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Abstract The Antarctic Circumpolar Current (ACC) plays a vital role in the interbasin exchange

of ocean properties. A robust method to reconstruct the ACC baroclinic transport is helpful to assess

the ACC's sensitivity to a changed climate. Here we test the reconstruction methods at the Last

Glacial Maximum (LGM; ~20 ka) using end-member water masses in a fully coupled, isotope-enabled
Community Earth System Model. Model results suggest that the density profile at the northern side of
ocean margins across the ACC can be reconstructed well from end-member water masses of Subtropical
Surface Water (STSW), Antarctic Intermediate Water (AAIW), and Lower Circumpolar Deep Water. One
additional pore fluid observation at 1,000 m can substantially improve transport reconstruction and is
essential to constrain the sign of change in ACC transport during the LGM. Moreover, the uncertainty in
transport calculation is large when salinities for STSW and AAIW are reconstructed independently based
on the §'*0_ -Salinity relationship of surface and intermediate waters in the South Indian Ocean. More
direct measurements of LGM temperature and salinity may allow better transport reconstruction.

Plain Language Summary The Antarctic Circumpolar Current (ACC) in the Southern Ocean
is important in the interbasin exchange of ocean properties through its horizontal circulation. Most of this
flow is associated with seawater density gradients (the baroclinic transport). Therefore, a robust method
that can be used to reconstruct the ACC baroclinic transport is the key to understand the sensitivity

of the ACC to paleoclimate conditions. Here we test the method to reconstruct the ACC baroclinic
transport during the Last Glacial Maximum (LGM; ~20 ka) using water mass properties from surface
water, intermediate water and deep water end members. Results from a fully coupled, isotope-enabled
Community Earth System Model suggest that the density profile at the northern side of ocean margins
across the ACC can be reconstructed well from end-member water masses. And one additional pore

fluid observation at intermediate depth can improve transport reconstruction and constrain the sign of
change in ACC transport during the LGM. However, the uncertainty in transport estimation is large when
salinities for water masses are further reconstructed. More direct measurements of LGM temperature and
salinity may allow better transport reconstruction.

1. Introduction

The Antarctic Circumpolar Current (ACC) in the Southern Ocean (SO) is a vital component of the global
ocean and climate system since it plays a key role in the air-sea exchange of heat and carbon (Le Quere
et al., 2007; Sabine et al., 2004). The storage and distribution of heat and carbon rely both on the horizontal
circulation of the ACC and the overturning circulation coupled to it (Rintoul et al., 2001). The zonal geo-
strophic transport is predominantly baroclinic transport associated with the density structure (or the tilted
isopycnals), which is determined, in turn, by the large-scale wind forcing (Gnanadesikan & Hallberg, 2000;
Marshall & Radko, 2003), buoyancy forcing (Sun et al., 2016), and the resulted eddies (Farneti et al., 2010;
Marshall et al., 2017). The baroclinic component of ACC transport has been monitored by World Ocean
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Circulation Experiment (WOCE), which is measured to be 136.7 + 7.8 Sverdrup (Sv; 1 Sv = 10° m3s~?) rela-
tive to zero at bottom for the 1993-2000 period (Cunningham et al., 2003; Rintoul & Sokolov, 2001).

During the Last Glacial Maximum (LGM) between ~23 and ~19 ka, the Antarctic temperature was estimat-
ed to be lower than the present day by up to 10°C (Jouzel et al., 2007), with more extensive ice sheets than
the present day (Clark et al., 2009). The cold climate let to an enhanced stratification of the ocean, which
has been hypothesized to explain reduced CO, outgassing (Burke & Robinson, 2012; Sigman et al., 2010).
Consequently, an estimate of the baroclinic transport of the LGM ACC is needed to assess how carbon was
stored and transported in this cold climate. Physically, the ACC baroclinic transport can be inferred by den-
sity stratification because the ACC is in thermal wind balance. However, it remains challenging to recon-
struct the density structure of the SO at the LGM. Due to the sparsity of proxy data and the uncertainties of
reconstruction methods, current proxy-based reconstructions yield controversial results. For example, one
study suggests a total reduction of transport at Drake Passage based on measurements of sortable silt grain
size (Lamy et al., 2015), while another study finds no net change in transport around the Drake Passage
based on the same method (McCave et al., 2014). Modeling studies also show a wide range for the ACC
transport. Models that participated in the Paleoclimate Model Intercomparison Project (PMIP) Phase 2
(Braconnot et al., 2007) and Phase 3 (Braconnot et al., 2012) show large (to order-of-magnitude) intermodal
spread in ACC transport from 40 to 300 Sv. Therefore, a robust approach is required to estimate the ACC
baroclinic transport during the LGM, which will shed light on the ACC's sensitivity to a changed climate.

Stable oxygen isotope (3'®0) in the benthic foraminifera (5'*0_) provides a potential method to reconstruct
the past seawater density to infer the oceanic transport change (Gu et al., 2019; Lynch-Stieglitz et al., 2006).
This is because, first, 5'*0, is one of the most abundant proxy observations and, second, 6'¥0 is determined
by the temperature and 6'*0 of seawater (5'*0_ ), the latter of which is often linearly correlated with salinity
(Craig et al., 1965; LeGrande & Schmidt, 2011). However, 6'*0_ cannot be used directly to estimate density
in the SO under the cold LGM climate because the relationship between 6'*0_, and salinity is altered by
the sea ice formation, which is extensive in the SO at the LGM (Brennan et al., 2013; Toyota et al., 2013).
Lynch-Stieglitz et al. (2016) proposed a reconstruction method (hereafter LS16) that reconstructs the ACC
baroclinic transport from two vertical density profiles across the ACC along the Australia section; the densi-
ty profiles are reconstructed from the temperature and salinity properties of the end-member water masses
and the vertical profiles of the 6'*0_ from sediment cores. This method is plausible because the measured
modern 8'*0_,-Salinity (S)-Temperature (T) relationship can be approximated as a linear relation due to
mixing between pairs of the three end-member water masses: Subtropical Surface Water (STSW) formed
within the subtropical gyre, Antarctic Intermediate Water (AAIW) found mostly at intermediate depths in
the SO with relatively low salinity, and Lower Circumpolar Deep Water (LCDW) formed by a mixture of
deep waters. With independent estimation of temperature and salinity of each end-member water masses,
the density profile can be reconstructed, and hence the transport can be estimated.

This method, nevertheless, relies on several key assumptions. First, the Slgosw-S-T relationship is assumed
to be controlled by similar linear mixing process at the LGM as today. Second, since no pore water measure-
ments are available for AATW and STSW, properties of end-members AATW and STSW have to be estimated
independently at the LGM. Therefore, paleosalinities of end-member water masses should be further re-
constructed based on the linear §'*0_, -S relationship of surface and intermediate water in the South Indian
Ocean. It assumes that the 80 -S relationship between STSW and AAIW in the SO can be well repro-
duced in the South Indian Ocean, as the result of mixing between subtropical gyre water and high-latitude
freshwater end-member, and this linear 6'®0_,-S relationship of the present day holds during the LGM.
These assumptions render the LS16 method to potential uncertainties. While the uncertainties in the LGM
end-members were considered in LS16 and propagated into the uncertainty in the LGM transport, it is as-
sumed that the end-member mixing structure held for the LGM.

This paper will assess the uncertainty of the LS16 method in the reconstruction of the ACC baroclinic
transport. We will assess the method in the context of an isotope-enabled coupled climate model that allows
for direct model-proxy comparison, with the objective of suggesting possible improvements in the recon-
struction method. We find that end-member water masses can be used to reconstruct the vertical density
profile reasonably well, and the reconstruction can be substantially improved by one additional pore water
observations below the AATW depth. This study is structured as follows. Section 2 describes the models and
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Table 1

PMIP3 Models Used in This Study

Climate Horizontal

model Institution Country resolution References

CNRM-CM5 Centre National de Researches Meterologiques France 292 X 362  Voldoire et al. (2013)

FGOALS-G2 Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid China 196 X 360 Li et al. (2013)
Dynamics

MIROC-ESM Atmosphere and Ocean Research Institute Japan 192 x 256 Watanabe et al. (2011)

MRI-CGCM3 Meterological Research institute Japan 368 X 360  Yukimoto et al. (2012)

CCSM4 National Center for Atmospheric Research United States 384 x 320 Gent et al. (2011)

data used in the study. Section 3 introduces the series of reconstruction methods to be tested. The major
results are presented in Sections 4-6. Section 4 tests methods to reconstruct the baroclinic transport using
observed paleo density profiles; Section 5 tests methods in which observational conditions are relaxed to
have paleo density observations only for end-members water masses; Section 6 further tests methods in
which paleo-density observations are only available for the deepest end-member water mass. Finally, a
summary is given in Section 7.

2. Model and Data

We use the output from a water isotope-enabled (8'%0, 8D), fully coupled Community Earth System Model
(iCESM) version 1.3 (Brady et al., 2019). The iCESM includes the atmosphere, ocean, land, sea ice, and river
runoff components with stable water isotopes incorporated to facilitate a direct model-data comparison
(Brady et al., 2019; Zhang et al., 2017). The ocean component uses the Parallel Ocean Program version
2 (Smith et al., 2010), which has a nominal 1° horizontal resolution (gx1v6) and 60 vertical layers with
a 10 m resolution in the upper 160 m expanding to a 250 m resolution below 3,500 m. Here, we use the
output from two experiments, the pre-industrial (PI, ~1,850) and the LGM (~20.0 ka) experiments (He
et al., 2021a, 2021b). The model is able to simulate both the physical aspects of the present-day climate and
water isotopes in the atmosphere and ocean reasonably well (Hurrell et al., 2013; Zhang et al., 2017). The
LGM simulation in the iCESM shows colder global mean temperature up to 7°C compared to the PI simu-
lation, which agrees with the upper range of one reconstruction (Snyder, 2016).

We also use the output from five PMIP3 models (Braconnot et al., 2012) for assessing the reconstruction of
the baroclinic transport using the vertical density profiles (Table 1). Each PMIP3 model only considers one
ensemble member (rlilp1) and has both “piControl” and “LGM” experiments with ocean potential temper-
ature “thetao,” salinity “so,” and seawater velocity “uo” and “vo” monthly fields available. For each model,
the “piControl” simulation is used as the control run compared against the “LGM” experiment. Annual
mean climatology was calculated for analysis and potential density was calculated from the salinity and
temperature fields to estimate the ACC baroclinic transport.

3. Methods

In this section, we briefly introduce a series of methods for a systematic test of the reconstruction of the
baroclinic transport of the ACC (Table 2), while the details of each method will be discussed later in Sec-
tions 4-6. Largely following the idea of LS16, this series of methods are staggered in three steps with in-
creased degrees of approximation to meet the presumably increased restrictions toward realistic paleo-ob-
servation scenarios. We also explore methods that can improve the estimation by incorporating limited new
observations. In Step 1, we assume that we have only 2, or even 1, vertical profiles of ocean density obser-
vation on the ocean margins across the ACC. The density profiles can be used to calculate approximately
the meridional density gradient and, in turn, the baroclinic ACC transport using the thermal wind relation,
which is the dynamic base for the reconstruction. In Step 2, we further assume that the density observation
is limited to only a few end-member water masses on the northern margin of the ACC. Now, the vertical
density profile at this site will be reconstructed by first estimating the T and S of end-member water masses
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Table 2
Methods for Reconstructing ACC Baroclinic Transport in the iCESM
Steps Methods Transports (Sv)
Uil Model baroclinic transport u, = u_, + 8 - | a—pdz Trrun, o1 = 992
pof & ay
T, Lom = 242:3
S (ED) S1_M1: Using both north and south margin density profiles u, = u., + Lf j 'DSA_—dez Toin,p = 1014
Pot 0 Y
Tg) miLom = 2231
¢ PN,33km ~ P T =108.1
S1_M2: Using only north margin density profile u, = u_, + if ) %dz S1_M2, PI
T pfo y
T w2, 1ov = 168.6
Step2(S2)  S2_M1: Using end-member water masses and 8'%0, profile as weight to reconstruct the north margin density profile M) o = 7009
¢ PN,33km ~ PN 7
(o) u, = uy +Lf {)sz
ol y Tgy m1.Lom = 674
S2_M2: Using end-member water masses and one additional pore fluid at 1 km to reconstruct the north margin Ts, vz pr = 88-8
% PN,33km T PN -
density profile (o) u, = u.y + L +dz
z0 -
Aof Y Ts, a2, 1om = 1035
Step 3(S3) S3_M1: Using end-member water masses with salinities of STSW and AATW are further reconstructed to get the north T, \;, 5 = 73.5 = 35.1
2 PN,33km ~ PN -
margin density profile (o) u, = u_ + ] %dz
20 —
pof Y e vy, ey = D740 2 360

Note. Transport calculation with equations for geostrophic shear are attached for each method. u is the zonal velocity components; u, is the velocity at the
reference level; g is the gravitational acceleration; p, is the reference seawater density; f is the Coriolis Parameter; Ay/dy is the meridional width; p is the
northern (40°S) margin potential density profile; o is the southern (60°S) margin potential density profile; py , ;. is the assumed constant southern margin
density profile with the density further approximated by that at the LCDW depth (3.3 km) of the northern margin profile. Both calculations use 3.3 km as the
level of no motion (u,, = 0 at z0 = 3.3 km). AATW, Antarctic Intermediate Water; ACC, Antarctic Circumpolar Current; iCESM, isotope-enabled Community
Earth System Model; LCDW, Lower Circumpolar Deep Water; LCM, Last Glacial Maximum; STSW, Subtropical Surface Water.

and then combining these end-member properties with vertical profiles of §'*0_. In Step 3, we further relax
the observation. We assume that we only have the density observation in the single abyssal end-member
LCDW while other end-members need to be estimated independently.

More specifically, in Step 1 (S1), we start with the most ideal case that we have the observation of verti-
cal density profiles. In the first case, we assume we have two vertical profiles on both the northern and
southern sides of the ocean margin across the ACC along, for example, the Australia sector (AU, 135°E) as
showed in Figure 1. This case corresponds to method S1_M1 (Table 2). In the second case, the observational
condition is relaxed such that we only have the single density profile on the northern side. The southern
density profile is approximated as a constant profile with the density further approximated by that at the
bottom (LCDW) depth of the northern profile, because they both are assumed approximately to represent
the LCDW water mass. This case corresponds to method S1_M2 (Table 2). Both methods in this step have
been tested in the PMIP2 output to be largely successful (Lynch-Stieglitz et al., 2016). Here, these methods
will be tested further in the most recent PMIP3 simulations and will be further improved in their formula-
tion, as will be discussed in detail in Section 4.

The focus of our paper is on the next two steps that are based on observations of end-members and oxygen
water isotopes. In Step 2 (S2), we assume that, on the northern margin, the observation of the entire verti-
cal density profile is further relaxed such that we only have the observations of water densities for several
end-member water masses. This would correspond to having pore fluid observations and §'*0, for each wa-
ter mass from which temperature and salinity could be inferred. In S2 we also presume that we have a ver-
tical profile of 6'*0_ on the northern margin site, presumably from measurements on benthic foraminifera.
We then can reconstruct the density profile using water property of the end-member water masses and the
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2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3
Bathymetry (km)

Figure 1. Locations of the Australia section (red dashed line) and the density profiles used in the Antarctic
Circumpolar Current density reconstruction (red dots). Solid black lines are the position of the Antarctic Fronts from
the pre-industrial simulation of the isotope-enabled Community Earth System Model: the Subantarctic Front (SAF),
Polar Front (PF), and Southern Antarctic Circumpolar Current Front (SACC). Bathymetry (km) deeper than 2.5 km is
shaded in the background. The definitions of the Antarctic Fronts follow Orsi et al. (1995) along specific features in the
potential temperature field.

vertical profile of 5'*0 to weight the proportion of end-member waters at each depth. We first discuss the
case where we have the water properties for three end-members STSW, AAIW, and LCDW, corresponding to
method S2_M1 (Table 2). We then discuss a case, corresponding to method S2_M2, in which the estimation
can be substantially improved, if we have one additional pore fluid observation at ~1 km depth. The details
of this step are discussed in Section 5.

In Step 3 (S3), we further relax the observational condition from Step 2 such that pore water based estimates
of temperature and salinity are available only in the deepest end-member, LCDW (Adkins et al., 2002) and,
thus, paleo-salinities of STSW and AATW must be reconstructed independently from the linear §'*0_ -S re-
lationship of surface and intermediate waters in the South Indian Ocean. It is assumed that this §'O_-S re-
lationship is the result of mixing between subtropical gyre waters and a high-latitude freshwater end-mem-
ber, and that this is also the case during the LGM. This method is denoted as S3_M1 and is tested in our fully
coupled model experiments. The details of this step are discussed in Section 6.

4. Reconstructing Baroclinic Transport Using Site Density Profile

We first test methods of Step 1 using horizontal (S1_M1) and vertical (S1_M2) density stratification to calcu-
late the ACC baroclinic transport. These tests confirm that the vertical density stratification alone along the
northern margin can be used to estimate the baroclinic transport. The S1_M1 method here uses two vertical
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density profiles on both the northern (40°S) and southern (60°S) sides of the ocean margin across the ACC
along the AU sector such that the geostrophic shear is calculated as

Z

8 [PsTPN
pof 0 Ay
where u is the zonal velocity component; u, is the velocity at the reference level (3.3 km), which is assumed
to be zero; g is the gravitational acceleration; o is the reference seawater density; fis the Coriolis Parameter;
Py is the northern (40°S) margin potential density profile; pg is the southern (60°S) margin potential den-
sity profile; and Ay is the meridional width from 60°S to 40°S. The depth 3.3 km is chosen as the reference
level, consistent with LS16, because there is no topographic barrier between the Antarctic and Australian
continent at this depth south of Australia, and the model velocity at this depth is nearly zero in the model
at AU sector. The depth 3.3 km here is also nearly the depth of minimum geostrophic shear such that the
transport calculation is least sensitive to the chosen reference level (Lynch-Stieglitz, 2001; Wunsch, 1996).
In the second case S1_M2, we use only one north margin density profile

u, =uy +

¢y

g §PN33km T PN
uy = g+ 5 ] N3N TN
pof 0 Ay

where p ; 3., is the assumed constant southern margin density profile with the density further approximat-
ed by that at the bottom (LCDW) depth of the northern profile.

dz @)

Our tests with iCESM and PMIP3 experiments confirm that the horizontal density gradient, or even the
vertical density stratification in the northern margin alone, can be used to estimate the baroclinic transport.
As shown in the scatter diagram in Figure 2a, the estimated transport using S1_M1 is in excellent agreement
with the true baroclinic transport, as the points are arrayed along a 1:1 line (cross-correlation » = 0.996).
This suggests that the ACC transport can be estimated using the cross-ACC density difference. The esti-
mated transport in S1_M2 also reproduces the modeled baroclinic transport reasonably well (Figure 2b,
r = 0.960), although the estimation is deteriorated somewhat relative to S1_M1. Furthermore, the transport,
and the difference in transport between LGM and PI, in S1_M2 is also correlated with the estimation in
S1_M1 (Figures 2c and 2d). This suggests that the northern density profile alone can be used to estimate
the ACC transport. This result further supports the conclusion of LS16 based on the PMIP2 experiments.

Physically, the correlation of S1_M2 with S1_M1 suggests that the ACC baroclinic transport is linked with
the vertical density stratification as the vertical density gradient reflects the horizontal density gradient due
to the oceanic subduction process. A further examination shows that the deviation in S1_M2 is mostly due
to the imperfect assumption of the constant southern margin density profile in S1_M2 (Figure 3). In Fig-
ure 3, we show the density profiles in S1_M1 and S1_M2 in the World Ocean Atlas 2009 (WOA09) (Antonov
et al., 2010; Locarnini et al., 2010) and iCESM PI and LGM simulations. Compared with WOA09, the PI
simulation shows a more stratified potential density profile (Figures 3a and 3b), which might be explained
by the relatively coarse bottom topography and the lack of eddy fields in the ocean component of iCESM to
balance the wind forcing, potentially affecting the dynamics of the ACC and associated transport (Olbers
et al., 2004; Rintoul et al., 2001). Nevertheless, both WOA09 and the iCESM PI simulation show that the
assumed constant southern margin density in S1_M2 is greater than the density in S1_M1, especially in the
upper ocean, thereby leading to a greater density gradient in S1_M2 than in S1_M1 (Figures 3a and 3b). The
calculated PI baroclinic transport in S1_M2 thus is higher than the transport in S1_M1 (Figure S1 in Sup-
porting Information S1). By contrast, the density gradient in S1_M2 is smaller than that in S1_M1 during
the LGM (Figure 3c) so that the transport in S1_M2 is estimated to be smaller than the transport in S1_M1
(Figure S1 in Supporting Information S1). This inconsistency of southern margin density profiles in S1_M1
and S1_M2 suggests that the south margin density is slightly stratified, instead of uniform as assumed.
The stratified south margin density is also examined in PMIP3 (Figure S2 in Supporting Information S1),
indicating the imperfect assumption of south margin density profile in S1_M2 in all models, which can
deteriorate the transport estimation relative to the S1_M1.

The formulation of the transport estimation can be further improved. In LS16, the Coriolis parameter uses
today's average ACC latitude (56°S) with a 1-sigma uncertainty of +2.5° latitude for the LGM

f =2Qsin(f) ®3)
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Figure 2. (a) The model baroclinic transport south of Australia (AU, 135°E) in the isotope-enabled Community Earth

System Model and PMIP3 against the transport estimation in S1_M1 using north (40°S) and south (60°S) margin
density profiles at the pre-industrial (PI) (solid circles) and Last Glacial Maximum (LGM) (open circles). (b) The

model baroclinic transport against the transport estimation in S1_M2 using north margin density profile only. (c) The
transport in S1_M1 against that in S1_M2. (d) The calculated transport difference (LGM-PI) in S1_M1 against that in

S1_M2. The modern observations are from World Ocean Atlas 2009 (Antonov et al., 2010; Locarnini et al., 2010).
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Figure 4. The model baroclinic transport (Truth, black) and transport estimation in S1_M1 using different Coriolis
Parameters, calculated by the latitude 40°S (green), 50°S (purple), and 60°S (orange), across 13 sites along the Antarctic
Circumpolar Current during the (a) pre-industrial and (b) Last Glacial Maximum. The Drake Passage (66°W) uses
Coriolis parameters calculated by the latitude 57°S, 60°S, and 63°S due to its narrow channel.

where Q is the angular speed of the earth and fis the latitude 56°S. Here our best estimate for the Coriolis
parameter yields the latitude of 50°S in Equation 3 to calculate the geostrophic shear. Figure 4 shows the
effect of the Coriolis parameter on the estimate of baroclinic transport in the iCESM. We use the most
northern latitude 40°S, the midpoint latitude 50°S, and the most southern latitude 60°S for the Coriolis
parameter in S1_M1 (Equation 1) across 13 sites along with the ACC, with f being the latitude 40°S, 50°S,
and 60°S in Equation 3, respectively. Drake Passage (66°W) uses latitudes of 57°S, 60°S, and 63°S for Coriolis
parameter calculation (Equation 3) due to its narrow meridional boundary. The overall percent error is then
calculated as follow

li TsLMl,f(i)_Tmﬂh (l)

4
ni=o Ttruth (l) ( )
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where n = 13 is the number of sites used, T, ,,  is the S1_MI transport estimated with different Coriolis
parameters f, and T, is the model baroclinic transport at 13 sites along with the ACC. As shown in Fig-
ure 4, the Coriolis parameter that gives the transport estimation close to the model varies from latitude 40°S
to 60°S across these 13 sites at both the PI and LGM. Note that the transport estimation is quite sensitive to
using a different latitude for the Coriolis parameter. Nevertheless, the midpoint 50°S generally gives a more
accurate estimate of baroclinic transport with the smallest percent error (0.0988 and 0.0793 for the PI and
LGM, respectively), except the Drake Passage site where the difference is relatively small due to its narrow
channel. Particularly at the AU sector, using the Coriolis parameter at the midpoint 50°S produces the best
match between the estimated and true baroclinic transport. The following estimates of ACC baroclinic
transport thus use a latitude of 50°S to calculate the Coriolis parameter.

5. Reconstructing Baroclinic Transport Using End-Member Water Masses

We now test methods of Step 2 (S2), which further assumes that the density observation is limited to only
a few end-member water masses at the northern margin of the ACC. As such, the vertical density profile
needs to be reconstructed from water properties of the end-member water masses and the vertical profile of
8180 We first discuss the most ideal case (S2_M1) where the temperature and salinity of three end-member
water masses (STSW, AAIW, and LCDW) at northern margin are available for both time intervals and are
then weighted by the 60 profile. The reconstructed temperature and salinity profiles, in turn, are used to
calculate the north margin density profile. The §'%0, profile here is calculated from model seawater §'%0_,
and temperature in °C (Marchitto et al., 2014)

5"%0, = 60, — 0.27 + 0.0011T* — 0.245T +3.58 (5)

which is in good agreement with the data from LS16 (Figure S3 in Supporting Information S1). The weight-
ed fraction (f, ) between STSW and AAIW or between AAIW and LCDW in S2 are calculated as follows

fw,STSW—AA[W = (5180c,AA[W - 51800) / (6180C,AAIW - 5180c,STSW)

: 18 18 18 18 ©)
Jv.aAtw-LcDW = (5 OcLcow =0 Oc) / (5 Oc.Lcow =90 Oc,AAIW)
The temperature T and salinity S profiles thus can be calculated with the weight of fraction f, as
Tsrsw-aatw = fu.stsw-aaw % Tstsw + (1 - fw,STSW—AAIW) X Taarw
Txarw-Leow = S, aatw-Lepw X Taarw + (1 = fw. AAIW—LCDW) x Trcpw -

SSTSW—AAIW = -f;v,STSW—AAIW X SSTSW + (1 - fu STSW—AAIW) x SAAIW
SAAIW—LCDW = Jw, AAIW-LCDW X SAAIW + (1 - fw.,AAIW—LCDW) x SLCDW

In the ideal case S2_M1, the northern margin density profile can be reconstructed from end-member water
masses. Nevertheless, the density stratification can be underestimated. Figure 5 shows 3'%0_-S-T relation-
ship in observations and iCESM PI and LGM simulations. Although there are some biases in PI simulation
(more depleted seawater 6'*0_ at AU section), the model §'%0_-S-T during the PIsupports the observations
of LS16 such that the modern 8'80_ -S-T relationship can be approximated as a linear mixing relation be-
tween pairs of the three end-member water masses (Figures 5a-5e). However, the model §'%0_ -S diagram
during the LGM (Figure 5f) shows a linear mixing between STSW and AAIW, but changes to a nonlinear
mixing between AAITW and LCDW. More importantly, at both time intervals, the reconstructed T-S diagrams
between pairs of three end-member water masses tend to be straight lines, while the model T-S diagrams are
quite curved (Figures 5b and 5c). This discrepancy between the model and reconstructed T-S diagrams is
mostly due to the reconstruction methodology and suggests that the density profile reconstruction may be
inaccurate. A closer look at reconstructed property profiles (Figures 6a-6¢) suggests that the density gradi-
ent can be underestimated. As shown in Figure 6a, the temperature profile can be accurately reconstructed
at both the PI and LGM (see Appendix A for details). Nevertheless, in Figure 6b, the reconstructed salinity
is much saltier than the model salinity below the AAIW depth (up to 0.2 psu for the PI and 0.5 psu for the
LGM), which leads to relatively high reconstructed density (Figure 6c). This higher reconstructed density
thus can result in an underestimation of the density gradient. As such, compared to S1_M2, the transport
estimation in S2_M1 is reduced by 28.5% and 60.0% at the PI and LGM, respectively (Table 2).
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Figure 5. The T-S (top panels) and §"*0_, -S (bottom panels) diagrams in the observations and in the isotope-enabled Community Earth System Model pre-
industrial and Last Glacial Maximum (LGM) simulations. T and S for Australia margin from WOA09 in (a). S and §'%0_, from GEOSECS stations and along
the Antarctic Margin (Jacobs et al., 2005; Schmidt et al., 1999) in (d). Black dots are from the model and colored dots are from reconstruction S2_M1 in (b, c, e,
and f). Contours indicate isopycnals (contour interval = 0.4 kg m~3). Markers (solid circle, asterisk, and open circle) are end-member water masses Subtropical
Surface Water (STSW) (red), Antarctic Intermediate Water (AAIW) (blue), and Lower Circumpolar Deep Water (green). Black lines in (e and f) show the
regression lines for black dots between STSW and AAIW.

It should also be noted that the model AATW depth at LGM is substantially shallower than that at the PI.
This suggests that keeping the LGM AAIW depth the same as PI AATW depth may result in a large error
in the reconstructed LGM salinity profile especially between STSW and AAIW, leading to an inaccurate
reconstructed density profile and ACC transport. The model T-S diagrams show that the AAIW depth is
about 708 m at the PI (Figure 5b), whereas the AATW depth shallows to 175 m at the LGM (Figure 5c). A
further examination demonstrates that the shallower AATW depth during the LGM is probably due to the
northward movement of AATW. Figure 7 shows meridional sections of zonal mean salinity at the PI and
LGM and marks the location of sea surface salinity (SSS) minimum. The tongue of low salinity AATW shal-
lows at the LGM compared with that at the PI, and the SSS minimum in the SO changes from south to north
during the LGM, suggesting a northward movement of AATW. Note that this shift seems to be systematic,
not only in the iCESM (Figure 7), but also in PMIP3 models (Figure S4 in Supporting Information S1). This
northward movement of AAIW implies that the AAIW depth could have been shallower during the LGM at
the AU sector. The physical mechanism for this systematic shift and shoaling of AATW at LGM is presented
in a separate work (Li et al., 2021).

Given the underestimated density gradient in S2_M1, we explore the case S2_M2 if the estimation can be
improved with one additional pore fluid observation obtained below the AATW depth. Our result shows
that, in this case S2_M2, the transport estimation can indeed be substantially improved. Figure 8 shows
the reconstructed SISOSW-S-T diagrams in S2_M2 with one more pore fluid observation at ~1 km assumed
available in the reconstruction. The reconstructed T-S diagrams now compare much better with the model
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Figure 6. The model (solid lines) and reconstructed (dashed lines) temperature, salinity, and potential density profiles at the pre-industrial (PI) (red) and
Last Glacial Maximum (LGM) (blue) in the reconstruction S2_M1 (tope panel) and S2_M2 (bottom panel). Blue asterisk markers correspond the Antarctic
Intermediate Water (AAIW) depth at the PI; open circles correspond the AAIW depth at the LGM; and magenta open stars correspond the depth of additional
pore fluid observation at ~1 km added in S2_M2.
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Figure 7. Zonal mean salinity in color shading at the pre-industrial (PI)
and Last Glacial Maximum (LGM). Triangle markers correspond to the

locations of sea surface salinity minimum at the PI (red) and LGM (blue).

T-S diagrams at both the LGM and PI (Figures 8a and 8b). More spe-
cifically, as the temperature profiles can be reconstructed accurately in
both S2_M1 and S2_M2 (Figures 6a and 6d), the reconstructed salini-
ty profile is much closer to the model salinity profile below the AATW
depth in S2_M2 (Figure 6e) than in S2_M1 (Figure 6b). Consequently,
the reconstructed density profiles are relatively closer in the S2_M2 to the
S2_M1 (Figures 6¢ and 6f). This improved reconstructed density profile
hence results in the transport estimations in S2_M?2 reduced by 17.9%
and 38.6% respectively (Table 2). In short, the study in this section sug-
gests that the ACC baroclinic transport can potentially be reconstructed
from end-member water masses alone. Furthermore, the estimation can
be greatly improved by one additional site for pore fluid based on T and S
estimates obtained below the AATW depth in the reconstruction.

6. Reconstructing Baroclinic Transport Using
Reconstructed End-Member Water Masses

6.1. Method for Reconstructing STSW and AAIW Paleosalinities

As the density profile can be reconstructed from end-member water mass-
es alone, we finally test the method of Step 3 (S3), which further relaxes
the observational condition such that paleo-salinities of end-members
STSW and AAIW need to be reconstructed independently. In LS16, the
paleo-salinities of end-member water masses are reconstructed through
the linear 8'®0_ -S relationship of surface and intermediate waters in
the South Indian Ocean. It assumes that this §'80__ -S relationship of the
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Figure 8. The T-S (top panels) and §"*0_, -S (bottom panels) diagrams in the isotope-enabled Community Earth System
Model for the reconstruction S2_M2 with one additional water mass at ~1 km. Magenta open stars correspond to the
one additional water mass added in the S2_M2.

present day, the result of mixing between subtropical gyre waters and high-latitude freshwater end-member,
holds during the LGM

51805w = |:(5180fresh - é‘lsogyre) / (Sfresh - Sgyre ):| xS+ é‘lsofresh (8)
where 880, . is the 5'%0 of freshwater end-member; 8'%0, . is the 3'®0 of subtropical gyre; S, is the
salinity of freshwater end-member (typically ~0); and Sgyre is the salinity of subtropical gyre. More impor-
tantly, it also assumes that this linear §'*0_-S relationship in the South Indian Ocean can reproduce well

the 3'80_ -S relationship between the STSW and AAIW at the AU section. Therefore, the salinity of STSW
and AAIW can be estimated as

S:( 50, - 5180ﬁesh) [ ayre (5180ﬁesh 5180gyreﬂ ©)]

where S, can be estimated from observations in the South Indian Ocean; 8'*0, . and §'*0y , can be in-
ferred from observationally derived Equation 8; and the §'80_, of STSW and AAIW can be calculated from
Equation 5 with 8®0_ and T observations for the end-member water masses. As such, the LGM salinity of
end-member water masses (STSW and AAIW) can be reconstructed if the LGM Sgyre, 5180gyre, 8180, and
8180, of end-member water masses are given independently.

More specifically, in LS16, the LGM 8'0_ of STSW and AAIW are estimated from Equation 5 given the
independent measurements of LGM §'¥0_ and T. Since the real-world 8'*0_ -S relationship is unknown at
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Figure 9. The §"0_ -S relationship of surface and intermediate waters in the South Indian Ocean at the pre-industrial
(red dots) and Last Glacial Maximum (blue dots). Black lines show the regression lines for the red and blue dots,
respectively.

LGM, the change of subtropical gyre end-members (%0 ore aDd S ) are estimated from the whole ocean
380, and salinity difference between the PI and the LGM, and the LGM §'%0;, can be inferred from mod-
eling studies, as supported by the observations of precipitation §'30 ,- Largely following the LS16, we first
reconstruct the salinities of STSW and AAIW in S3_M1. The model smosw of the end-members are directly
used in our test method S3_M1 for the PI and LGM. The PI subtropical gyre end-member Sgyre is estimated
in the South Indian Ocean, and then §'30 ore 18 estimated given the model 380, -S relationship Equation 8
in the South Indian Ocean. Since the LGM 880 S relationship is assumed to be unknown, the PI sub-
tropical gyre end-members (S, . and alsogyre) thus are increased by the global mean difference (1.11 psu
and 1.03%o, respectively) for the LGM. The PI "%, can be inferred from the 60, -S relationship in the
South Indian Ocean, but the LGM §'%0;, is approximated from local precipitation 5'*0 , difference. Note
that since the iCESM is a fully coupled model, §'0 outputs from the atmosphere and ocean components are
self-consistent. As salinities of end-member water masses are reconstructed, the density profile will then be
reconstructed (denoted as S3_M1) same as the method S2_M1.

6.2. Reconstructing Paleosalinities of STSW and AAIW in the iCESM

In the iCESM, results of S3_M1 show that the paleosalinity of STSW and AAIW can be further reconstruct-
ed based on the linear §'*0_, -S mixing relationship in the South Indian Ocean. The model §"*0_,-S mixing
relationships between STSW and AAIW at the AU sector are found linear at both the PI and the LGM, and
the LGM slope (~0.295%0/psu) is close to the PI slope (~0.280%0/psu) (Figures 5c and 5d). These linear mix-
ing relationships confirm the assumption that the §'*0_ -S-T relationship can be approximated as a linear
mixing relation between STSW and AAIW at both time intervals. Furthermore, the linear §'%0_,-S relation
between STSW and AAIW at AU sector can be reproduced well in the South Indian Ocean in the iCESM.
Figure 9 shows the 80 -S relation of surface and intermediate waters in the South Indian Ocean at the
LGM, which are offset from the PI because global salinity and seawater §'*0_ increase by about 1% respec-
tively at the LGM due to land ice expansion. However, the regression lines are linear at both the PI and the
LGM, with the LGM slope (~0.32%o/psu) similar to the PI slope (~0.30%0/psu). This implies that the linear
880, -S mixing relation in the South Indian Ocean can be used to reconstruct the salinities of end-member
water masses STSW and AATW.

Physically, the freshwater end-member needs to be inferred from the linear §'*0_, -S mixing relation in Equa-
tion 8, in order to reconstruct the salinities of STSW and AAIW. In this case, the PI freshwater end-member
is shown to be about —10.33%o from the §'®0_,-S relation in the South Indian Ocean (Figure 9), which is
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Figure 10. The model and reconstructed T-S (top panel) and 8'%0_-S (bottom panel) diagrams at the pre-industrial
(PI) and Last Glacial Maximum (LGM). Black dots are from the model; colored dots are from the reconstruction S3_M1
where salinities of Subtropical Surface Water (STSW) and Antarctic Intermediate Water (AAIW) are reconstructed
independently. Contours indicate isopycnals (contour interval = 0.4 kg m~3). Markers are end-member water masses
STSW (red), AAIW (blue), and Lower Circumpolar Deep Water (LCDW) (green) for the PI (asterisk) and LGM (open
circle). The uncertainties in reconstructed LGM temperature for STSW, AAIW, and LCDW are +1°C, +1°C, and
+0.25°C, respectively. The uncertainties in reconstructed LGM salinity for STSW, AAIW, and LCDW are +0.87 psu,
+0.93 psu, and +0.035 psu, respectively. The uncertainties in reconstructed LGM 61805W for STSW, AAIW, and LCDW
are +0.23%o, £0.25%o0, and +0.05%o, respectively.

similar to the model value of freshwater end-member (—9.60%) derived from the linear 6'¥0_ -S relation
between the STSW and AAIW at the AU sector (Figure 5e). However, the LGM freshwater end-member are
shown to be enriched slightly in the iCESM (Figures 5f and 9), instead of more depleted as suggested in LS16.
The enrichment of the LGM freshwater end-member is also consistent with the approximation method in
S3_M1 from the model local precipitation alsop difference in the South Indian Ocean, which is enriched
about 0.77%o during the LGM. As such, the LGM 8'30_-S relationship is derived as 6'*0_, = 0.298 x S-9.56,
and salinities of STSW and AAIW at LGM are reconstructed in Equation 8.

6.3. Transport Reconstruction and Monte Carlo Estimate

With the salinity of end-member water masses reconstructed based on the 51808‘”-8 relationship, the den-
sity profile is reconstructed in the case S3_M1. Our result shows that the transport estimation in S3_M1
is reduced by 32.2% and 77.9% at the PI and LGM, respectively (Table 2). As shown in Figure 10a, the
reconstructed T-S diagram is relatively close to the modeled T-S diagram during the PI. This suggests that
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Figure 11. The model (solid lines) and reconstructed (dashed lines) (a) temperature, (b) salinity, and (c) potential density profiles at the Australia (135°E)
sector during the pre-industrial (red) and Last Glacial Maximum (LGM) (blue) for the reconstruction S3_M1. The uncertainties (black lines) in reconstructed
LGM potential density for Subtropical Surface Water, Antarctic Intermediate Water, and Lower Circumpolar Deep Water are +0.53, +0.63, and +0.03 kg/m?3,

respectively.

the reconstruction method S3_M1 is plausible such that the salinities of end-member water masses and
the density profile in S3_M1 can be reconstructed reasonably well. However, during the LGM, the recon-
structed T-S diagram is substantially distinct from the model T-S diagram (Figure 10b). The reconstructed
8180, -S relationship between pairs of the end-member water masses is also close to the model for the PI
(Figure 10c), but the relationship changes dramatically for the LGM (Figure 10d). A closer examination of
the reconstructed temperature and salinity profiles also indicates that both the temperature and salinity
profiles can be reconstructed reasonably well during the PI (Figures 11a and 11b). However, the recon-
structed salinity during the LGM is much saltier (up to 1.5 psu) than the model (Figure 11b). Therefore,
the reconstructed LGM density is higher than the model (Figure 11c), resulting in an underestimate of the
density gradient and large reduction in the transport estimate. The overestimated paleosalinity of STSW
and AAIW is mostly due to the freshwater end-member estimate, which is challenging to accurately ap-
proximate in S3_M1. The transport estimate in S3_M1 suggests that the paleosalinities of end-member
water masses can be reconstructed from the linear 80 -S mixing relationship in the South Indian Ocean.
However, an accurate estimate of the LGM 8'#0, _, in the S3_M1 needs further exploration.

In order to assess whether reconstructed end-member water mass properties and transport are significantly
different from the model, we perform Monte Carlo experiment in the method S3_M1, given the estimated
uncertainty of each input parameter. Although actual values of input parameters in S3_M1 are extracted
from iCESM, the uncertainties on each parameter are estimated based on LS16. As such, the uncertainty in
the 80, profile is about +£0.07%. (LS16). The uncertainty in §'%0, profile (+£0.07%o) incorporates analytical
uncertainty, proxy uncertainty, and age model uncertainty, and is estimated from the difference between
the Holocene benthic foraminiferal values and predicted values based on the modern water column data in
LS16. The uncertainties in the temperature and salinity of LCDW are taken from Adkins et al. (2002). There
are suggestions that the errors on the pore water reconstruction may be underestimated (Miller et al., 2015;
Wunsch, 2016a, 2016b). These uncertainties and its implications may in turn result in larger transport error
and need to be considered in a real-world paleo-application.

For the temperatures of STSW and AAIW, we assign a 1-sigma error of +1°C. Moreover, we assign a rela-
tively large error estimate of 1% on the freshwater end-member (§'*0;, ), and +0.1%o and +0.137 psu on
the subtropical gyre 5180gyre and Sgyre respectively. The uncertainties on latitude and AATW depth also keep
consistent with LS16, which are assigned 1-sigma uncertainties of +2.5° and £100 m, respectively.

The Monte Carlo estimate shows that the method S3_M1 yields a 1-sigma uncertainty of +£35.3 Sv for LGM
ACC transport reconstruction (Table 2), allowing for a wide range in LGM ACC transport. This total error
on the transport calculation is contributed mostly due to the uncertainties in AAIW temperature, such that
the transport error can be reduced by 44.1% if the uncertainty in AATW temperature is zero. If the error can
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be thus reduced, the relative sizes of the PI and LGM estimates would become significantly different. The
assumed 830 ayre and Sgyre used in Equation 9 to estimate salinities for STSW and AAIW could also contrib-
ute to the transport error, which can be reduced by 12.8% if uncertainties in 8*0 ayre and Sgyre are zero. The
Monte Carlo test shows that 1-sigma uncertainties in reconstructed LGM salinities for STSW and AAIW are
about +0.87 psu and +0.93 psu, respectively (Figure S7 in Supporting Information S1). Thus, reconstructed
densities for STSW and AAIW and transport reconstruction are significantly different from the model val-

ues (Figure 11c¢).

7. Conclusions

In this work, we test systematically a series of methods for reconstructing the glacial ACC baroclinic trans-
port in the context of an isotope-enabled coupled climate model iCESM. This series of methods are stag-
gered in three steps with increased degree of approximation to meet the presumably increased restrictions
toward realistic paleo-observation scenarios. We find that the ACC baroclinic transport can be reconstruct-
ed from end-member water masses (STSW, AAIW, and LCDW) and the vertical profile of 8'%0_ at the Aus-
tralian margin. The model results also show that adding more direct information from pore fluid observa-
tions at intermediate depths may allow better transport reconstruction. But the uncertainties of pore-water
reconstructions and its implications for transport reconstruction need to be considered in the real-world
reconstructions (Wunsch, 2016a, 2016b). Moreover, as the observational condition is further relaxed that
density is only available for LCDW, paleosalinities of STSW and AAIW can be reconstructed independently
from the 8'#0_, -S relationship of surface and intermediate waters in the South Indian Ocean. However, the
uncertainties in the reconstructed paleosalinity of end-members are exceedingly large, leading to a hugely
reduced transport estimation with large error. This suggests that caution should be taken when reconstruct-
ing paleosalinities of end-member water masses due to the challenge to accurately estimate the paleo fresh-
water end-member, which needs further exploration.

This work reinforces the conclusion reached in LS16 that without better constraints on LGM salinity, the
error in the estimate of ACC transport based primarily on §'®0_, are unacceptably large. However, our study
shows that a modest number of pore water salinity reconstructions on the northern margin of the ACC,
interpolated using §'*0_, measurements at higher vertical resolution, is a viable approach. Adding direct
information about temperature and salinity from pore water reconstructions south of the ACC could further
constrain LGM ACC transport.

Both models and reconstructions are subject to substantial biases and uncertainties. The bottom topography
and eddies are essential in the dynamics of the ACC and associated transport. The relatively coarse-reso-
lution model used in this work could potentially cause problems because of the lack of eddy fluxes and
relatively coarse bottom topography. Additionally, the model simulates relatively fresher surface water
compared with observations. These biases could influence findings on reconstructing paleosalinities of
end-member water masses and associated ACC transport. However, our work focuses on the methodology,
in principle, necessary to reconstruct glacial ACC baroclinic transport and on the associated assumptions
in LS16, using the model as a substitute to the real world. In the future, it would be highly desirable to per-
form similar tests in models at higher (eddy permitting or resolving) resolution and simulations for future
changes.

Appendix A: Role of Weight Profile on Reconstructing Density Profile

Observations of 8'80, are often used as weight profile in the reconstruction methods because it is one of
the most abundant proxy observations and can be easily acquired at the Australia section. Interestingly,
even in the most ideal case S2_M1 (Section 5) that the density observation is limited to end-member water
masses (STSW, AAIW, and LCDW) on the northern side, the reconstructed density gradient tends to be
underestimated and the transport estimation is reduced by 28.6% and 60% for the PI and LGM, respectively.
Therefore, we assess the role of weight profile on the reconstruction method here by having several property
profiles (6**0_,, salinity, temperature, and potential density) as weight. The weight fraction f, is calculated
the same as 8'%0, in Equation 6 and the density profile is then reconstructed same as the method S2_M1.
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In this case that different property profiles are used as weight, the 60, profile can reconstruct the temper-
ature and salinity reasonably well. Figure A1 shows the model and reconstructed temperature, salinity, and
potential density profiles in S2_M1 weighted by different property profiles. The temperature and salinity
profiles cannot be reconstructed well during the LGM (Figures Ala-Alc) when 80, is used as weight
profile. This is because the §'*0_, is no longer linearly related with salinity between the AATW and LCDW
at LGM (Figure 5d). The reconstructed profiles (Figures A1d-A1f) weighted by the temperature are similar
to that weighted by the 8'%0, (Figures 6a-6¢). This is because, at both the PI and LGM, temperature and
880, profiles are monotonically decreasing and increasing, respectively. As such, the %0, can be linearly
related to the temperature. Moreover, the reconstructed density gradient tends to be overestimated when
salinity is used as weight profile (Figures Alg-Ali), and the reconstructed density is the most ideal case
when density is used as weight (Figures A1j-A1l). This suggests that practically the §'30 profile can be used
to weight the contribution of end-member water masses to reconstruct the temperature and salinity profiles
reasonably well as it is linearly related to the temperature. Furthermore, the reconstructed T-S diagrams in
this case always show straight lines between pairs of the end-member water masses due to the reconstruc-
tion methodology (Figures S5 and S6 in Supporting Information S1). This indicates that the density profile
reconstruction may be inaccurate no matter which weight profile is used in the reconstruction, and this can
be improved by adding one pore fluid observation below the AAIW depth discussed in Section 5.
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Figure Al. The model (solid lines) and reconstructed (dashed lines) temperature, salinity, and potential density
profiles at the PI (red) and Last Glacial Maximum (LGM) (blue) in the S2_M1 using different weight profiles. Markers
correspond to the Antarctic Intermediate Water depth at the PI (blue asterisk) and LGM (open circle).

Data Availability Statement

Computing and data storage resources, including the Cheyenne supercomputer (https://doi.org/10.5065/
D6RX99HX), were provided by the Computational and Information Systems Laboratory (CISL) at NCAR.
iCESM output supporting our findings is available at https://doi.org/10.26024/b290-an76. Required PMIP3
model outputs were accessed and downloaded from the PMIP3 server (under the Project module on the left
side of the webpage at https://esgf-node.llnl.gov/search/cmip5/). Required WOAQ9 data were downloaded
from https://www.nodc.noaa.gov/OC5/WOA09/woa09data.html. Required seawater oxygen-18 data were
downloaded from https://data.giss.nasa.gov/ol18data/.
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