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(LGM) is essential for understanding glacial-interglacial climate change and the carbon cycle. However,
despite many previous studies, uncertainties remain regarding the glacial water mass distributions in the
Atlantic and the AMOC intensity. Here we use an isotope enabled ocean model with multiple geotracers
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(813C, eng, 231Pa/?30Th, 5180 and A'C) and idealized water tracers to study the potential constraints
on LGM ocean circulation from multiple proxies. Our model suggests that the glacial Atlantic water
mass distribution can be accurately constrained by the air-sea gas exchange signature of water masses
(8"3Cps), but eyg might overestimate the North Atlantic Deep Water (NADW) percentage in the deep

AMOC Atlantic probably because of the boundary source of Nd. A sensitivity experiment with an AMOC of
water mass similar geometry but much weaker strength suggests that the correct AMOC geometry is more important
multi-proxy than the AMOC strength for simulating the observed glacial §13C and &yq distributions. The kinematic

tracer 231Pa/230Th is sensitive to AMOC intensity, but the interpretation might be complicated by the
AMOC geometry and AABW transport changes during the LGM. 8180 in the benthic foraminifera (81%0.)
from the Florida Straits provides a consistent measure of the upper ocean boundary current in the model,
which potentially provides an unambiguous method to reconstruct glacial AMOC intensity. Finally, we
propose that the moderate difference between AMOC intensity at LGM and PD, if any, is caused by the
competition of the responses to CO, forcing and continental ice sheet forcing.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is an
important component in the climate system through its role in re-
distributing heat, carbon, and nutrients. The upper cell of AMOC
is associated with northward-flowing Antarctic Intermediate Wa-
ter (AAIW) and southward-flowing North Atlantic Deep Water
(NADW), and the lower cell of AMOC is associated with Antarc-
tic Bottom Water (AABW). Boundary conditions during the Last
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Glacial Maximum (LGM; ~23-18ka) differ significantly from the
present day (PD), dominated by a ~100 ppm lower atmospheric
CO,, greatly expanded continental ice sheets and sea ice. Accu-
rate reconstructions of the AMOC strength and geometry, as well as
deepwater properties during the LGM, are needed for understand-
ing the glacial-interglacial climate change and the carbon cycle.
Although a shallower glacial AMOC upper cell than PD has been
inferred from proxies such as §'3C, Cd/Ca and epq (e.g., Curry and
Oppo, 2005; Howe et al., 2016; Marchitto and Broecker, 2006) and
is considered a robust feature, there are uncertainties in the ex-
tent of the LGM Atlantic water masses. It is still heavily debated
whether the water in the LGM deep Atlantic was northern-sourced,
southern-sourced, or a mixture of both sources. Nutrient-related
proxies such as §'3C and Cd/Ca suggest the dominance of the

0012-821X/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.epsl.2020.116294
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2020.116294&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gusifan@gmail.com
mailto:liu.7022@osu.edu
https://doi.org/10.1016/j.epsl.2020.116294
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 S. Gu et al. / Earth and Planetary Science Letters 541 (2020) 116294

glacial AABW over NADW in the deep Atlantic (e.g., Curry and
Oppo, 2005; Marchitto and Broecker, 2006). However, a water mass
decomposition using an inversion of §13C and §'80 data suggests
that although AABW fraction increased in the deep Atlantic during
LGM, the AABW was not as spatially extensive as suggested pre-
viously (Gebbie, 2014). A more recent inversion using §'3C, §180
and Cd/Ca (Oppo et al., 2018) suggests that the replacement of
NADW by AABW leads to the §'3C and Cd/Ca changes in the deep
Atlantic. Taking &ng reconstructions in the Atlantic at face values
suggests that the deep glacial Atlantic contained a significant frac-
tion of NADW instead of being overwhelmed by AABW (Howe et
al,, 2016).

Similarly, previous studies have used proxy records, numer-
ical models, or their combination, to reconstruct the vigor of
AMOC during the LGM. However, it is still highly uncertain if the
AMOC strength was stronger or weaker at LGM than the present
day. Circulation rate estimated from geotracers such as sediment
231p,/230Th provides a range of estimates regarding glacial AMOC
strength. Earlier 231Pa/230Th reconstructions suggest weaker (B6hm
et al., 2014; McManus et al., 2004), or indistinguishable (Yu et al.,
1996) glacial AMOC from the PD, while a more recent 231Pa/230Th
compilation suggests a stronger LGM southward transport in the
eastern Atlantic but a weaker LGM transport in western Atlantic
(Ng et al.,, 2018). Combining 23'Pa/?3Th reconstructions and a 2-
D scavenging model suggests that the LGM AMOC was at least as
strong as the PD AMOC (Lippold et al., 2012). Density reconstruc-
tions from 880 of benthic foraminifera (8'80¢) in the Florida
Straits suggest a weaker LGM AMOC (Lynch-Stieglitz et al., 1999).
PMIP atmosphere-ocean general circulation models under glacial
boundary conditions show no agreement on either the geome-
try or the strength of the LGM AMOC (Muglia and Schmittner,
2015; Otto-Bliesner et al., 2007; Weber et al., 2007), which has
been attributed to different Antarctic sea-ice formation (Marzoc-
chi and Jansen, 2017), initial conditions, and insufficient equilib-
rium (Zhang et al., 2013). Recent studies combining numerical
models and proxy reconstructions suggest either a stronger AMOC
(data assimilation method using 880 and §'3C records; Kurahashi-
Nakamura et al., 2017) or a weaker AMOC (fitting simulated carbon
isotopes to LGM reconstructions; Hesse et al., 2011; Menviel et al.,
2017; Muglia et al., 2018).

Here, we provide further insights into the glacial AMOC and
the water mass distributions in the Atlantic by evaluating the abil-
ity of different tracers to constrain the glacial water mass dis-
tributions and the glacial AMOC intensity. For this purpose, we
use simulations of oceanic §'3C, eyng, 23'Pa/230Th, radiocarbon,
and 880 under LGM boundary conditions with the Community
Earth System Model (CESM). One distinct feature of our study
from previous ones (e.g. Menviel et al., 2017; Muglia et al., 2018)
is that our model simulates multiple geotracers, including §3C,
231py/230Th, gpy, radiocarbon, and 8180, allowing a direct com-
parison with multiple paleo proxies simultaneously, providing a
potentially more comprehensive constraint on glacial circulation
and water masses.

2. Methods
2.1. Isotope-enabled ocean model

In this study, we use the Parallel Ocean Program version 2
(POP2) (Danabasoglu et al., 2012) with active biogeochemistry,
which is the ocean component of the Community Earth System
Model (CESM). It has 60 vertical layers with a nominal 3° hori-
zontal resolution. Several isotope-based proxy systems have now
been added to this ocean model, creating an isotope-enabled ver-
sion of POP (iPOP2): carbon isotopes (13C and '4C) (Jahn et al,
2015), neodymium isotopes (43Nd and '#44Nd) (Gu et al.,, 2019a),

231p,/230Th (Gu and Liu, 2017), and §'80 (Zhang et al., 2017). Here
we use the version of fixed particle flux for eyg and 231Pa/23Th
and abiotic A™C (uncoupled to the biogeochemical model) to sim-
plify the interpretations of these three proxy distributions so that
simulated differences between the LGM and PD distributions are
associated only with the physical circulation. However, the 13C is
coupled to the biogeochemical model. Isotopes (eng, 231Pa/230Th,
813C and A'#C) in iPOP2 have been validated against the PD sea-
water observations in previous studies (Gu et al.,, 2019a; Gu and
Liu, 2017; Jahn et al, 2015). A brief discussion of quantitative
model-data comparisons and the model biases is also included in
the Supplementary Materials (SM text 2-4) for reference. Overall,
isotope distributions in iPOP2 are validated against modern ob-
servations and capture the key signatures in the Atlantic for the
purpose of this study.

To quantify the insulation effect of sea ice in regulating the air-
sea exchange, therefore, the radiocarbon age, we implemented two
idealized water age tracers: the ideal age and the idealized venti-
lation age (Zhang, 2016). Ideal age is set to O at the ocean surface
and increases at the rate of 1 yr/yr in the ocean interior. Idealized
ventilation age is the same as the ideal age except that it is not set
to 0 if the ocean surface is covered by sea ice; instead, its surface
value is set depending on the ice fraction (Zhang, 2016), making it
always older than the ideal age itself.

Finally, identification of the distribution of subsurface Atlantic
water mass mixtures is facilitated by passive dye tracers. The dye
tracers are released at surface, which is done by fixing the value
at 1 in different surface regions and fixed at 0 outside each re-
gion at each time step (Gebbie, 2014): 40°N-80°N in the North
Atlantic (Dye-North), 40°S-40°N in the Atlantic (Dye-Subtropical),
and south of 40°S in the global ocean (Dye-South).

2.2. Experiments

We analyze the model LGM in a transient ocean simulation
from 20ka to Holocene (called C-iTRACE, described in detail in
Gu et al,, 2019b) using iPOP2 in this study. The 100-years average
from 19.1ka to 19.0ka in C-iTRACE is used as the model LGM. In
C-iTRACE, iPOP2 was forced by monthly surface forcing from a cou-
pled transient simulation from the LGM to the Holocene (TRACE21)
which simulates many features of the deglacial climate (e.g., Liu et
al., 2009). The neodymium sources are fixed in C-iTRACE. C-iTRACE
can reproduce the ocean circulation in TRACE21 (Gu et al., 2019b)
and the advantage of C-iTRACE experiment is that it has multiple
geotracers that can be compared directly with proxies measured in
sediment cores. The details of the initial condition and spin-up for
carbon isotopes, £yg, and 231Paj230Th are described in SM text 1.

The LGM atmospheric boundary conditions for carbon isotopes
were set as follows: pCO, is 188 ppmv, §'3C0O, is —6.45%q,
A0, is 398%o in the Northern Hemisphere, 394% in the equa-
torial region, and 390%¢ in the Southern Hemisphere. The dust
deposition used for the LGM period was from Mahowald et al.
(2006).

For the comparison of the circulation and tracer distributions
between LGM and PD, we use a PD control experiment forced by
CORE-II data (Large and Yeager, 2008). The PD experiment in this
study is used as “Holocene” when comparing the model results to
the observational difference between LGM and Holocene because
the difference between PD and Holocene is much smaller than the
difference between the LGM and Holocene and therefore has little
impact on our conclusions.

In C-iTRACE, meltwater flux is added to North Atlantic begin-
ning at 19ka. While we focus on the LGM and LGM-Holocene
differences, we also use some results from 17.5ka in C-iTRACE as
an LGM hosing sensitivity experiment (LGM-hosing) to isolate the
effect of AMOC strength changes on the simulated tracer distribu-
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Fig. 1. AMOC during PD (a), LGM (b), and LGM-hosing (c). The AMOC upper cell
strength is defined as the maximum zonal mean Atlantic streamfunction below
500 m between 20°N and 60°N. The AMOC lower cell strength is defined as the
minimum zonal mean Atlantic streamfunction below 2000 m. The depth of the
zero-contour averaged between 45°N to 35°S as used as the AMOC depth.

tions. LGM-hosing has a similar water mass geometry to the LGM
but with a weaker AMOC strength. In LGM-hosing, the atmospheric
CO, level is 189 ppmv, with the §'3C0, of —6.40%0, A'*CO, of
391Y%o in the Northern Hemisphere, 387%o in the equatorial region,
and 384%o in the Southern Hemisphere. These surface forcings are
all similar to the LGM setting.

3. Glacial AMOC geometry and water mass distributions
3.1. Model-data comparison

The simulated LGM AMOC upper cell is 600-m shallower than
the PD (Fig. 1). The LGM AMOC upper cell strength (17.6Sv) is
comparable with the PD strength (15.6Sv), and the LGM lower cell
strength (4.9Sv) is almost twice the PD strength (2.7Sv).

The simulated LGM §'3C in the Atlantic suggests shallower
NADW than the PD. Higher modeled LGM values in the upper
North Atlantic and lower LGM values in the deep Atlantic and
upper South Atlantic agree with observations (Fig. 2 a-c). Quantita-
tively, the correlation with the Atlantic LGM 8'3C from Oppo et al.
(2018) is 0.76, and the root mean square error (RMSE) is 0.40%q.
The model-data agreement of LGM 8!3C is similar to Muglia et

al. (2018): the correlation with the global LGM §'3C observations
(Peterson et al., 2014) is 0.8, and the RMSE is 0.36%o, which are
comparable to 0.79, and 0.33%o in Muglia et al. (2018) respectively
(Table S1).

Modeled LGM &g also shows shoaled NADW. The unradiogenic
eng associated with the NADW penetrates to 40°S at 2500 m dur-
ing the LGM (Fig. 2e), which is consistent with the gyg pattern
in Howe et al. (2016). The correlation with the Atlantic eyg from
Howe et al. (2016) is 0.63, and the RMSE is 1.36. The most sig-
nificant feature of the eyy4 difference between LGM and PD is an
~2 gng unit of the radiogenic shift below 2500 m. This more ra-
diogenic deep Atlantic during LGM agrees with the observational
difference, although the magnitude of change is somewhat larger
in the observations (~3 &ng unit) (Fig. 2f). The radiogenic change
in the deep Atlantic appears to be caused by the upward shift of
the unradiogenic NADW and the increased strength of the AABW
cell, which results in stronger northward transport of radiogenic
AABW during the LGM.

Our model simulates a higher ventilation age at LGM than
PD in the deep Atlantic below 2500 m, mainly because of in-
creased sea ice in the Southern Ocean. The radiocarbon ventilation

age (B-A age) is calculated as the benthic-atmosphere age differ-
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ences: 8267 x ln( ) (4C half-life is 5730 years). In the

glacial Atlantic, the B-A age and the idealized ventilation age be-
low 2500 m are significantly increased during the LGM compared
to the PD (Fig. 3c and 3f) as in the proxy records (Freeman et al.,
2016). In contrast, the ideal age is reduced in the Southern Ocean
and most of the deep Atlantic in the LGM simulation (Fig. 3i)
due to the almost twice than PD AMOC lower cell strength and,
in turn, the AABW export. Since the only difference between the
idealized ventilation age and the ideal age in the model is the in-
sulation effect of sea ice on air-sea exchange, similar to the case
of radiocarbon (Zhang, 2016), the increased B-A age/idealized ven-
tilation age in the deep Atlantic at LGM is caused mainly by the
expansion of sea ice in the Southern Ocean. In the meantime, the
deep North Atlantic around 3000 m in the LGM simulation is no
longer ventilated by the AMOC upper cell as in the PD simulation,
which leads to the increased idealized ventilation age/B-A age in
the deep North Atlantic, with the maximum increase at around
3000 m (Fig. 3c and 3f).

By removing the influence of biological processes on §3C, the
air-sea gas exchange signature of benthic §'3C (§13Cps) is nearly
conservative and therefore may serve as a tracer of water mass
(Broecker and Maier-Reimer, 1992; Lynch-Stieglitz and Fairbanks,
1994). Following Broecker and Maier-Reimer (1992), §'3Cas can
be estimated approximately from §'3C and PO4 (SM text 6). The
813C4s during the PD reflects the major water mass distributions
in the Atlantic and 8'3C4s from the Southern Ocean is higher than
the North Atlantic (Fig. 5a), which is consistent with the §13Cxs es-
timated from modern observations (Gebbie, 2014). However, model
LGM 813C4s in the Southern Ocean remains higher than the North
Atlantic, which is opposite to the LGM foraminifera-based §'3Cas
estimates that suggest LGM values were higher in the glacial North
Atlantic than the Southern Ocean, and overall very low §'3Cas
in the Southern Ocean (Oppo et al., 2018). The model-data dis-
crepancy is related to the ~1% higher model §'3C than observa-
tions in the Southern Ocean. Regardless of this potential model
bias, 813Css in the LGM simulation still traces different water
masses from their surface origins in the model, such as the low
813Cps originated from the North Atlantic in the mid-depth At-
lantic around 2000 m (Fig. 5d). In addition, the §'3C4s difference
between LGM and PD in the model (Figure S7) agrees with the ob-
servational estimation in Oppo et al. (2018) for the increase in the
North Atlantic and decrease in the Southern Ocean, albeit with a
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Fig. 2. Modelled Atlantic tracer distributions during PD, LGM, and the differences between the LGM and the PD. (a-c) Atlantic zonal mean §'3C. (d-f) Atlantic zonal mean
£ng. Observations are overlaid using the same colormap in (a)-(f). The §'3C observations are from Peterson et al. (2014). The eyg observations are from Howe et al. (2016).
The observations overlaid on modelled PD tracer distributions are observations for the Holocene and the observations overlaid on modelled difference between LGM and PD
are observational differences between LGM and Holocene. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

smaller magnitude in the model that is related to the model-data
discrepancy discussed above.

Overall, the simulated difference between LGM and PD of At-
lantic zonal mean matches the major features suggested in the
observations. For these major differences, the eastern Atlantic and
western Atlantic show a similar difference between LGM and PD
(Figure S6).

3.2. Tracking LGM water mass distributions in the Atlantic

In observational studies, Atlantic water mass distributions have
been inferred from §'3C4s (e.g., Lynch-Stieglitz and Fairbanks,
1994) and eyg (Howe et al, 2016). In a model such as CESM, the
Atlantic water mass distributions can be identified unambiguously
using dye tracers. Here, the §'3Css and eng are compared with
the idealized dye tracers to test the ability of §'3C4s and gnq to
reconstruct water mass distribution in the Atlantic.

The idealized dye concentrations indicate that the Atlantic wa-
ter mass distributions are significantly different between the LGM
and the PD simulations, with NADW replaced by the AABW in the
deep Atlantic at LGM (Fig. 4). The core of NADW ascends from
~2500 m in the PD (Fig. 4b) to ~2000 m in the LGM (Fig. 4a);
The span of the 50% contour of the Dye-North is reduced from be-
tween 1000 m and 4000 m at PD to between 1000 m and 3000 m
at the LGM in the Atlantic, with the AABW occupying a larger vol-
ume in the deep Atlantic at LGM (Fig. 4f); The boundary between
the NADW and the AABW shoals from 3000 m at PD to 2500 m
at LGM. The largest change of water mass is in the North Atlantic
near 3500 m (Fig. 4c and 4f), where the water mass dominated by
NADW at PD is replaced by AABW at LGM. The AAIW is shallower
during the LGM than the PD, consistent with the model-data com-
parison study of Gu et al. (2017). During the LGM, the subtropical
water sinks to a deeper depth than the PD in the Northern Hemi-
sphere (Fig. 4g-i). The water mass changes suggested by the dye
tracers between the LGM and the PD agrees with the modeling re-
sults in Oppo et al. (2018) for the decrease of NADW and increase

of AABW in the deep Atlantic and the increased subtropical water
at the intermediate depth in the North Atlantic during the LGM.
However, the largest change is located in the bottom of the North
Atlantic in Oppo et al. (2018), instead of near 3500 m as in this
study.

The 8'3Cps can be used to calculate the NADW and AABW per-
centage using binary mixing by assuming §'3C4s end-member val-
ues (SM text 7). The NADW% and AABWY% calculated from 813Cys
matches the dye concentrations excellently (Fig. 5). The NADW?% by
813Cps is highly correlated with Dye-North in both PD and LGM
(rpp = 0.93 and rigm = 0.97) and the AABW% by §13Cas is also
highly correlated with Dye-South at both PD and LGM (rpp = 0.92
and rigy = 0.97). Therefore, our model suggests that s13¢ As is an
excellent tracer for NADW and AABW in the Atlantic, as long as
the source region can be identified.

In comparison, water mass percentage in the Atlantic inferred
from eng (Howe et al., 2016) (SM text 8) shows a water mass
percentage different from the idealized dye tracers, with the &ng
overestimating the NADW% in the deep Atlantic. In Howe et al.
(2016), the NADWY% below 3000 m is about 70% in the North At-
lantic, which was inferred as evidence of the presence of NADW
in the deep Atlantic, challenging the notion that the AABW dom-
inated the deep glacial Atlantic. The modeled NADW%, assuming
conservative mixing of water masses with different end-member
eng Vvalues, is also about 70% in the deep Atlantic during the LGM
(Fig. 6e), but the Dye-North concentration indicates that the true
model NADWY is less than 10% (Fig. 4b). The modeled AABW?% es-
timated by eyng suggests less than 50% AABW in the deep North
Atlantic during the LGM (Fig. 6f), but the Dye-South suggests a
value closer to 90% below 3000 m (Fig. 4e). These comparisons be-
tween the water mass percentage reconstructed from ey4 and the
idealized dye tracers shows that eyg overestimates NADW% and
underestimates AABW% in deep Atlantic, suggesting that the dis-
tribution of eyq in the deep Atlantic is controlled by more than
just mixing of water masses as discussed below.
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Fig. 3. The Atlantic zonal mean water ages during PD, LGM and the differences between the LGM and the PD: radiocarbon ventilation age (a-c), idealized ventilation age
(d-f), and ideal age (g-i). The preindustrial A'*C instead of the PD A'C is used to exclude the influence of the nuclear bomb test. The observational LGM radiocarbon age is

from the compilation in Menviel et al. (2017).

The overestimated NADW% in the deep Atlantic suggested by
&Ng is probably caused by the unradiogenic boundary source of
Nd near 3000 m in the Labrador Sea (SM text 3 and Figure S1
and S3). The pattern correlation between the NADW% calculated
from eyng and Dye-North is 0.53 during the PD and 0.48 during
the LGM, which is much lower than the correlation between the
813Cas and Dye-North (0.93 and 0.97 respectively, Table S4). Un-
like the 8'3C4s and the dye tracers, which are both determined
entirely by the boundary condition at the surface, ¢yq4 is controlled
by both surface sources and the boundary source at the continental
margins, with the boundary source being more important for deep
water (Rempfer et al., 2011). Therefore, the unradiogenic €4 in the
Atlantic comes from both the surface and bottom in the North At-
lantic, which are also present in the &y4 reconstructions in Howe
et al. (2016) (their Figure 3). With the additional unradiogenic &ng
boundary source located near 3000 m in the North Atlantic, the
NADWY estimated from &pq is deeper than the NADW suggested
by Dye-North and §'3Cps.

Furthermore, the overestimated LGM NADWY in the deep North
Atlantic is also associated with the unradiogenic &n4 below 3000 m
in the North Atlantic (Fig. 6d and Ge). The modeled &yg shows a
north-south gradient in the deep Atlantic below 3000-m during
the LGM, which agrees with observations (Figure S3), while Dye-

North is uniform (Fig. 4b). The eng north-south gradient in the
deep Atlantic should be related to the boundary source since if
eng were only set by the surface, the distribution of &y4 should
be similar to dye tracers and §'3Cus, both of which are uniform
below 3000 m during the LGM. However, the boundary source of
eng is only applied above 3000 m. The unradiogenic eyg in the
deep North Atlantic below 3000 m is therefore caused, additionally,
by the reversible scavenging, which transports the unradiogenic
eng at 3000 m downward by sinking particles (Gu et al., 2019a;
Rempfer et al., 2011), leading to the unradiogenic €yg below 3000
m in the North Atlantic. This unradiogenic eyg4 in the deep North
Atlantic does not seem to depend critically on model parameters in
iPOP2 (Figure S2 and SM text 5). The comparison between &yg4 and
dye tracers in the model suggests that the interpretation of €pg
as water mass composition in deep North Atlantic might be com-
plicated by Nd boundary source and reversible scavenging, which
could lead to an overestimation of NADWY in that region. This po-
tential caveat of g4 can be further validated by more observations
of other water mass proxies with latitudinal coverage in the deep
Atlantic in the future, and also by modeling studies in other mod-
els.

The comparison of §'3Cas and eyg with the dye tracers in the
model suggests that, ideally, §'3Css can be used to reconstruct
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Fig. 4. Percentage of water sourced from different regions in the Atlantic during PD (first column), LGM (second column), and the difference between the LGM and the PD
(third column): water originating from the North Atlantic (a-c), water originating from the Southern Ocean (d-f), and water originating from the subtropical region (g-i). The
thick black contours on the LGM and the PD water percentage represent the value of 50%.

the water mass distributions more correctly than eyg. However,
the use of §'13C4s to reconstruct past water masses in real-world
observations might not be as good as in the model due to the
uncertainties in retrieving seawater 8'3C and Cd as well as esti-
mating PO4 from Cd (Middag et al., 2018). Nevertheless, if §13Cas
can be accurately estimated from paleoceanographic data, it would
provide an excellent proxy for reconstructing water masses in the
Atlantic.

4. Glacial AMOC strength
4.1. Sensitivity of 813C and eng to AMOC strength

Fitting the modeled carbon isotopes under different ocean cir-
culation states to the observational carbon isotopes, two recent
studies (Menviel et al.,, 2017; Muglia et al., 2018) suggested that
the LGM carbon isotopes are consistent with a shallower and
weaker AMOC at LGM than PD. However, with a shallower but
slightly stronger AMOC at LGM, our simulation can also reproduce
the major features of different tracer distributions with the agree-
ment quantitatively comparable with the global §'3C of Muglia et
al. (2018).

To further test the tracer distribution sensitivity to AMOC
strength, we use LGM-hosing experiment which is characterized

by a weak and shallow AMOC state. The major difference be-
tween the LGM-hosing and the LGM simulations is the AMOC up-
per cell strength. In LGM-hosing, the AMOC upper cell strength is
9.9Sv (Fig. 1c), which is about 8Sv (~ 50%) weaker than at LGM.
The deep convection regions are similar between LGM and LGM-
hosing. The AMOC lower cell strength is 4.1Sv, which is similar to
the LGM. The AMOC depth in LGM-hosing is 2274 m, which is only
slightly shallower (~250 m) than the LGM.

The §'3C and eyy in LGM-hosing show similar distributions to
the LGM. The relatively high §'3C and unradiogenic &y associated
with the NADW originated from the North Atlantic still penetrates
to the South Atlantic above 2000 m in LGM-hosing (Fig. 7). Aver-
aged over the Atlantic basin, the §'3C at the mid-depth around
2000 m in LGM-hosing is generally 0.3%o lower than the LGM,
probably due to the increased remineralization in response to the
weaker AMOC upper cell in LGM-hosing (e.g., Schmittner and Lund,
2015); the eng shows a similar unradiogenic minimum at 2500 m
in both LGM-hosing and LGM, although the value in LGM-hosing
is smaller than at LGM by 0.5 in the upper ocean. More quanti-
tatively, there is no significant difference between the fits of the
LGM-hosing §'3C with the LGM §'3C data and the model LGM
813C with the LGM §'3C data in the Atlantic and over the globe
(Table S1). The model LGM and LGM-hosing states both agree with
the global §13C data of comparable accuracy with Muglia et al.
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(2018) (Table S1). Similar to §13C, the model-data fit of gy4 does
not show a considerable difference between LGM-hosing and the
LGM (Table S1). Therefore, it appears impossible to differentiate
between the strong LGM AMOC scenario and the weak LGM-hosing
AMOC scenario based on the model-data fit in the two water mass
tracers of §13C and eyq only.

In the model simulations of Menviel et al. (2017) and Muglia
et al. (2018), a stronger AMOC strength is always accompanied by

a deeper AMOC depth and therefore they do not include an ex-
periment with a strong and shallow AMOC. Therefore, they were
unable to test against a strong and shallow AMOC with the glacial
carbon isotope distributions. Here, we show that both a strong and
shallow AMOC (LGM) and a weak and shallow AMOC (LGM-hosing)
can reproduce the glacial §'3C and &yg4 reconstructions with com-
parable accuracy. Furthermore, if we use the PD as a case for
strong and deep AMOC to compare the modeled §13C and ey4 with
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the LGM reconstructions, the fit of modeled PD (strong and deep
AMOC) §13C and gyq with glacial observations is much worse than
for either the LGM (strong and shallow AMOC) or the LGM-hosing
(weak and shallow AMOC) simulations (Table S1). Therefore, the
water mass tracers of 813C and &y provide essential information
about the AMOC geometry, but not on AMOC strength (LeGrand
and Wunsch, 1995). In other words, the simulation of the LGM
813C and epg distributions depends most critically on the shal-
lower AMOC geometry instead of the AMOC strength.

4.2. B1pa/30Th

Due to the large site-by-site model 231Pa/230Th deviation from
observations caused by the model deficiency, likely including the
particle flux effect, and observational uncertainties in individual
sites, we compare the broad features of the 231Pa/?39Th changes in

the Atlantic between LGM and PD in model with reconstructions
(SM text 4). The major feature of the observational LGM-PD differ-
ence is reduced LGM values from 1000 m to 3000 m and increased
LGM values under 3000 m. This feature is captured by the model,
although the magnitude of the change is smaller in the model than
the observations, especially at the mid-depth (Fig. 8c). The lower
LGM 231pPa/230Th than PD around 2000 m occurs mainly in the
North Atlantic and is caused by the shallowing AMOC upper cell
during the LGM; the higher LGM 231Pa/230Th below 3000 m in the
North Atlantic is caused by the shoaling AMOC (Luo et al., 2010)
and the increased strength of the AABW cell during the LGM. The
enhanced AABW cell transports more 231Pa than 23°Th northward
from the South Atlantic to the North Atlantic, leading to the de-
crease in the South Atlantic and the increase in the North Atlantic
(Fig. 8c).
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231pa/230Th is much more sensitive to AMOC strength than
813C and epq are. At the level of outflowing branch of the AMOC
upper cell (~2000 m), the model 23'Pa/2*°Th in the North At-
lantic decreases from the PD twice as large in the LGM than in
LGM-hosing (—0.015 for LGM-PD and —0.006 for LGM-hosing -
PD) (Fig. 8d and S4e and g), consistent with twice the strength of
AMOC at LGM relative to LGM-hosing. If the model sensitivity of
231p4/230Th to AMOC strength is correct and the average observa-
tional decrease of —0.03 represents the average value of the North
Atlantic, the comparison between LGM and LGM-hosing suggests
that the LGM AMOC upper cell strength was not weaker but was
probably stronger than the PD. However, the model 231Pa/?30Th
deficiency and limited observational sites hinder a quantitative
model-data comparison. There are six observational sites located
between 1500 m and 2500 m, with the two North Atlantic sites
showing an average decrease of —0.03, while four South Atlantic
sites show a decrease in the eastern Atlantic and an increase in
the western Atlantic (Figure S4e and f). While the North Atlantic
sites may appear to be consistent with the model, the consistency
is not clear in the South Atlantic. It is possible that the changes in
the South Atlantic sites are influenced by the particle fluxes (SM
text 4). In any case, these few data sites may not be sufficient to
infer the basin average. Therefore, the current model 231Pa/230Th
accuracy does not allow for a quantitative constraint of the AMOC
strength from the available observations of 231Pa/23Th. However,
the sensitivity of 231Pa/239Th in our model suggests that, in the fu-
ture, with increased observations in the mid-depth North Atlantic,
and improved model simulation of 231Pa/230Th, the LGM AMOC
strength may be better constrained. This contrasts with §3C and
eng discussed above, which are unlikely to provide an effective
constrain on the LGM AMOC, even with increased observations and
improved model simulations.

The 231Pa/230Th difference between the LGM and PD from a
single site cannot constrain the LGM AMOC strength ambiguously.
The 231Pa/230Th from the Bermuda Rise site (4550-m, 34°N, 58°W)
suggests higher 231Pa/23Th during the LGM than the PD, which
is interpreted as a 30-40% weaker LGM AMOC (McManus et al.,
2004). Our model LGM 231Pa/230Th (0.078) from the Bermuda Rise
is 0.016 higher than the PD (0.062), which agrees with the value of
0.013 in McManus et al. (2004). 231Pa/230Th in the abyssal North
Atlantic is overall higher during LGM than PD but the model LGM
AMOC is not weaker than PD. The relationship between AMOC and
231p4/230Th from one site is complicated by AMOC strength, AMOC
geometry, and for deep sites, by AABW cell strength as well (Luo
et al,, 2010). As a result, the higher glacial 23'Pa/23Th from the
Bermuda Rise is not simply related to AMOC strength but results
from both the shallower of the AMOC upper cell and the stronger
AABW transport. Therefore, with the different AMOC geometry and
different AABW transport between LGM and PD, the interpretation
of 231pa/230Th in the Atlantic is not solely related to AMOC upper
cell strength.

4.3. 8180 gradient

The 8'80¢ gradient from the Florida Straits is smaller during
the LGM than the PD, which suggests weaker Gulf Stream and
therefore weaker AMOC during the LGM (Lynch-Stieglitz et al.,
2014, 1999). It has been suggested that this weaker Gulf Stream
was caused by the off-shore shift of the western boundary cur-
rent (WBC) during the LGM, which is strengthened under glacial
ice sheet topography (Gong et al., 2015). However, this explanation
contradicts the finding based on planktonic §'80 that the west-
ern boundary flow was primarily confined in the Florida Straits at
LGM (LeGrande and Lynch-Stieglitz, 2007) and also the finding that
lower glacial sea level has little impact on the geostrophic trans-
port through the Florida Straits, as indicated by a regional ocean

model (Ionita et al., 2009). In our simulation, because of the coarse
resolution, the WBC is not well enough resolved to identify the
off shore shift suggested by Gong et al. (2015). In our model, the
5180 gradient is at 0.44 at LGM and 0.3 at PD, while observations
suggest 0.4 at LGM and 0.6 at PD. Although the relative magnitude
of the §'80 gradient between LGM and PD does not agree with
the observations, the model is self-consistent as the model 5§80
gradient also suggests a slightly stronger LGM AMOC in the model.
Furthermore, the §'80¢ gradient from the Florida Straits tracks the
AMOC strength during the deglaciation (Gu et al., 2019b), suggest-
ing that the 8'80( gradient from the Florida Straits may offer an
unambiguous measure of AMOC intensity.

4.4. Physical mechanism for glacial AMOC strength

Regardless of the uncertainty on the AMOC strength, it is rea-
sonable to suggest that the difference of AMOC intensity between
LGM and PD is modest, relative to those during the extreme mil-
lennial events such as Heinrich event 1 and Younger Dryas, when
more abundant evidence exists for a weaker AMOC intensity than
the present (e.g., Lynch-Stieglitz et al, 2014; McManus et al.,
2004). Given the dramatic climate change at LGM, it is natural to
ask why the LGM AMOC change was relatively modest. Climate
model simulations have shown a robust AMOC slowdown over the
20th century in response to the increased anthropogenic CO, and
the resulted surface heat flux over the North Atlantic (Gregory et
al., 2005) and this AMOC slowdown may be detected in obser-
vations (e.g., Rahmstorf et al., 2015). Given the large (~100ppm)
decrease of CO, at LGM, one might then argue that the LGM
AMOC should have been significantly stronger than PD. However,
the deglacial CO, change occurred on millennial and longer time
scales. Modeling studies suggest a robust AMOC weakening in re-
sponse to the slow decrease of CO,/enhancement of AMOC in re-
sponse to the slow increase of CO,, opposite to the expectation
from the rapid anthropogenic warming case (e.g., Liu et al., 2005;
Zhu et al,, 2014a). This slow response of AMOC increase from the
LGM to PD is caused by the reduction of Southern Ocean sea ice,
brine injection, northward AABW export, followed by stratifica-
tion change in the deep North Atlantic (Liu et al., 2005; Zhu et
al,, 2014a; Jansen, 2017). This quasi-equilibrium AMOC response is
also accompanied by an opposite response to forcing by the large
glacial continental ice sheets. The Laurentide Ice Sheet shifts the
westerly jet southward during LGM, decreases wind stress, and sea
ice expands over the subpolar North Atlantic, increasing the sur-
face heat loss and then strengthening the AMOC (Zhu et al., 2014b;
Gong et al., 2015), opposite to the weakening AMOC response to
glacial CO; forcing. This compensation response to glacial CO, and
ice sheet forcing can suppress the response of AMOC intensity,
contributing to the conflicting results of glacial AMOC across mod-
els (Otto-Bliesner et al., 2007). In contrast, the robust shallowing
of AMOC is determined mainly by the abyssal stratification, which
is set by the Southern Ocean sea ice extent and brine injection
through the AABW export. This in turn is determined predomi-
nantly by the atmospheric CO; (e.g., Jansen, 2017; Liu et al., 2005)
and therefore should be more robust.

5. Conclusion

We have assessed the potential capability of multiple proxies in
constraining the LGM AMOC and water mass distribution using the
iPOP2 model simulations. In particular, we focused on addressing
two questions.

1. Can the glacial Atlantic water mass distribution be constrained
by water mass tracers?
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Our model suggests a shallower than PD glacial NADW and
AABW dominating over NADW in the deep Atlantic, which can be
constrained accurately by modelled 8'3Cys. In comparison, water
mass tracer yg may exhibit a bias in the deep North Atlantic, due
to the source from continental margins and the reversible scaveng-
ing by particle fluxes, which can be further tested in other climate
models and also water mass distribution reconstructed from other
tracers in the future.

2. What tracers can be used to constrain the AMOC intensity?

Water mass tracers such as §'3C and ey4 are not very sen-
sitive to, and therefore may not provide a strong constraint on
AMOC intensity. 231Pa/23°Th is more sensitive to AMOC intensity
and at times may provide a good constraint on AMOC strength.
However, when the AMOC geometry and AABW transport change
substantially, such as the case of LGM, 231Pa/230Th observations
may reflect changes in water mass geometry and AABW transport
more than the AMOC intensity, and therefore its capability in con-
straining AMOC intensity can be compromised. Future modelling
studies, however, could identify the locations of 231Pa/230Th sites
that can be used to constrain glacial AMOC intensity. In compari-
son, the §180 reconstruction of the upper ocean boundary current
seems to provide a consistent measure of the AMOC intensity dur-
ing the deglacial period, potentially providing a measure of AMOC
intensity.

Finally, based on modeling studies available, we suggest that
a moderate AMOC intensity difference between the LGM and PD,
which is caused by the compensation of glacial CO, forcing and
ice sheet forcing, while the shallowing of AMOC upper cell is con-
trolled predominately by the CO; forcing over the Southern Ocean.

We caution that our model has some deficiencies, including
both the physical model and isotope model, as well as its coarse
resolution. Therefore, studies using independent models will be
highly desirable for confirming our findings of the potential util-
ity of multiple tracers in constraining the LGM AMOC and water
mass distribution. Increased proxy observation and more advanced
data assimilation schemes can be used to reconstruct the AMOC
with higher fidelity.
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