
of ±1°C, the calibration error on the temperature estimate using Mg/Ca in Uvigerina [Elderfield et al., 2012].
Another study using Mg/Ca in Uvigerina finds a larger LGM temperature change (�5°C) at 600m water depth
in the Drake Passage than is found at the Australian Margin. While this could be due to true oceanographic
differences between these locations, it would support the use of this relatively large error estimate [Roberts
et al., 2016]. We estimate an error of ±2‰ on the δ18Ofw value that is used to calculate the relationship
between δ18O and salinity in the thermocline at this site. This reflects fact that Risi et al. [2010] show that their
modeled δ18O of precipitation is sensitive to the assumed sea surface temperature field. When using model-
derived LGM sea surface temperatures they find no change in δ18O of precipitation in this region versus a 4‰
change when CLIMAP sea surface temperatures are used as a model boundary condition. We use the pub-
lished errors on the estimates of whole ocean δ18O [Schrag et al., 2002] and salinity changes [Insua et al.,
2014] that are used in calculating the LGM relationship between δ18O and salinity in the thermocline. The
measured values of δ18Ocib at each core site in the vertical profile from off Australia are assigned an uncer-
tainty of 0.07‰, which reflects the 1-sigma standard deviation of difference between the measured
Holocene value and the value predicted from modern water column conditions for all core depths.

4. Results and Discussion
4.1. Vertical Profiles

A vertical profile of benthic foraminiferal δ18O from south of Australia (Figure 3) shows that for both recent
(Holocene) and LGM sediments, the oxygen isotope ratio increases with depth as seawater potential density
increases, with little overall change in the vertical gradient. For both time periods, the denser waters south of
the ACC are accompanied by higher δ18O of benthic foraminifera, but the gradient in foraminiferal δ18O
across the ACC is slightly greater between 1 and 2.5 km during the LGM than for the recent sediments. If
we assume that the gradients in δ18O of benthic foraminifera represent the density gradients, we would infer

Table 2. Parameter Values and Uncertainty Ranges Used in Transport Calculation

Parameter Holocene LGM LGM 1-sigma Uncertainty

Endmember values:
LCDW S 34.73 g/kg 36.19 g/kg ±.035 g/kg
LCDW δ18Osw 0‰ SMOW 1‰ SMOW ±0.05‰
LCDW T 1.44°C �1.1°C function of errors in LCDW

δ18Osw and δ18Ocib

STSW T 17.1°C 12.1°C ±1°C
AAIW T 4.59°C 2.1°C ±1°C
AAIW depth 1000m 1000m ±100m

For 0–1000m δ18Osw versus S relationship:
δ18Ofw �20.9‰ SMOW �24.9‰ SMOW ±1‰
Sgyre 35.6 psu 37 psu ±0.14‰

δ18Ogyre 0.73‰ 1.73‰ SMOW ±0.1‰
δ18Osw = 0.607S �20.9 δ18Osw = 0.72S �24.9

For S. Australia profile:
δ18Ocib Table S2 Table S2 ±0.07‰

For transport calculation:
Latitude of ACC 56°S 56°S ±2.5°

ACC transport 98 Sv 116 Sv ±52 Sv
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little change or a slight increase in den-
sity stratification, which in models is
tightly coupled to the strength of the
ACC and AABW export (Figure 2).

However, we cannot simply interpret
the change in δ18O gradient as a
change in density gradient, as it is
probable that the relationship between
foraminiferal δ18O and density chan-
ged over time. In the upper ocean in
tropical and temperate latitudes, the
δ18O in seawater can be related to sali-
nity as both reflect freshwater cycling
at the sea surface (evaporation and
precipitation). At high latitudes the
relationship between the δ18O in sea-
water and salinity is complicated due
to the additional effects of sea ice
formation and melt which fractionate
the isotopes very little, but can change
the salinity greatly. For example, if
enhance buoyancy extraction due sea

ice formation and export led to higher salinity and denser Antarctic BottomWaters, this would not necessarily
be apparent in the δ18O of the benthic foraminifera. Also complicating the use of the δ18O in foraminiferal
tests as a proxy for seawater density in the cold ocean is the fact that seawater density, but not the δ18O
in foraminifera, becomes less sensitive to temperature at colder temperatures. However, when we determine
the contributions of temperature and seawater δ18O to the foraminifera δ18O signal and estimate how the
relationship between salinity and seawater δ18O changed with time using the methods described above,
notion that the density gradients were not radically different during glacial times is supported.

4.2. LGM ACC Transport Estimate

Our best estimates for the LGM density structure across the ACC yield a transport increase of 18% with
1-sigma uncertainty on the LGM ACC transport estimate of 53% (116 ± 51 Sv for 0–3 km baroclinic transport,
186 ± 83 Sv for total transport; Table S5). The uncertainties in AAIW temperature and the δ18Osw and S
assumed for the subtropical gyre account for much of the total error on the transport calculation (35 Sv of
the 51 Sv). Considering the errors, this allows for a wide range in LGM ACC transport, from 30% reduction
to almost double today’s value.

Figure 4 shows how AAIW density estimates (and thus density along the entire Antarctic Margin) are
impacted by uncertainties in AAIW temperature. More direct estimates of AAIW δ18Osw and S from pore
waters could improve our estimates considerably. If we had a single pore water site at AAIW depths that
could produce estimates of T, S, and δ18Osw of that are of the same accuracy as the Site 1123 LCDW site,
the error on the transport estimate would be reduced to 14% (±17 Sv). Pore water-based estimates of T
and δ18Osw do exist for 2500–2700m water depth off Tasmania [Malone et al., 2004], but salinity estimates
are not available for these locations. However, it is worth noting that their reconstructed Holocene to LGM
δ18Osw change (1.0 ± 0.15‰ at 2500 and 1.1 ± 0.15‰ at 2700m, 95% confidence interval) overlaps with
the value from our study for these water depths (1.01 ± 0.17‰). Unfortunately, these cores are too deep to
provide a stronger constraint on AAIW properties than the ones used in this study.

4.3. Weakened Westerly Wind Scenario

While some mechanisms for CO2 drawdown such as higher biological nutrient utilization in the subantarctic
zone due to iron fertilization do not require circulation changes, other mechanisms call on a decrease in
the physical exchange of deep and surface waters in the Antarctic, or the isolation of deep waters formed
in the Antarctic from the atmosphere [Hain et al., 2014; Jaccard et al., 2013]. One scenario for explaining

Figure 4. The T and S of the end-member values from each water mass
used to interpolated the Australia margin δ18Ocib values to density.
Within the uncertainty ranges of the input parameters, the inferred salinity
and density of AAIW are most sensitive to the value assumed for AAIW
temperature. Thus, uncertainty in AAIW temperature is the largest source
of uncertainty in the transport estimate.
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the reduction in atmospheric CO2 suggests that weakened westerly winds over the Antarctic during the LGM
reduced Ekman upwelling and thus lead to increased efficiency in the drawdown of nutrients and carbon
from the surface ocean by biological processes [Toggweiler et al., 2006]. Weaker wind forcing to the ACC
can result from an overall weakening of the westerlies or a northward shift of the maximum westerlies (or
both). Weaker Antarctic upwelling is consistent with the relatively weaker Antarctic productivity during the
LGM [Kohfeld et al., 2005]. While the winds may provide much of the energy to drive the ACC, modern obser-
vations show that the tilt of the isopycnals is insensitive to the surface wind stress limited by the eddy activity
[Boning et al., 2008]. Because the ACC is already thought to be in this “eddy saturated” state, a weakening in
the winds over the Southern Oceanmight not lead to a significant weakening of the ACC. So it is possible that
a significant weakening of the winds over the Southern Ocean might not be reflected in the density contrast
across the ACC. In an eddy resolving idealized model, Morrison and Hogg [2013] show that the meridional cir-
culation (which is what matters for the atmospheric CO2 drawdown mechanism) is more sensitive to wind
changes than the zonal circulation. So our data leave open the possibility that wind-driven upwelling was sig-
nificantly weaker during the LGM. However, because most of the energy supplied to the ACC by the winds is
dissipated at the bottom of the ocean, the imprint of the weakened winds should be apparent as a decrease
in near bottom kinetic energy. The grain size data ofMcCave et al. [2014] suggest no net change in the bottom
current energy, and the magnetic grain size data in the Indian Ocean Sector also suggest an increase in bottom
current energy [Mazaud et al., 2010]. However, recently published grain size measurements do suggest a reduc-
tion in bottom current energy in the northern edge of theDrake Passage [Lamy et al., 2015]. Sowhile our density
reconstruction cannot address whether wind-driven upwelling weakened, the sediment size data overall would
suggest that changes in momentum input in to the ACC system would have been modest.

4.4. Isolated Antarctic Bottom Water Cell

Other scenarios for LGM Southern Ocean circulation call on enhanced sea ice cover in the Southern Ocean
during the LGM. While today sea ice melts back seasonally to the Antarctic Continent, it expected that the
cooler glacial climate caused an expansion of Southern Ocean Sea Ice. Microfossil-based reconstructions
support an expansion of sea ice, as do most simulations using global climate models [Gersonde et al., 2005;
Otto-Bliesner et al., 2006]. Permanent ice cover could help to lower atmospheric CO2 by preventing the
exchange of carbon between upwelled deep water and the atmosphere [Stephens and Keeling, 2000].
Observed depletion of radiocarbon in the deep water is consistent with a weak AABW ventilation and incom-
plete air-sea equilibration of CO2 [Skinner et al., 2015]. Enhanced sea ice may have had profound effects on deep
water circulation and properties as well. Ferrari et al. [2014] note that the position of the summer sea ice edge
corresponds to the boundary between a region of surface buoyancy extraction (primarily through sea ice
formation) to the south and surface buoyancy addition to the north. Thus, the ice edge determines the bound-
ary between the circulation cell associated with AABW formation and the upper cell associated with NADW. The
more northward position of the sea ice edge, coupled with the constraint on the eddy-saturated tilt of isopyc-
nals across the ACC, would lead to a shoaling of the boundary between these cells during the LGM.

Enhanced buoyancy extraction south of the ice edge via sea ice formation and export, coupled with less ice
shelf melting [Miller et al., 2012], also implies an increase in the density gradient across the ACC. As the newly
formed AABW become saltier relative to the waters entering the Southern Ocean, this would create an
increase in both the density gradient across the ACC and the vertical density gradient north of the ACC.
Salinity of the LGM AABW increases relative to the modern condition across all of the PMIP2 models but its
magnitude varies widely [Weber et al., 2007]. Some models predict a strong increase in the AABW salinity
leading to the proportionally strong ACC transport and AABW formation.

In contrast, recent inverse modeling incorporating paleoceanographic tracer data implies a slow-down of
AABW export during the LGM [Gebbie, 2014]. We also do not find support for the scenarios with an extreme
change in density structure in our analysis. Scenarios with intense AABW formation would also seem to vio-
late the observation that atmospheric CO2 concentrations were lower during glacial times, as it would
increase the preformed nutrient inventory and weaken the retention of biologically sequestered carbon in
the deep ocean. Furthermore, a strong increase in density stratification and ACC transport is not supported
by the grain size data [McCave et al., 2014], which would allow for only very modest increases in ACC strength.
It is possible, however, that this mechanism might have been operating during the LGM, just not as strongly
as exhibited in some of the models.
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5. Conclusions

Models suggest a tight coupling between the lateral gradient in density across the ACC, the vertical gradient
in density north of the ACC, ACC transport, and the strength and vertical extent of the AABW cell. In models
that show an intensification of these gradients in transports during the LGM, the enhanced density gradient is
driven by enhanced buoyancy extraction by sea ice formation in the Southern Ocean. Our best estimate of
the vertical gradient in density north of the ACC suggests only a modest increase in ACC transport, but the
uncertainty in this estimate is large.

Better constraints on the LGM Southern Ocean circulation, and the impact the circulation change may have
had on atmospheric CO2, will require better estimates of past LGM density. Additional information from pore
waters at different water depths on both sides of the ACCwould allow for a muchmore direct and robust flow
estimate. But even a single pore water site that could provide information on past AAIW properties to same
precision as existing deeper profiles could reduce the errors on our calculation significantly.
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