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a b s t r a c t

Despite its importance for climate and the carbon cycle, the deep ocean circulation during the Last

Glacial Maximum (LGM) remains poorly understood. Whereas most studies suggest a shallower Atlantic

Meridional Overturning Circulation (AMOC) than at present day, there is disagreement about its trans-

port rate, with estimates ranging from stronger to weaker than today. Older deep ocean radiocarbon ages

have been suggested to imply a more sluggish circulation. Here we use a global isotope-enabled ocean-

climate model to systematically explore the different effects of AMOC depth and strength on carbon

isotope (13C and radiocarbon) distributions and constraints provided by sediment data. We find that

existing data constrain the AMOC depth well, favoring simulations with a shallower-than-present LGM

AMOC reaching 2000� 2500 m of depth. However, they provide weaker constraints on AMOC strength.

Comparisons with two high vertical resolution LGM d
13C profiles suggest LGM AMOC strength between

11 and 18 Sv, but more data are needed to refine this estimate. Contrary to past conjectures, we find

radiocarbon age to be only weakly related with deep water transport rates, but strongly dependent on

Southern Ocean surface reservoir ages, which are highly correlated with AMOC depth. In addition, upon

changes of deep transport rates and/or water mass geometry, variations in modeled d
13C and radio-

carbon age are highly correlated, suggesting that they do not act as independent traces for physical ocean

processes.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Quantifying the global ocean’s meridional overturning circula-

tion (MOC) during glacial periods such as the Last Glacial Maximum

(LGM, � 21 ky in the past) is an important but unresolved topic in

paleoceanography. Changes in circulation rate or geometry may

have been involved in the observed decrease in atmospheric CO2

during glacial periods (Marcott et al., 2014) by increasing carbon

storage in the deep ocean (Sigman and Boyle, 2000). Furthermore,

an observation-based estimate of the MOC could also serve as an

independent test for climate models that are used for future pro-

jections (Muglia and Schmittner, 2015). One method to infer the

characteristics of physical and biogeochemical processes in past

climate states is the use of geotracers, which are measurable

quantities that act as indicators of variables of interest. For past

ocean conditions, they are typically measured in sea floor sediment

cores.

Stable carbon isotope ratios have long been used as tracers of

deep ocean water masses: 13C/12C (expressed as d
13C when

comparedwith the 13C/12C ratio of a standard) measured in shells of

the benthic foraminifera genus Cibicidoides traces the contempo-

raneous 13C/12C of bottom water dissolved inorganic carbon (DIC),

and acts as a proxy for nutrient concentrations, which trace water

masses (Duplessy et al., 1988; Heinze et al., 1991; Sarnthein et al.,

1994; Curry and Oppo, 2005; Gebbie, 2014). It is also affected by

purely biogeochemical processes, such as changes in export pro-

duction, although these processes can be independently con-

strained by other tracers such as nitrogen isotopes (e.g., Schmittner

and Somes, 2016). On the other hand, 14C/12C (radiocarbon), is only

minimally affected by biological processes. Due to its production in

the atmosphere and radioactive decay, it has been thought of as a

tracer for ventilation age and thus flow rates of deep water

(Broecker et al., 1990, 2007; Adkins and Boyle, 1997; Sarnthein

et al., 2013; Burke et al., 2015; Skinner et al., 2017). However,

deep ocean radiocarbon age is also affected by the radiocarbon age* Corresponding author.
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of surface water at high latitudes (preformed radiocarbon age, or

surface reservoir age) (Campin et al., 1999; Khatiwala et al., 2012).

Due to the different controlling processes of these two deep water

tracers, it could be though that they vary independently, and could

be combined to constrain both the geometry and transport rates of

past deep water masses.

Ocean models that include prognostic equations for the geo-

tracers obtained from sediment samples allow direct model-data

comparisons. In some cases this may be used to constrain pro-

cesses involving variables of interest that are not measured directly

for the past ocean. This method has been used with d
13C and

radiocarbon age to infer the structure of the Atlantic Meridional

Overturning Circulation (AMOC) during the LGM. Most works find

that a >500m shallower LGM AMOC (compared with preindustrial

values) best agrees with carbon isotopes (Tagliabue et al., 2009;

Menviel et al., 2017, 2020; Kurahashi-Nakamura et al., 2017; Muglia

et al., 2018). However, its strength (i.e., transport rate) during the

LGM is still under debate, with model data comparisons that use

similar carbon isotope global data compilations but estimate a

weaker (Tagliabue et al., 2009; Muglia et al., 2018; Menviel et al.,

2020), similar (Menviel et al., 2017), and stronger (Kurahashi-

Nakamura et al., 2017) AMOC compared with its preindustrial state.

Recent work that includes multiple tracers suggests that (1)

carbon isotopes provide weak constraints on AMOC transport rate

and (2) the d18O contrast across the Florida Strait might be a faithful

indicator of glacial AMOC transport (Gu et al., 2020), although

current global models used for paleo-climate simulations cannot

resolve this feature. However, their study included only two LGM

simulations, which questions how general their conclusions are

given different possible LGM AMOC configurations. Most previous

modeling works that constrained the glacial deep ocean circulation

by comparing modeled carbon isotopes with LGM reconstructions

used simulation ensembles with varying AMOC strengths. In most

of these model ensembles AMOC strength co-varies with AMOC

depth (i.e., the vertical reach of the upper cell of the AMOC in the

water column), such that simulations with stronger AMOCs exhibit

deeper circulations. That is the case for Tagliabue et al. (2009);

Menviel et al. (2017); Muglia et al. (2018), and Menviel et al. (2020)

who all conclude that a shallow AMOC with weaker than present

transport rate best reproduces the isotope data. Kurahashi-

Nakamura et al. (2017), however, conclude that a shallow but

stronger than present AMOC fits carbon and oxygen isotope data,

but their study did not test other configurations such as the shallow

and weak AMOC case. As mentioned above, Gu et al. (2020)

discriminate between AMOC depth and strength to constrain the

AMOC, but their study is limited to only two simulations. Thus, a

more systematic exploration of the AMOC depth versus AMOC

strength phase space in an isotope-enabled model is desirable.

Recent work in physical oceanography has elucidated the con-

trols of surface forcings on AMOC properties. E.g. Sun et al. (2020)

show that AMOC depth is controlled by buoyancy fluxes in the

Southern Ocean (SO) and in the North Atlantic. Together with the

result fromGu et al. (2020) that the AMOC strength can bemodified

independently of AMOC depth by changing freshwater fluxes in the

North Atlantic, this suggests that AMOC depth and strength are

controlled by different forcings and thus are independent proper-

ties of the global ocean circulation. However, buoyancy fluxes at

high latitudes, especially in the SO, remain poorly known, in part

because crucial ice-ocean interactions are not currently repre-

sented interactively in most global climate models (Adkins, 2013;

Fyke et al., 2018).

Here we run a global coupled circulation-biogeochemical model

that includes 13C and 14C carbon isotopes. We produce a wide range

of possible LGM circulation scenarios, systematically exploring the

AMOC depth versus strength phase space. Effects of each AMOC

property on both isotope distributions are examined and con-

straints from sediment data are evaluated. The model also includes

nitrogen isotopes (15N), which is used mainly to constrain iron

fertilization, but since it is not directly linked to circulation (Somes

et al., 2017), it will not be further discussed here. Our goals are to (1)

explore effects of AMOC depth and strength on global carbon

isotope distributions, (2) test if available global LGM re-

constructions of the two carbon isotopes are able to constrain

AMOC depth and strength separately, and (3) if the two isotopes

respond independently to deep ocean circulations changes and

their adequacy to constrain such changes.

2. Methodology

2.1. The model

We use the global climate model of the University of Victoria

(UVic) version 2.9 (Weaver et al., 2001), which includes a three-

dimensional ocean component with 3:6+ � 1:8+ horizontal reso-

lution and 19 vertical levels governed by the primitive equations,

with parameterizations for vertical and isopycnal diffusivity. The

model’s low resolution does not resolve some important bathym-

etry features, such as the Florida and Bering Straits, so effects on

ocean circulation associated with them are hard to estimate. Some

fine scale processes, such as tidal energy dissipation, are parame-

trized using a prescribed sub-grid bathymetry (Schmittner and

Egbert, 2013). Wind fields are prescribed, but a two-dimensional

atmospheric model calculates evaporation, precipitation, and air

moisture and temperature from thermodynamic equilibrium

equations. The low resolution and two dimensional atmospheric

model may seem simplistic compared with more complex Earth

System Models that include three dimensional atmospheric com-

ponents (e.g., Braconnot et al., 2012). However, these characteristics

allow UVic to produce numerous computationally-efficient simu-

lations and run them for several thousand years to equilibrium

including full process-based biogeochemistry and isotopes. UVic

includes a dynamic-thermodynamic sea ice model, which accounts

for changes in surface salinity due to sea ice melting and forming

(Schmittner, 2003). The model is also coupled with a dynamic land

vegetation model (Meissner et al., 2003). Its representation of the

modern global overturning circulation is mostly consistent with

observations (Muglia et al., 2018). However, the model’s AMOC is

too shallow, by about 500 m in the South Atlantic, where obser-

vations indicate a depth of 3500 m (Talley et al., 2003) whereas the

model results in a depth of� 3000m. In the North Atlantic at 25+ N

this bias is even larger, with the model AMOC depth at � 3100 m,

whereas the RAPID observations indicate a depth of 4400 m (e.g.,

Danabasoglu et al., 2014).

UVic is coupled to the Model of Ocean Biogeochemistry and

Isotopes (MOBI), which includes interactive cycles for three

nutrient species (phosphate, nitrate and iron), oxygen, DIC, par-

ticulate organic matter, particulate iron, dissolved organic nitrogen

and phosphorous, detritus, zooplankton, regular phytoplankton,

diazotrophs (nitrogen fixers), and coccolithophores (Kvale et al.,

2015; Muglia et al., 2017).

The MOBI code has been restructured and updated since Muglia

et al. (2017). The restructuring, which will be described in more

detail elsewhere, has made the code more flexible, readable, and

easier to use. One of the major updates is the implementation of

prognostic equations for calcifiers (coccolithophores) and calcium

carbonate (Kvale et al., 2015). In addition, we have modified some

parameters of the biogeochemical model to improve our repre-

sentation of preindustrial water nutrients, oxygen, and carbon.

These changes are listed in Table S1, and the validation of our
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preindustrial simulationwith a comparison to modern data, shown

in Table 1, is similar to the performance of previous versions.

The model has been extensively used to simulate the circulation

structure and ocean biogeochemistry of the LGM utilizing as con-

traints its three prescribed isotopes, which can be compared with

past reconstructions. Schmittner and Somes (2016) studied global

productivity levels during the LGM, finding that higher pro-

ductivities are needed in order to reproduce d
13C and d

15N LGM

reconstructions. Somes et al. (2017) determined possible changes in

the nitrogen cycle of the ocean during the LGM. Muglia et al. (2018)

constrained SO iron fertilization and deep water mass structure,

finding that a combination of enhanced atmospheric iron deposi-

tion and reorganization of the deep ocean into a voluminous AABW

and a shallow and weak AMOC, compared with the preindustrial

state, are needed to reconcile with radiocarbon, d13C and d
15N LGM

reconstructions. Detailed analyses of the state’s carbon and oxygen

cycles are provided in Khatiwala et al. (2019) and Cliff et al. (2021).

However, AMOC depth and strength were correlated in the simu-

lations analyzed by Muglia et al. (2018), which precluded un-

equivocal attribution of the data fit to either AMOC property and

tests of certain combinations such as a strong and shallow AMOC.

This caveat of the Muglia et al. (2018) methodology is addressed in

the present work.

2.2. LGM simulations

We produce equilibrium LGM simulations that include glacial

values for orbital parameters, the ICE6G-C LGM land ice sheet

reconstruction (Peltier et al., 2015) as recommended by the pro-

tocol of the Paleoclimate Model Intercomparison Phase 4 (PMIP4,

Kageyama et al., 2017), and a þ1 PSU salinity increase everywhere

to account for the lower sea level during the LGM. We apply LGM

wind stress fields corresponding to a modern estimate plus

anomalies (LGM minus preindustrial) calculated from a multi-

model mean of models from the previous phase of PMIP

(Braconnot et al., 2012). As seen in Muglia and Schmittner (2015),

the most striking feature of this LGM wind stress estimate is a

positive anomaly in its eastward component over the North

Atlantic caused by the presence of the Laurentide Ice Sheet, which

tends to strengthen and deepen the AMOC. Although various works

have argued that changes in the Southern Hemisphere Westerlies

could have had an important impact on LGM deep circulation (e.g.,

Toggweiler et al., 2006;Menviel et al., 2017), current, state of the art

atmospheric models such as PMIP3 models do not predict signifi-

cant changes in the SH winds during the LGM and we do not

include them in our simulations.

Atmospheric CO2 levels are set to 189.7 ppm, and the radiative

forcing of lower CH4 and N2O concentrations is implicitly included.

As in Muglia et al. (2018), we include LGM sedimentary and surface

iron fluxes, with extra surface SO input to fit LGM d
13C and d

15N

reconstructions.

We vary the model’s overturning circulation by adjusting two

parameters:

(1) As in Muglia et al. (2018), we modify the atmospheric

model’s SH moisture eddy diffusivity to reduce SH meridi-

onal moisture transport. Lower SH meridional moisture

transport increases SO sea ice cover and salinity through sea

ice formation (i.e., brine rejection) and lower precipitation at

high southern latitudes, which leads to saltier and more

voluminous Antarctic Bottom Water (AABW). This produces

a shallower and weaker AMOC (Muglia et al., 2018)

(Fig. 1aec). Diffusivities in our simulations range between

3.39 (default value) and 0:95� 106 m2/s, and produce SH

meridional moisture transport anomalies between 0 and

0.36 Sv (Fig. 1aec; Fig. S1). Fundamentally, this changes SO

buoyancy fluxes, which were most likely influenced by pro-

cesses that are currently not included inmost climatemodels

such as ice-ocean interactions (Adkins, 2013; Fyke et al.,

2018).

(2) Negative surface freshwater flux to the North Atlantic

strengthens the AMOC (Fig. 1b), with relatively minor AMOC

deepening (Fig. 1d). We apply � 0:64, � 0:32, � 0:16, and �

0:08 Sv fluxes to the surface region between 45� 65+N and

60� 0+W during the whole duration of the experiments,

obtaining different levels of AMOC strengthening. In order to

keep global salinity constant a compensating positive fresh

water flux is distributed over all other ocean grid boxes.

These forcings are applied as an efficient method to produce

different deep circulation geometries and rates. They should not be

regarded as realistic representations of LGM forcings but as possi-

bilities given our current lack of understanding and uncertainties as

noted in publications such as those cited above. Varying both pa-

rameters results in simulations with different combinations of

AMOC depth and strength. Simulations without North Atlantic

fresh water (i.e., 0 Sv) forcing and default values for SH moisture

transport are also included (Table 2, Fig. 1). There exists little

constrain from reconstructions on LGMmoisture transport (Sigman

et al., 2007). The meridional moisture transport multi-model mean

from our simulation ensemble is very close to modern observations

(Fig. S1). Differences between the observations and individual

simulations do not exceed 40 % in the Southern Hemisphere, where

the moisture diffusivity anomalies are applied.

Several modeling studies have found that AMOC depth and

strength co-vary upon changes in surface forcings with deeper

AMOC states being associated to higher transport rates (Nikurashin

and Vallis, 2012; Marshall et al., 2017; Sun et al., 2020). In our

simulations, AMOC strength and depth are both affected by surface

forcings, although AMOC depth does not change as significantly

Table 1

Skill of our preindustrial run to reproduce some key biogeochemical dissolved tracers and isotopes. R corresponds to correlation coefficient and RMSE corresponds to root

mean square error normalized by a combination of the model and data standard deviations (SD). SD’s are also listed in the table, in units of mmol/m3 for the nutrients and

carbon and permil for the isotopes. Note that the carbon isotope observations include anthropogenic effects, which are not considered in the model. This leads to a poor fit of

surface values. Data sources: Key et al. (2004) for DIC, D14C, Levitus et al. (2013) for PO4, NO3, O2, Schmittner et al. (2013) for d13C, Schlitzer et al. (2018) for dissolved Fe.

Tracer R (global) RMSE (global) SD (global) R (surface) RMSE (surface) SD (surface)

PO4 0.94 0.26 0.89 0.86 0.41 0.74

NO3 0.93 0.33 13.06 0.92 0.32 10.75

Dissolved Fe 0.39 1.00 0.0005 0.39 0.86 0.0005

O2 0.93 0.29 87 0.97 0.20 70

DIC 0.95 0.27 120 0.88 0.41 120

d
13C 0.77 0.55 0.77 0.24 2.02 0.44

D
14C 0.95 0.22 68.24 0.84 0.42 27.01
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upon changes in North Atlantic fresh water fluxes as with changes

in SH moisture fluxes (Fig. 1). On the other hand, results from LGM

experiments in PMIP4 (Kageyama et al., 2020), which apply similar

boundary conditions to our simulations in terms of ice sheets, green

house gases and orbital parameters, exhibit in four of six model

cases higher AMOC transport but no considerable change in AMOC

depth between LGM and preindustrial experiments. The other two

models from that intercomparison present in one case a stronger

and deeper LGM AMOC, and in another a shallower and weaker

LGM AMOC, when compared with the respective preindustrial

experiments. Our LGM experiments are all in the range of these

state-of-the-art simulations. Our ensemble of LGM AMOC states is

as diverse as possible, to test if the different past AMOC features can

be independently constrained by carbon isotopes, but we do not

make any assumptions on the feasibility of each configuration in

the real ocean.

We include 15 LGM simulations in this work. Each was run for

5000 y, and results shown correspond to an average of the last

500 y, when all tracers were in equilibrium. Fig. 2 showsmost of the

AMOC streamfunctions produced by our LGM simulations, along

with a preindustrial control plot. Panels include simulation names,

given by their AMOC strength-depth pairs (in Sv and km). Table 2

lists the forcings applied to each simulation, their names and the

general characteristics of their AMOCs. The different experiments

are referred to in the following by their AMOC strength in Sv (X)

and AMOC depth in km (Y) numbers separated by an underscore

X_Y. E.g. experiment 14.5_3.1 refers to the model with an AMOC

strength of 14.5 Sv and an AMOC depth of 3.1 km. AMOC strength,

defined as themaximum AMOC transport at 25+ N, ranges between

8 and 20 Sv. This latitude was chosen because it is close to the

latitude of modern observations of AMOC transport (McCarthy

et al., 2015). AMOC depth, defined as the average depth of the

boundary between the upper and lower cells of the AMOC between

25+S and 25+N, ranges between 1700 and 3100 m. The preindus-

trial simulation has an AMOC strength of 17.1 Sv and depth of 2900

m. Whereas its strength is consistent with observations its depth is

too shallow as discussed above.

Compared to the preindustrial, the LGM simulations display

different combinations of strong, weak, shallow, and deep AMOC

states, accompanied by different levels of AABW entrainment. The

transport of the model’s Gulf Stream at 25+ N in the preindustrial

simulation is 40 Sv. LGM simulations exhibit transports of 40� 56

Sv, and transport increases in simulations with higher AMOC depth

and/or strength. The coarse resolution of the model does not

resolve bathymetry features that channel this current such as the

Florida Strait, so it is hard to make direct comparisons with LGM

flow estimates from d
18O profiles such as Lynch-Stieglitz et al.

(1999). These estimates predict a weaker Gulf Stream transport

across the Florida Strait in the LGM, which seems in disagreement

with our model results. The reason is the LGMwind stress estimate

used in our LGM simulations, which is very strong over the North

Atlantic ocean, and enhances the mid-latitude gyre circulation and

northward salt transport associated with the Gulf Stream, as

described in Muglia and Schmittner (2015).

Indo-Pacific streamfunctions show less striking differences

among simulations (Fig. S2). LGM simulations with aweaker AMOC

Fig. 1. Effect of the two forcings applied in our LGM simulations on AMOC depth and strength, as indicated. Each square represents a simulation. Simulations that are connected by

lines differ only on their (aec) SH moisture transport or (bed) NA negative fresh water forcings, and help distinguish the individual effect of each parameter change in our two

AMOC metrics. The SH moisture transport anomalies are calculated relative to the simulations with no anomalies applied.

Table 2

Maximum Southern Hemisphere meridional moisture diffusivity (106 m2/s) and

North Atlantic fresh water forcing (Sv) used in each of our LGM experiments.

Experiment names are given by their AMOC strength (in Sv) and depth (in km). The

last column lists a description of the type of AMOC of each experiment.

Experiment SH diff. (106 m2/s) FWF (Sv) AMOC type

7.3_1.9 1.89 0 Weak-Shallow

8.0_2.1 2.08 0 Weak-Shallow

8.8_2.2 2.30 0 Weak-Shallow

9.5_2.3 2.52 0 Weak-Shallow

12.2_3.0 3.39 0 Deep

14.5_3.1 3.39 �0.08 Deep

17.3_2.9 3.39 �0.16 Deep

20.8_3.1 3.39 �0.32 Deep

11.4_2.3 2.08 �0.08 Intermediate-Shallow

13.6_2.3 2.08 �0.16 Intermediate-Shallow

16.6_2.4 2.08 �0.32 Intermediate-Shallow

8.8_1.7 0.95 �0.08 Weak-Shallow

11.0_1.8 0.95 �0.16 Intermediate-Shallow

14.3_1.9 0.95 �0.32 Intermediate-Shallow

18.4_2.0 0.95 �0.64 Strong-Shallow

J. Muglia and A. Schmittner Quaternary Science Reviews 257 (2021) 106844

4



Fig. 2. Atlantic meridional streamfunction for most of our simulations. The top left panel corresponds to the preindustrial control. The rest are LGM configurations, labeled by their

AMOC strength-depth (in Sv and km).
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(e.g. 14.5_3.1 vs 20.8_3.1 or 7.3_1.9 vs 14.3_1.9) have a higher

southward penetration of North Pacific Intermediate Water,

reduced inflow of Circumpolar Deep Water and less upwelling at

low latitudes.

AMOC shoaling (e.g. 14.3_1.9 vs 14.5_3.1) can lead to differences

in the in and out flow at 35� S and even flow reversal. E.g. in Fig. 2,

whereas model 14.5_3.1 has inflow below 2000 m and outflow

between 1000 and 2000 m, model 14.3_1.9 has inflow below 3000

m, outflow between 3000 and 2000 m, and inflow again around

1000m depth, suggesting a separation between deeper SO-sourced

inflow and shallower NADW inflow in the shallow AMOC case.

The salinity fields of both the Atlantic and Indo-Pacific oceans

are greatly affected by the different deep circulation patterns. In the

Atlantic, deep circulation simulations exhibit a pattern similar to

the preindustrial, with saltier North Atlantic Deep Water (NADW)

than AABW. Simulations that have AMOCs shallower than 3000 m

show a pattern more in line with LGM salinity estimates from pore

water (Adkins et al., 2002; Insua et al., 2014), with saltier AABW

than NADW, and the former occupying a bigger portion of the deep

ocean than in present times (Fig. S3). In addition, stronger AMOC

simulations produce a more voluminous and fresher Antarctic In-

termediate Water (AAIW). In the Indo-Pacific Ocean (Fig. S4),

salinity stratification increases for all LGM simulations. Deep AMOC

runs produce higher entrainment of salty, Atlantic-sourced waters

into the Indo-Pacific. Shallow AMOC runs produce a salty and vol-

uminous AABW, which also affects deep Indo-Pacific salinities

increasing its stratification. On the other hand, AMOC strength does

not affect the salinities of this basin significantly.

It has been hypothesized that a loss of buoyancy (Ferrari et al.,

2014) or an increase in salinity (Sun et al., 2020) of waters around

Antarctica may have isolated Antarctic-sourced waters and shal-

lowed the AMOC. Although we do not test this in a direct manner,

the effect of decreasing SH moisture transport in our simulations

causes these two effects through a decrease in precipitation at high

latitudes and an increase in SO sea ice formation and brine rejection

(Muglia et al., 2018). Other processes governing deep water for-

mation, such as SOmeso-scale eddies (Nikurashin and Vallis, 2012),

are not included in the model and remain an import caveat of our

methodology, especially affecting AABW formation.

Simulated d
13C and radiocarbon ages from the experiments are

comparedwith LGM reconstructions. The combination of these two

tracers has been previously used to constrain deep circulation

characteristics in model simulations (Tagliabue et al., 2009;

Menviel et al., 2017; Muglia et al., 2018). We have updated previous

compilations (Peterson et al., 2014; Skinner et al., 2017) with new

data (Tables S2, S3) for a total of 516 and 266 data points for LGM

d
13C and radiocarbon age, respectively. Figs. S5 and S6 show the

positions and depths of all reconstructions in the compilations.

3. Results

When compared with LGM d
13C reconstructions from the global

ocean, our model simulations display correlation coefficients (R)

that range between 0.65 and 0.80 (Fig. 3; Table S4). Global root-

mean-square errors (RMSE, normalized by the data-model uncer-

tainty (Muglia et al., 2018)) range between 1.1 and 2.2. The skill of

each experiment to reproduce the LGM data depends strongly on

AMOC depth (Fig. 3). Realizations with an AMOC depth of 2000�

2500 m reproduce the data best, with R higher than 0.76 and RMSE

lower than 1.3. Realizations with shallower or deeper AMOCs have

a worse agreement with the data, especially in the deeper cases.

The global model-data agreement versus AMOC depth relation

follows the Atlantic signal, indicating the relevance of the AMOC in

determining global d13C distribution (Fig. 3, middle panels) and

reflecting the larger amount of data from the Atlantic. The Indo-

Pacific displays less differences in terms of R among simulations

than the Atlantic, with higher values for the shallow and weak

AMOC cases, and generally good agreement with the data in terms

of RMSE (Fig. 3, bottom panels).

The relation of d13Cmodel-data agreement with AMOC strength

is weaker than with AMOC depth as indicated by the mostly hori-

zontal isolines in the upper panels of Fig. 3. Although experiments

with weak transport have a slightly better skill at reproducing the

data, the difference in R and RMSE among different experiments

with similar AMOC depths is much smaller than when comparing

skill versus depth (compare the color range of Fig. 3 along the

horizontal and vertical axes).

On a regional level, we compare LGM d
13C from our simulations

with data at high vertical resolution from the Brazil margin

(Hoffman and Lund, 2012; Tessin and Lund, 2013; Lund et al., 2015)

(Fig. 4, left; Table S5). Deep AMOC states, reminiscent of many

PMIP3 models (Muglia and Schmittner, 2015), are clearly incon-

sistent with the data as they overestimate d
13C values below

� 2000 m depth. Shallow AMOC experiments are able to capture

most of the features of the reconstructed vertical profile, including

relatively high values of NADW between 1500 and 2000 m depth

and decreasing values towards the bottom. However, the sediment

data show a pronounced minimum for AAIW around 1100 m depth

above themaximum for NADW. This feature of increasing d
13Cwith

depth between 1100 and 1500 m is not reproduced by shallow and

weak AMOC simulations. Shallow andweak AMOC simulations also

underestimate the d
13C maximum between 1500 and 2000 m.

Shallow-intermediate/strong AMOC states (11� 18 Sv), on the

other hand, reproduce these features better. Quantitatively,

shallow-intermediate/strong AMOC simulations provide the best

model-data agreement, with R ranging between 0.83 and 0.90 and

RMSE (not normalized) ranging between 0.22 and 0.29 permil,

compared with 0:79� 0:83 and 0:29� 0:35 permil for shallow-

weak AMOC simulations, and 0:53� 0:67 and 0:43� 0:59 permil

for deep AMOC simulations. A similar result is found for data of high

vertical resolution from the southwest Pacific (Sikes et al., 2016)

(Fig. 4, right). RMSE for shallow, strong AMOC simulations range

between 0.16 and 0.24 permil, compared with 0.23e0.30 for both

shallow-weak and deep AMOC cases (Table S5).

Models with a shallower AMOC display older global-mean

radiocarbon ages (Fig. 5a; Table S6), whereas AMOC strength,

perhaps surprisingly, does not affect whole-ocean radiocarbon age

much. The difference between model and reconstructed mean

radiocarbon age, calculated only in grid boxes where data exist,

shows values closer to zero (indicating model-data agreement) in

the shallow AMOC cases, but only minor sensitivity to AMOC

strength such that stronger AMOC states at the same AMOC depth

produce slightly younger radiocarbon ages. Experiments with

AMOC depths between 2000 and 2500 m have the lowest bias, and

underestimate the reconstructed global radiocarbon age by only

10� 80 14C y. Experiments with shallower AMOC depths than that

range overestimate the reconstructions by 50� 100 14C y, and the

ones with deeper AMOC underestimate them by � 200 14C y. Note,

however, that the mean radiocarbon age estimate from the data

may depend on subjective decisions such as the removal of outliers

(e.g. Skinner et al. (2017) removed all data with ages larger than

6000 14C y).

Simulations with a shallow AMOC have the best performance

compared against LGM data from the Atlantic (Fig. 6). A single very

strong and deep AMOC case (simulation 20.8_3.1 in Table 2) also

shows good agreement with the Atlantic data, although its high

bias in global radiocarbon age (Fig. 5a) and inconsistency with d
13C
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data (Fig. 3) deem it as an unlikely LGM scenario. In the global

ocean, simulations with AMOC depths between 2200 and 2400 m

and strengths higher than 10 Sv exhibit the lowest RMSE, but there

is little distinction in the performance of each simulation in terms

of R (Fig. 6; Table S6). The radiocarbon age model-data agreement

signal does not follow the Atlantic pattern as close as in the case of

d
13C, possibly due to a greater number of LGM radiocarbon data

points in the Indo-Pacific than in the Atlantic. As for d13C, the iso-

lines for R and RMSE for radiocarbon are also mostly horizontal in

Fig. 6, indicating better constraints on AMOC depth than on AMOC

strength.

4. Discussion

d
13C frombenthic foraminifera shell samples has been identified

as a tracer for deep water mass geometry and distribution (Curry

and Oppo, 2005; Gebbie, 2014). On the other hand, the difference

between benthic and atmospheric radiocarbon age, which can be

obtained from benthic and planktonic foraminifera samples com-

bined with estimates of surface reservoir age (Butzin et al., 2017),

has been interpreted as an indicator of deep water ventilation age

(Sarnthein et al., 2013; Davies-Walczak et al., 2014; Skinner et al.,

2017), which is often used synonymously with circulation rate.

However, the radiocarbon-age versus ventilation (ideal) age rela-

tion is complicated by the fact that radiocarbon age is not only

affected by the time since a water parcel was in contact with the

atmosphere, but also by its surface (or preformed) value at high

latitude sites of deep water formation, which is advected into the

ocean’s deep interior (Campin et al., 1999; Khatiwala et al., 2012).

Here, water mass geometry, reflected in AMOC depth, is the

dominant factor in determining the model’s ability to reproduce

LGM d
13C and radiocarbon, whereas the AMOC mass transport rate

plays only a secondary role. To illustrate those sensitivities we

examine the effects of AMOC strengthening and AMOC deepening

on both carbon isotope distributions. Fig. 7 shows that a 1200 m

AMOC deepening affects deep isotope values more strikingly than a

7 Sv AMOC strengthening.

AMOC strengthening increases Atlantic d13C between 1000 and

2500 m and in bottom waters because of more southward pene-

tration of isotopically heavy NADW, which also imprints its signal

into AABW. The amplitude of these changes is less than 0.2 permil,

and thus may be difficult to detect given the uncertainties in d
13C

reconstructions, which are typically � 0:25 permil (Schmittner

et al., 2017). Similar to Schmittner et al. (2007), AMOC strength-

ening leads to weaker overturning (Fig. 8) and increased stratifi-

cation in the SO (Fig. S3). Decreased upwelling by the SO MOC and

more nutrient-poor NADW being mixed with SO waters lower SO

productivity and decrease d
13C in the upper Pacific and South

Atlantic (Fig. 9). This signal is amplified in the subtropics due to

increased productivity there owing to increased low latitude up-

welling, which leads to more remineralization of low d
13C organic

matter in the shallow subsurface ocean there (Fig. S2). Thus, more

data from those upper ocean regions, where the data density is

currently low, could improve future AMOC strength estimates. d
13
C

is most sensitive to AMOC strengthening in the Atlantic Ocean

above � 2500 m between 40+ S and 40+ N (Fig. 7). The Brazil

margin site that we analyze sits inside this region, and if available,

more high vertical resolution sites there would have the potential

to further constrain AMOC strength. In the Indo-Pacific, maximum

sensitivity occurs above 2000m. However, the comparisonwith the

Fig. 3. Metrics of model-data agreement of d13C of dissolved inorganic carbon (DIC) from our LGM simulations compared with LGM reconstructions, organized in AMOC strength-

depth plots. The color scale corresponds to (left plots) correlation coefficient (R) or (right plots) root mean square error (RMSE). RMSE’s are normalized by the combination of

preindustrial model and data uncertainties, which we estimate as 0.30 permil. Contours were calculated by interpolation. Note that the color scale for the Indo-Pacific R has

different limits than for the other two R plots. (0erpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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southwest Pacific data (Fig. 4), which lies outside of this region,

suggests that even outside of it, high resolution LGM vertical d13C

profile reconstructions that are less noisy than a global compilation

from multiple sources could be used to constrain the LGM’s AMOC

strength. Similarly to d
13
C, AMOC strengthening leads to a slight

decrease (� 100 14C y) of radiocarbon ages in most of the deep

ocean, because of increased contributions of relatively young

NADW.

In contrast to the relatively small changes from AMOC

strenghtening, deepening of the AMOC induces a large signal in the

deep Atlantic, with d
13C increasing by more than 1 permil and

radiocarbon ages decreasing by more than 700 14C y. SO export

production increases due to strengthening of the SO MOC and

enhanced mixing (Fig. 8), similarly to results obtained from pro-

ductivity proxies south of the Polar Front (Hillenbrand and Cortese

(2006); Jaccard et al. (2013)). This induces a high surface d13C signal

that gets advected elsewhere (Fig. 9). Even in the deep Indo-Pacific

AMOC deepening leads to a much larger reduction in radiocarbon

age (� 200 14C y) than AMOC strengthening (� 100 14C y).

The effects of AMOC deepening and strengthening on d
13C and

radiocarbon are highly anti-correlated (R< � 0:95, Fig. 7), indi-

cating that they may not be independent tracers of physical

Fig. 4. Comparison of d
13
C from our simulations with benthic LGM data of high vertical resolution from (left) the Brazil margin and (right) the South West Pacific. Simulations are

grouped in three panels depending on their general AMOC structure, as indicated. Purple symbols indicate the reconstructed values, and purple dashed lines the ± 0:25 permil

uncertainties estimated from Schmittner et al. (2017). Given their overall lower skill to reproduce the data, we group all deep AMOC simulations into one category, regardless of

their AMOC strength. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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processes in the ocean. As an additional test, we calculated the

correlation coefficient associated to the differences in d
13C and

radiocarbon age when comparing each of our LGM simulations

with 12.2_3.0, which can serve as a default UVic LGM case because

it is the simulation with the least amount of “extra” forcings

(Table 2). In all cases, correlation coefficient is � � 0:95. This is a

strong indicator that radiocarbon and d
13C do not behave as inde-

pendent tracers for physical processes in the ocean, such as changes

in deep circulation or water mass geometry. Their effects are more

decoupled when purely biogeochemical processes that affect d13C

but do not vary radiocarbon significantly come into play, such as an

increase in SO export production due to iron fertilization (Muglia

et al., 2018). For example, we ran an additional simulation like

12.2_3.0 but with decreased SO surface iron flux as in Muglia et al.

(2018); when comparing 12.2_3.0 to this lower iron simulation we

find a �0:5 permil decrease on deep d
13C (Fig. S7), but negligible

effects on radiocarbon age, which decrease slightly in deep waters

due to an increase in DIC concentrations (not shown).

By an inverse modeling approach, Marchal and Curry (2008)

suggest that a maximum uncertainty of 0.1 permil in d
13C

Fig. 5. (a) Model minus data-reconstructed global mean radiocarbon age calculated at grid boxes where there exists data (D age). (b) Mean SO surface reservoir age versus global

mean age from our simulations. (ced) SO surface reservoir age as a function of AMOC (c) strength and (d) depth from our simulations. Linear regressions are overlaid in (bed), with

correlation coefficients indicated at each panel.

Fig. 6. Same as Fig. 2, but for radiocarbon age. RMSE’s are normalized by the combination of preindustrial model and data uncertainties, which we estimate in 65014C y.
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reconstructions is needed to correctly constrain the LGM deep

circulation and distinguish it from the preindutrial state. Another

inverse modeling study (Huybers et al., 2007) found that given

their current level of uncertainty and sparseness, paleotracers such

as d
13C and radiocarbon can potentially be used to estimate past

water mass volumes, but not transport rates. The uncertainties of

the data used here, calculated from the relationship between d
13C

of DIC and of benthic foraminifera (Cibicidoides) from Holocene

data are closer to 0.25 permil (Schmittner et al., 2017). However, the

RMSE’s that we get when comparing our deep AMOC runs’ d13C

with the global LGM reconstructions are the highest among the

simulations presented here (2:27� 2:69, Table S4), and almost

double the ones obtained with the shallow AMOC LGM simulations

(1:10� 1:20, Table S4). The large differences in RMSE in these two

different circulation states may indicate that global compilations of

d
13C can be used to constrain the general characteristics of water

mass geometry. On a regional level, results from the Brazil margin

and southwest Pacific suggest that it may be possible to constrain

the AMOC in a more detailed way if the model-data comparison is

done at locations with high-resolution vertical profiles of LGM d
13C

reconstructions. Although we find intermediate to stronger

(11� 18 Sv) and shallower (1800� 2400 m) AMOC cases among

LGM simulations to best agree with these data, there is a high level

of uncertainty in the estimated AMOC strength, and more high

resolution locations are needed in order to increase the skill of

Fig. 7. Effects on d
13C and radiocarbon age of AMOC strengthening and deepening in the Atlantic and Indo-Pacific oceans (zonal means). We use the difference between two pairs of

simulations, each pair showing one of the effects, as indicated with the labels from Fig. 2.

Fig. 8. Differences in global total MOC between the same simulations of Fig. 6.
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glacial AMOC estimates calculated by this method.

As a proxy for water mass ventilation, radiocarbon age has been

linked, in an intuitive manner, to water transport associated with

overturning circulation (Skinner et al., 2017). However, Khatiwala

et al. (2019) showed that deep radiocarbon ages depend strongly

on SO surface reservoir ages, and the results presented here exhibit

a very high correlation between global mean radiocarbon ages and

mean SO surface reservoir ages (Fig. 5b). In our simulations, mean

SO reservoir ages are more closely correlated with AMOC depth

than strength (Fig. 5c and d).

Less sinking of densewaters (i.e., more positive buoyancy fluxes)

around Antarctica in high meridional moisture flux simulations

decrease AABW entrainment into the Atlantic, and deepen the

AMOC (Fig. 2), as proposed by Ferrari et al. (2014). SO MOC trans-

port is also enhanced in deep AMOC simulations (Fig. 8), which

tends to increase SO surface reservoir ages. However, the effect is

overcompensated by the lower SO buoyancy flux, which tends to

lower them because of lower sea ice cover (not shown). The result is

a strong negative correlation between SO surface reservoir ages and

AMOC depth (Fig. 5), which itself is proportional to negative

buoyancy flux around Antarctica (Figs. S8, S9). On the other hand,

the direct dependence of AMOC strength with SO buoyancy fluxes

is weaker (Fig. S8), and simulations with very different AMOC

transports can have similar SO buoyancy fluxes (Fig. S9). This sug-

gests that either radiocarbon age depends strongly on AMOC depth,

or they are both affected by SO surface processes set by the applied

boundary conditions. As a consequence deep radiocarbon ages are

highly correlated with AMOC depth, the level of model-data

agreement of each simulation is mainly linked to that AMOC

depth (Fig. 6), and AMOC strength is only weakly constrained by

radiocarbon age.

The effect on carbon content of the ocean of the different cir-

culation configurations shows a tendency towards higher values at

shallower and slower AMOC (Fig. 10). The geometry of the water

masses plays an important role, since with a shallower AMOC,

carbon-rich AABW occupies a greater portion of the deep ocean,

increasing global carbon content (Muglia et al., 2018) (Fig. S10). A

decrease in the transport rate of the AMOC produces a similar ef-

fect, although of less magnitude than a decrease of its depth

(Fig. 10). The quantification of the effect of different physical ocean

Fig. 9. Effects of AMOC (left) strengthening and (right) deepening on export production out of the euphotic zone and surface d
13C, as indicated. The simulations used are the same

as in Fig. 6.
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configurations on global ocean carbon content is relevant due to the

presumption of higher values during the LGM than in the Late

Holocene (Sigman et al., 2010), although it has been suggested from

ocean models that temperature and biogeochemistry have a bigger

effect on ocean carbon content than circulation (Tagliabue et al.,

2009; Khatiwala et al., 2019). A detailed carbon cycle analysis of

these simulations is beyond the scope of this paper and will be

presented elsewhere.

Our simulations suggest that d13C and radiocarbon from benthic

foraminifera samples serve as tracers for water mass geometry, but

the rate of transport of the AMOC, an important quantity for climate

change (Hofmann and Rahmstorf, 2009; Buizert and Schmittner,

2015), is not well constrained by them. This is in agreement with

a recent study that finds d13Cmore heavily affected by AMOC depth

than strength in the glacial ocean (Gu et al., 2020). The results

highlight the need of global circulation models to include prog-

nostic equations for additional, more adequate paleo-tracers of

AMOC strength. Our results expand on previous studies with the

UVicmodel on LGMdeep circulation. Muglia et al. (2018) found that

both biogeochemical and circulation changes are needed to

reproduce stable isotope ratios and radiocarbon ages from the deep

ocean of the LGM. Here we find that not all aspects of the deep

water mass structure can be constrained by those isotopes.

Caveats are associated with the coarse resolution of our model,

which may not realistically simulate sharp features such as western

boundary currents. Those features may be too broad and diffuse in

the model, which may impact comparisons to sediment data such

as those from the Brazil Margin. Moreover, we have not included

other uncertainties such as changes in tidal mixing, which may

impact the LGM ocean (Wilmes et al., 2019).

5. Conclusion

Using a global coupled circulation biogeochemical model that

includes the cycles of d13C and radiocarbon we have produced a

series of LGM simulations with a range of circulation and deep

water mass configurations. We find that simulations that have a

shallow LGM AMOC (between 2000 and 2500 m, compared with

modern data-based inferences of � 3500 m (Talley et al., 2003) and

4400 m (Danabasoglu et al., 2014)), with various possible rates of

transport (between 8 and 18 Sv) are equally well constrained by our

two isotopes from global data compilations. This represents a

1500� 2500 m shoaling of NADW in the LGM, compared with

previous estimates of � 500 m from a solution subject to a set of

complementary constraints that included carbon isotopes (Gebbie,

2014). Locations where coring sites permit the reconstruction of

high vertical resolution d
13C profiles could be used to constrain the

LGM AMOC in a more detailed way, and appear to point at an in-

termediate AMOC strength during the LGM (11� 18 Sv). More such

locations are needed in order to increase the confidence of these

estimates. LGM global radiocarbon age is shown to be highly

correlated with SO surface reservoir age, which decreases with

AMOC depth due to less sinking of dense waters. However, it is

weakly affected by AMOC strength, contrary to past conjectures of a

link between deep water mass transport and ventilation ages. The

high anti-correlation that we find when comparing d
13C and

radiocarbon age changes between simulations suggest that these

two tracers do not behave independently upon variations in deep

ocean circulation. Our results seem to confirm previous analyses

that also suggested a shallow glacial AMOC, but at the same time

illustrate the inadequacy of global compilations of carbon isotopes

alone to constrain AMOC transport rates well, calling for other

paleo-tracers of physical ocean processes to be included in climate

models.
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