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Abstract while previous studies consistently suggest that North Atlantic Deep Water (NADW) was
shallower at the Last Glacial Maximum (LGM) than at pre-industrial, its strength is still controversial.
Here, using a series of LGM experiments, we show that proxy records are consistent with a shallower and
~50% weaker NADW, associated with a ~3° equatorward shift of the sea ice edge and convection sites in
the Norwegian Sea. A shoaling and weakening of NADW further allow penetration of Antarctic Bottom
Water in the North Atlantic, despite Antarctic Bottom Water transport being reduced by ~40%. While the
Deep Western Boundary Current in the northwest Atlantic weakens with NADW, the mid-depth
southward flow on the east side of the north Mid-Atlantic Ridge strengthens, consistent with paleorecords.
This northeast Atlantic intensification is due to a change in density gradients: a weaker AMOC reduces the
transport of equatorial waters to the northeast Atlantic, thus weakening the North Atlantic zonal density
gradient. The resultant globally weaker oceanic circulation at the LGM would have contributed to an
increase in oceanic carbon content and thus a decrease in atmospheric CO, concentration.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC), which is defined by the zonally integrated flow
in the Atlantic, depends on North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW)
transport in the Atlantic basin. Today, NADW is composed of Labrador Sea Water (LSW), Denmark Strait
Overflow Water, and Iceland-Scotland Overflow Water, which are formed by deep ocean convection and
brine rejection in the Labrador Sea and Nordic Seas, respectively (Bullister et al., 2013). In the subpolar
North Atlantic, these water masses merge and flow southward along the Deep Western Boundary Current
(Talley et al., 2011). The surface and subsurface circulation of the North Atlantic are also influenced by the
AMOC, with one of the main features of the upper branch of the AMOC being the Gulf Stream and its exten-
sion the North Atlantic Current (NAC). The Gulf Stream follows the east coast of North America from the
tip of Florida to Newfoundland, after which it crosses the Atlantic as the NAC bringing warm waters to the
northeast Atlantic. Despite the AMOC influence on climate and on the global carbon cycle, past changes
in its strength are still a matter of debate, and in particular its state at the Last Glacial Maximum (LGM,
~21,000 years ago) (e.g., Hesse et al., 2011; Kurahashi-Nakamura et al., 2017; Lippold et al., 2012; Menviel
etal., 2017).

The LGM was characterized by a global mean sea level ~134 m lower than present (Lambeck et al., 2014)
due to large continental ice sheets covering North America and Eurasia (e.g., Abe-Ouchi et al., 2015; Tarasov
et al., 2012) and by a concentration of atmospheric carbon dioxide (CO,) ~100 ppm lower (Marcott et al.,
2011). At the LGM, NADW formation was most likely different from today due to the significant sea ice
advance in the Labrador and Nordic Seas (Yang et al., 2006).

The different geochemical properties of NADW and AABW have been used to reconstruct their extent in the
Atlantic at the LGM. NADW is characterized by low nutrients (e.g., PO,) and dissolved inorganic carbon
(DIC) concentrations, as well as high carbonate ions content, because most surface nutrients are utilized
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by phytoplankton within the NAC. Since carbon isotope fractionation mostly occurs during photosynthesis,
preferentially incorporating *2C into organic matter, NADW has relatively high 63C values. In contrast, due
to low nutrient utilization at the surface of the Southern Ocean, AABW displays a high nutrient content and
low §'3C values. Neodymium (Nd) isotopic ratios (1**Nd/**Nd, eNd) have also been used to infer changes in
the Atlantic ocean circulation as the NADW end-member has a much lower eNd (~ —12.3+0.9) than AABW
(~ —8.6 +0.6) (Tachikawa et al., 2017). Lower PO, (Marchitto, 2006), and higher carbonate ions content (Yu
et al., 2008), as well as higher benthic §13C (Curry & Oppo, 2005) and eNd (Howe et al., 2016) in the upper
2,000 m of the North Atlantic at the LGM have thus been interpreted as indicating a shallower NADW. An
expansion of AABW into the deep North Atlantic has been deduced from higher PO, content, lower §*C
values below 2,500 m depth (Curry & Oppo, 2005; Marchitto, 2006), and higher eNd (Howe et al., 2016).

However, assessing the AMOC strength at the LGM has proven more elusive and controversial because no
proxies can provide a quantitative estimate of the AMOC strength. Radiocarbon “ventilation ages” inform
on the rate of ventilation but are complicated by the impacts of variable air-sea gas exchange efficiency and
water mass sourcing (e.g., Skinner et al., 2017). Since 2*'Pa has a much longer residence time than 2*°Th
in the ocean, sedimentary 2*!Pa/?*Th has also been used as a proxy for AMOC strength (e.g., Henry et al.,
2016; McManus et al., 2004). Higher ventilation ages below 2,000 m depth in the North Atlantic (Freeman
et al., 2016; Skinner et al., 2017) as well as changes in vertical 23'Pa/?3°Th profiles (Bradtmiller et al., 2014;
Gherardi et al., 2005; Lippold et al., 2012, 2016; McManus et al., 2004; Ng et al., 2018) support a shoaling of
NADW and enhanced AABW incursion. However, while 231Pa/?3°Th (Gherardi et al., 2005; Lippold et al.,
2016; McManus et al., 2004; Ng et al., 2018) records from the northwest Atlantic suggest a weaker LGM
NADW transport, records from the northeast Atlantic suggest that the LGM mid-depth (here defined as
~1,500 to 3,000 m depth) transport was as strong as during pre-industrial (PI) (Balmer & Sarnthein, 2018;
Gherardi et al., 2005; Lippold et al., 2012), despite some radiocarbon evidence for poor ventilation below
2,000 m depth (Freeman et al., 2016; Skinner et al., 2017).

The latest LGM simulations performed as part of the Paleoclimate Modelling Intercomparison Project phase
3 (PMIP3) cannot inform on the possible AMOC strength at the LGM, as all models, apart from CCSM4,
simulate a deeper boundary between NADW and AABW (Muglia & Schmittner, 2015), in contrast to what
is suggested by paleo-records. The consistent AMOC strengthening and deepening in these PMIP3 LGM
simulations has been partly attributed to stronger North Atlantic windstress (Muglia & Schmittner, 2015).
Only CCSM4 displays a 275 m shoaling of NADW with a marginal strengthening of 1.8 Sv (+9%), but it
has not been shown whether this small AMOC change would lead to a tracer distribution that would be in
agreement with paleoproxy records.

To further our understanding of the LGM AMOC, the sensitivity of nutrients, 50, §13C, or ventilation ages
to different Atlantic oceanic circulation states has been tested and compared to paleorecords (e.g., Hesse
et al., 2011; Kurahashi-Nakamura et al., 2017; Menviel et al., 2017; Muglia et al., 2018; Tagliabue et al.,
2009). These model outputs/paleodata comparisons provide additional evidence for a shoaling of NADW at
the LGM but do not provide a consensus on the change in AMOC strength. However, to date, no modeling
study has looked into how AMOC changes at the LGM could impact the mid-depth oceanic circulation and
particularly zonal differences across the North Atlantic.

Here, using a suite of experiments performed with an Earth system model, which includes §'3C, radiocar-
bon, and eNd, we study the relations between location of deep ocean convection in the Nordic and Labrador
Seas, NADW and AABW transport, and the strength of North Atlantic mid-depth ocean currents. The result-
ing North Atlantic tracer profiles are compared to existing paleoproxy records, in order to assess whether the
zonal differences recorded in North Atlantic proxy records can be explained, and whether this can inform
on the LGM AMOC strength.

2. Methods

A series of LGM experiments is performed with the Earth system model of intermediate complexity LOVE-
CLIM. LOVECLIM includes an ocean general circulation model (3° by 3°, 20 vertical levels), fully coupled
to a dynamic-thermodynamic sea ice model, a quasi-geostrophic atmospheric model (T21 resolution), and a
land and marine carbon cycle model (Goosse et al., 2010). The model also includes carbon isotopes (Menviel
et al., 2015) and eNd (Friedrich et al., 2014).
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A set of LGM experiments with different oceanic circulation states performed with the carbon
isotopes-enabled version of LOVECLIM is described in Menviel et al. (2017). However, since these exper-
iments did not include eNd, a new series of LGM experiments is performed. The initial conditions of the
experiments are taken from a LGM experiment (V3L in Menviel et al., 2017), which features a strong AMOC,
and a mean LGM oceanic 6'3C that is “0.34%. lower than at PI. From there, LOVECLIM is equilibrated to
LGM boundary conditions by applying appropriate orbital parameters (Berger, 1978), Northern Hemisphere
ice sheets topography and albedo (Abe-Ouchi et al., 2007), atmospheric greenhouse gases concentrations
(190 ppm for CO,, 379.12 ppb for CH, and 199 ppb for N,0), and their isotopic values (—6.45%. for §3CO,
and 400%o for A#CO,), as well as a closed Bering Strait.

The default LGM experiment thus obtained displays a strong AMOC and is referred to as LNAs. To mimic
the background meltwater runoff from the large Northern Hemisphere ice sheets, which is not captured by
our model setup, freshwater is added (0.1 Sv) into the North Atlantic for 3,000 years (LNAw). The model
setup does not take into account the advance of the glacial Antarctic ice sheet onto the Ross and Weddell
Seas (Bentley et al., 2014), which are the main regions of AABW formation today. Ice sheet advance onto
the Antarctic continental shelves could have led to a weaker AABW formation at the LGM than PI. Start-
ing from LNAw, AABW is weakened by adding meltwater into the Southern Ocean (0.07 Sv, LNAwW-SOw).
Finally, it has been hypothesized that the strength of the Southern Ocean upwelling, mainly modulated by
the Southern Hemispheric westerlies, would provide a strong control on carbon transfer from the deep ocean
to the atmosphere, and thus on the atmospheric CO, concentration (Toggweiler et al., 2006). To account for
potential changes in the strength of the Southern Hemispheric westerlies, that might not be captured by
LOVECLIM, additional simulations are forced by a 20% weakening of the Southern Hemispheric westerlies
(LNAw-SHWw), or both a Southern Ocean meltwater input and a weakening of the Southern Hemispheric
westerlies (LNAW-SOw-SHWw).

As there are some small differences in initial conditions and forcings applied across the LGM experiments
described in Menviel et al. (2017) and the ones performed here, the resultant oceanic circulation states differ
slightly (supporting information Table S1). Therefore, both set of experiments are included here, as this
provides a larger ensemble of simulations to study the relationship between AMOC strength and currents
with greater statistical confidence.

To understand the processes leading to changes in North Atlantic 6'3C between the LGM and PI, §'*C
anomalies (A5'3C) are decomposed into their biological (6'3Cgy) and thermodynamic (6'*Cyy;) compo-
nents. Since there is no fractionation during carbonate precipitation in this version of the model, the
biological impact on §'3C can be estimated by the change in remineralized carbon (Corg):

81C3 Corg _ 83 Copg * Rejp * P

org Rem

13 _
6" Chio = ¢ - 2C

@

with —20%o for §'*C,,,,, Pg,,, phosphate generated through remineralization and estimated from the apparent
oxygen utilization (AOU) (Pg,,,=AOU/R, ;). R./, and R, ,, are the carbon over phosphate and oxygen over
phosphate Redfield ratios equal to 117 and 170, respectively. A§13Cyy; reflects the changes in 6!3C due to

air-sea gas exchange and temperature and is estimated by A§13Cy; = AS13C —A§3Cpyp-

This decomposition assumes that dissolved oxygen in the ocean could have reached equilibrium everywhere.
Due to disequilibrium during air-sea gas exchange, AOU changes might be overestimated and therefore so
might be §13Cp,,, estimates (Khatiwala et al., 2019).

3. Sea Ice and Deep Ocean Convection

The preindustrial (PI) experiment is characterized by a strong AMOC (~25 Sv, Figure 1a), with deep ocean
convection occurring in the Norwegian Sea, the Labrador Sea, and south of Iceland (Figure 2a). In agreement
with recent data from the Overturning in the Subpolar North Atlantic Program (Lozier et al., 2019), the
transport between Greenland and Scotland dominates the overturning and varies between ~10 and 17 Sv.

Under LGM conditions, the model simulates an AMOC as strong as PI (~25 Sv, Figure 1b, LNAs), but with
NADW reaching the abyssal North Atlantic and filling most of the Atlantic basin. Several processes lead to
this strong LGM AMOC: colder conditions, the closure of the Bering Strait (Hu et al., 2012), and stronger
polar easterlies in the Nordic Seas. Deep ocean convection still occurs in the Norwegian Sea and south of
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Figure 1. Meridional overturning streamfunction in the Atlantic basin (Sv) for (a) the preindustrial control run (PI), the LGM state with (b) strong NADW
(LNAs), (c) weak NADW (LNAw), and (d) weak NADW and weak AABW (LNAw-SOw-SHWw). The 0 Sv line is in black.

Iceland (Figure 2b), but sea ice advance over the Labrador Sea inhibits deep ocean convection in that region.
In fact, all the simulations performed here suggest that there is no LSW under LGM conditions due to the
sea ice advance. As LSW has a very low ¢Nd, a lack of LSW induces positive eNd anomalies in the deep
northwest Atlantic (Figure 3i), in agreement with LGM eNd values from the western Atlantic (Bohm et al.,
2015; Howe et al., 2016; Lippold et al., 2016).

However, paleoproxy records do not support strong NADW transport below 3,000 m depth at the LGM,
and some processes, such as increased runoff from surrounding ice sheets, are not included in the model.
When meltwater is added to the North Atlantic, the AMOC weakens to 14.7 Sv (Figure 1lc, LNAw).
Greater stratification and a reduced meridional heat transport to the North Atlantic due to weaker AMOC
(Krebs & Timmermann, 2007) induces a 3° equatorward shift of the winter sea ice edge in the Norwegian
Sea (Figure 2c). The lack of deep-ocean convection during boreal summer leads to an advance of the summer
sea ice edge in the Nordic Seas to ~ 65°N and to 55°N on the western side of the Labrador Sea.

The AABW, defined here as the minimum of the meridional overturning streamfunction in the Southern
Ocean, is strong at —12.6 Sv for PI, and —14.6 Sv for both LNAs and LNAw. Despite AABW being strong in
LNAs, it does not penetrate into the North Atlantic because the strong and deep NADW prevents it. A mod-
ification of both the buoyancy and dynamic forcing over the Southern Ocean causes a reduction of AABW
formation to —7.8 Sv, but also reduces the Southern Ocean upwelling, which in turns weakens the AMOC
to 11.2 Sv (Figure 1d, LNAwW-SOw-SHWw, Methods). This AMOC weakening further cools the northeast
Atlantic, shifting both the winter and summer sea ice edges by an additional ~ 2° southward, and restrict-
ing deep ocean convection to a small area in the southern part of the Norwegian Sea, as well as south of
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Figure 2. Winter SST (shading, °C), mixed layer depth (black contour, 200 m) and 15% sea ice concentration (red contour) for (a) the preindustrial experiment,
and the LGM states with (b) a strong NADW (LNAs), (c) a weak NADW (LNAw), and (d) weak NADW and weak AABW (LNAw-SOw-SHWw).

Iceland (Figure 2d). The AMOC weakening is also associated with a significant shoaling of the
NADW/AABW boundary to 2,400 m depth, further away from bottom topography, which reduces mixing
and increases stratification (De Boer & Hogg, 2014), as seen in the North Atlantic vertical tracer distribution
(Figure 3).

4. North Atlantic Middepth Currents

At P, the Deep Western Boundary Current (DWBC), a southward flow occurring between 1,500 and 3,500 m
depth in the northwest Atlantic, is strong (Figures 4a and 5a, black circle, ~15 Sv) and overlays an abyssal
northern flow of southern-sourced waters. Under LGM conditions, when NADW is strong, the DWBC trans-
port is similar but deeper, with the southward flow dominating below ~2,000 m depth (Figures 4b and 5a,
blue triangle). As the AMOC weakens, so does the DWBC (R = 0.95, Figure 5a), which also shoals, thus
allowing an abyssal northern flow of southern-sourced waters (Figures 4c and 4d). Despite its weaker global
transport in experiment LNAw-SOw-SHWw, AABW fills the lower half of the Atlantic basin as a result of
the weaker and shallower NADW.

The northeastern Atlantic basin also features a middepth southward flow on the eastern side of the
Mid-Atlantic Ridge (MAR) in PI, albeit much weaker (~3 Sv) than in the northwest Atlantic (Figure 4e), and
which overlays a northward abyssal flow of southern-sourced waters. In contrast to the western Atlantic, as
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Figure 3. Tracers vertical profiles in the northwestern and northeastern Atlantic. Vertical profiles of (a, b) DIC (pmol L), (¢, d) PO, (pmol L), (e, f) §13C
(%o), (g, h) ventilation age (years) and (i, j) eNd averaged over (top) the northwest Atlantic and (bottom) the northeast Atlantic for (black) the preindustrial
control run, and the LGM states with strong NADW (red, LNAs), weak NADW (green, LNAw), and weak NADW and weak AABW (blue, LNAW-SOw-SHWw).
The simulated variables are averaged over the areas that include proxy records: 39-30°W/41-65°N and 28-14°W/42-62°N for PO,, 76-30°W/28-56°N and
28-7°W/27-61°N for §13C, 86-44°W/0-44°N and 27-9°W/5-38°N for ventilation ages, and 77-32°W/12-41°N and 23-20°W/18-25°N for ¢Nd. For DIC the
respective western and eastern basins are defined as follows: 80-35°W/30-60°N and 25°W to 0°E/30-60°N. The blue triangles indicate LGM, (c, d) PO,
estimates from Cd/Ca measurements (Marchitto, 2006) (Table S2), (e, f) benthic §13C (Peterson et al., 2014) (Table S3), (g, h) ventilation age estimates from
benthic foraminifera (filled triangles from Skinner et al., 2017, and empty triangle from Balmer & Sarnthein, 2018) (Table S4) and (i,j) eNd data (Foster et al.,
2007; Gutjahr et al., 2008; Roberts et al., 2010; Bohm et al., 2015; Howe et al., 2016; Land et al., 2016; Lippold et al., 2016; Howe et al., 2017) (Table S5).
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Figure 5. Relationship between AMOC and southward transport. (a) AMOC versus western boundary transport defined as the southward transport at
30°N/74-68°W, and depths greater than 1,000 m (depth interval varies with the simulation to calculate only the southward flow, Table S1). (b) AMOC versus
transport on the east side of the MAR defined as the southward transport at 40°N/22-16°W, and depths greater than 1,000 m (depth interval varies with the
simulation to calculate only the southward flow, Table S1); dashed lines represent +1c. (c) Zonal temperature gradient at ~ 50°N and averaged over the upper
1,443 m depth (40-38°W compared to 24-20°W) versus transport on the east side of the MAR for a set of LGM experiments (section 2 and Table S1). The black
dot is the preindustrial control run, the blue triangle is LNAs, the blue star is LNAw, and the red star is LNAw-SOw-SHWw. Red symbols indicate the
simulations for which the transport on the east side of the MAR is significantly stronger (> 1o) than the preindustrial. Linear regressions (solid black lines) do
not take into account the experiments with NADW off (represented by the green dots).

the AMOC weakens, the southward transport on the east side of the MAR intensifies (Figures 4g, 4h, and
5b, R = —0.72, and Figure 6). This southward transport is over 1o stronger than in PI (Figure 5, red sym-
bols), when the AMOC is in an intermediate state (8.5 to 11 Sv), and the Nordic Sea convection site is at its
southernmost location (~ 65°N, Figure 2d).

This intensification of middepth transport on the east side of the MAR is linked to a change in zonal den-
sity gradient and thus to changes in the potential vorticity field (q:—ﬁ.g—‘z’, with p the ocean density, and f
the Coriolis parameter). Geostrophic flows do not easily flow across potential vorticity gradients. When the
AMOC is strong, there is a strong zonal potential vorticity gradient at middepth north of 45°N that inhibits
the zonal flow and directs the flow toward the DWBC (Figures 6a and 6b). This strong zonal potential vortic-
ity gradient is in part due to zonal temperature differences (Figures 2 and 5c) arising from the North Atlantic
Ocean circulation. Indeed, the NAC brings warm buoyant waters to the northeast Atlantic, reaching down
to a depth of ~1,000 m. By contrast, the northwest Atlantic is under the influence of the return flow of cold
and fresh waters associated with the subpolar gyre, thus giving rise to a strong zonal temperature gradient
(Figure 5c). As the AMOC weakens, so does the NAC, and thus the northeast Atlantic cools and lightens
much more than the northwest Atlantic, reducing the zonal density gradient. The middepth zonal potential
vorticity gradient north of 45°N decreases and is displaced westward (Figure 6¢), thus allowing for a south-
ward flow on both sides of the MAR. In LNAw-SOw-SHWw, the zonal potential vorticity gradient between

45°N and 55°N is weak, thus allowing the NADW to flow on the east side of the MAR (Figure 6d).

5. Comparison With Paleorecords and Implications

As NADW features low PO,, and high §'*C compared to AABW, past AMOC changes can be inferred
from geochemical analyses of marine sediment cores. The PO, content will increase and 53C will decrease
as organic matter is remineralized and a water mass ages, but §13C is also influenced by air-sea gas
exchange. Since dissolved Cd distribution in the ocean is very similar to PO,, past changes in seawater PO,
concentration can be estimated by measuring Cd/Ca in foraminifera shells (Marchitto, 2006).

In experiment LNAw-SOw-SHWw, as a result of the weaker and shallower NADW, AABW fills the lower
half of the Atlantic basin despite AABW being weaker (Figure 4). This leads to a strong increase in verti-
cal tracer gradients in the North Atlantic. Even though the AMOC is weaker, the PO, concentration is low
(below 1.6 pmol/L) and 6'3C is high above ~2,000 m depth, in agreement with LGM 6'3C and Cd/Ca records
(Marchitto, 2006; Peterson et al., 2014) (Figures 3c-3f, blue line and triangles). On the other hand, as sug-
gested by proxy records, southern-sourced low §'3C/high PO, waters reach both sides of the North Atlantic
below ~2,500 m depth (Figures 3c-3f, blue line and triangles).
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Figure 6. Mid-depth potential vorticity and ocean currents. Potential vorticity (q = —pi . ‘;—Z) anomalies with respect to the northern North Atlantic
0

(50-60°N/60-0°W, m~1.s~1, shaded) at 1,443-2,622 m depth with currents (m/s) overlaid for (a) the preindustrial control run, and the LGM states with (b)
strong NADW, (c) weak NADW, and (d) weak NADW and weak AABW.

To understand the processes leading to the positive §3C anomaly simulated in the North Atlantic from
the subsurface down to 1,500 m depth in LNAw-SOw-SHWw, the change in §'3C is decomposed into its
biological (6'*Cp;) and thermodynamic (63Cry) components (Methods). As seen in Figure 7, the positive
North Atlantic 5!*C anomaly can be attributed at 70% to 6'*Cy,, and at 30% to 6'*Cyy,. Even if a part of this
813Cyo could be due to the ~40% lower export production in the North Atlantic, the changes in subsurface
to middepth currents also significantly contribute. The weaker AMOC indeed leads to a reduction in the
northward transport of intermediate-depth low latitude waters, with low §*3C/high PO, concentration, to
the northwest Atlantic (Figure 4). The change in §'3Cyy; can be attributed to the strong surface cooling
(—6.7 °C), as well as to the southward shift of the convection site. Intermediate-depth North Atlantic §*C
anomalies are thus due to both a change in §3C and PO, NADW end-members, as well as to changes in
oceanic circulation. It should however be noted that, as this decomposition method relies on calculating
AOU from the saturated dissolved O, concentration in the ocean, §*3Cp;, changes might be overestimated
(Khatiwala et al., 2019).

Even if the simulated AMOC is weaker, the southward transport in the upper 1,500 m is still relatively strong
and leads to ventilation ages within ~250 years of PI (Figures 3g and 3h, blue line). As the deep North
Atlantic is filled with southern-sourced waters, simulated ventilation ages below 3,000 m depth are ~1,500
and 1,000 years higher in the northwest and northeast Atlantic, respectively, compared to PI. This is in good
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agreement with ventilation ages estimated from benthic foraminifera (Freeman et al., 2016; Skinner et al.,
2017) (Figures 3g and 3h, blue filled triangles), even if the proxy records suggest that ventilation ages in the
northwest Atlantic could be up to 400 years lower than in the northeast Atlantic between 3,000 and 4,000 m
depth. The very low ventilation age estimated at 3,000 m depth on the Azores plateau (Figure 3h, empty
blue triangle, Balmer & Sarnthein, 2018) is at odds with other North Atlantic measurements and cannot be
reconciled with any of the simulations. The simulated transport in the deep northwest Atlantic could thus
be a bit too weak in LNAw-SOw-SHWw, but paleoproxy records are consistent with a weaker circulation
than the one simulated in LNAw.

The main difference in eNd between the PI and all the LGM simulations is the lack of LSW, which induces
a reduced zonal eNd gradient in the North Atlantic at the LGM (Figures 3i and 3j). In the deep northeast
Atlantic, eNd decreases as AABW weakens (Figure 3j) because in the case of a “stagnant” ocean, boundary
exchange with low-eNd boundaries such as the Gulf of Guinea, dominates the eNd signature. This mismatch
with proxy records could be due to a greater AABW ¢Nd end-member at the LGM, or an overestimated
boundary exchange effect in the model.

This increase in North Atlantic vertical tracer gradient at the LGM is also seen in the simulated DIC profile,
with relatively low DIC concentration at intermediate depth and high concentration below ~2,200 m depth.
Weak NADW and AABW thus allow carbon sequestration in the deep North Atlantic Ocean (Figures 3a and
3b), which would contribute to decreasing the atmospheric CO, concentration at the LGM. As shown in
Menviel et al. (2017), this weak oceanic circulation state allows for a 504 Gt C increase in deep ocean carbon.
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6. Discussion and Conclusions

The LGM AMOC strength is modulated by several processes including the buoyancy of surface waters in the
NADW formation region, itself being a function of the North Atlantic/Nordic Sea temperature and freshwa-
ter budget, the density contrast between NADW and AABW (Weber et al., 2007), North Atlantic windstress
(Muglia & Schmittner, 2015; Sherriff-Tadano et al., 2018), and the closure of the Bering Strait (Hu et al.,
2012). A stronger halocline in the Nordic Seas at the LGM would lead to sea ice advance, and a weaken-
ing of NADW formation (OXka et al., 2012). The simulations presented here suggest that sea ice advance at
the LGM could have been associated with cessation of deep-ocean convection in the Labrador Sea, a south-
ward shift of the convection site in the Norwegian Sea, and convection south of Iceland, thus leading to a
weaker AMOC, consistent with benthic §'80 and 63 C records (Elmore et al., 2015; Meland et al., 2008; Millo
et al., 2006). Furthermore, even in the most extreme scenario (LNAw-SOw-SHWw), the Norwegian Sea sea
ice concentration is less than 50% for most of the year at ~ 66°N, in agreement with paleoproxy records
(de Vernal et al., 2006). In these simulations, the lack of a LSW signal is the dominant control on the Atlantic
eNd distribution, with NADW and AABW strength only playing relatively minor roles (Figures 3i and 3j).
While the LGM simulation presented here agrees well with paleoproxy records of ocean surface conditions
and North Atlantic ventilation, correctly simulating deep ocean convection is a challenge for ocean general
circulation models (Heuzé, 2017). The location of convection and the respective strength of the convection
sites should thus be further assessed in future studies.

For a range of deep ocean convection locations, the strength of the DWBC decreases with the AMOC
(Figure 5a), thus supporting the hypothesis that changes in 2*!Pa/?**Th in the northwest Atlantic reflect
AMOC changes (e.g., Gherardi et al., 2005; Henry et al., 2016; McManus et al., 2004). However, our simula-
tions suggest that the middepth southward transport on the eastern side of the MAR will weaken only when
NADW formation has almost ceased (Figure 5b). Therefore, ventilation records from the eastern side of the
MAR will not directly reflect the AMOC strength.

The best fit with paleoproxy records is obtained for a LGM simulation with ~50% reduced NADW and 40%
weaker AABW (LNAw-SOw-SHWw), even though the oceanic circulation could potentially be a bit too weak
in that scenario. Menviel et al. (2017) showed that another simulation with a similarly weak NADW, but
AABW 11% weaker than PI (LNAw-SOw) could also provide a reasonable fit. However, the paleodata sug-
gest strong vertical stratification in the North Atlantic at the LGM, which is best represented by simulation
LNAw-SOw-SHWw (Figure 3, blue lines). Compared to PI, this simulation suggests a weaker flow on the
western side and stronger flow on the eastern side of the MAR, which are both consistent with North Atlantic
231pa/20Th records (Ng et al., 2018).

Taking into account this east-west reorganization, we have shown that both northeastern and northwestern
Atlantic proxy records are consistent with a weaker AMOC at the LGM. In addition, southern-sourced waters
can fill the North Atlantic below ~2,500 m depth despite the AABW transport being reduced.

Compared to an LGM state with a strong AMOC, a LGM simulation with weak AMOC leads to an increase
in deep (below 2,600 m depth) ocean carbon content of 216 Gt C, while a LGM simulation with weak NADW
and AABW leads to a 504 Gt C increase (Menviel et al., 2017). A globally weaker ocean circulation in the
Atlantic at the LGM, as consistent with proxy records, would thus contribute to lowering atmospheric CO,
by increasing the oceanic carbon content. However, future studies will need to detail the physical processes
leading to such a weak oceanic circulation at the LGM.

Data Availability Statement

The paleoproxy data described in this study and the data from Figure 3 are available in the support-
ing information. Results of the modeling experiments are available through UNSW ResData (http://
handle.unsw.edu.au/1959.4/resource/collection/resdatac_862/1, under the DOI: https://doi.org/10.26190/
5elcelel2f00f).
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