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Several sensitivity experiments were run to examine the robustness of the MOC-atmospheric pCO2 relationship8

with fixed and variable ligand parameterizations.9

Southern Ocean surface iron input10

Changes in external aeolian dust deposition to the Southern Ocean are hypothesized to significantly increase11

iron supply during glacial periods, stimulating iron-limited biological production in the Southern Ocean to12

consume unused nutrients and trap CO2 in the ocean more efficiently [1]. Conversely, more humid conditions13

possibly projected for the future climate reduce the aeolian iron flux [2] and could lead to enhanced ocean CO214

outgassing [3]. To examine the effect of variations in external Southern Ocean iron input on the relationship15

between changes in MOC and atmospheric pCO2, the original experiments with fixed and dynamic ligands were16

repeated with Southern Hemisphere surface iron flux increased or decreased by 20× [2]. With both fixed and17

dynamic ligands, lowering iron input to the Southern Ocean only slightly increases the baseline atmospheric18

pCO2 (<1µatm, Figs. S1a and S3a) at the control strength of Southern Ocean upwelling (20.0 Sv), since19

upwelling from the Deep Atlantic, via the Deep Southern Ocean, is the dominant supply of iron to the surface20
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of the Southern Ocean. Surface input only accounts for a small fraction of iron requirements. Alternatively,21

increasing iron input to the Surface Southern Ocean draws atmospheric pCO2 down by an additional 1022

and 15µatm in fixed and varying ligand models, respectively. Enhanced iron input partially relieves Southern23

Ocean iron limitation, increases local macronutrient uptake (Figs. S2g–i and S4g–i), and results in greater24

Southern Ocean export production (Figs. S1c–e and S3c–e). These anomalies are slightly compensated by a25

decline in production in the macronutrient-limited Surface Atlantic due to lower nitrate supply (Figs. S2a–c26

and S4a–c). Net ocean carbon storage is 50% greater in the dynamic ligand case since additional biological27

activity in the Southern and Pacific Oceans generates additional ligands (Fig. S4, right column) that can28

support a greater iron standing stock, leading to further export production, more complete nutrient usage,29

and carbon uptake from the atmosphere [4]. Other limiting factors in the Southern Ocean, such as low30

light levels, prevent significantly higher ligand and iron concentrations, leading to further CO2 uptake. The31

sensitivity of atmospheric pCO2 to MOC strength is similar between the control and enhanced iron input32

experiments (Figs. S1a and S3a). At strong rates of Southern Ocean upwelling, there is little change in relative33

ocean carbon outgassing with Southern Hemisphere iron deposition changes. For the fixed ligand simulations34

there are compensating changes in production and export between the Southern Hemisphere and Northern35

Hemisphere boxes: when iron is added to the Southern Ocean, relieving micronutrient limitation and consuming36

macronutrients and inorganic carbon, this reduces the macronutrient supply delivered to the Surface Atlantic37

and Pacific Oceans by the MOC, causing elevated macronutrient limitation and reduced productivity, and38

vice versa (Figs. S1 and S2). The surface ocean is globally macronutrient-deficient in the dynamic ligand39

experiments at high MOC (Fig. S4, left column). Hence, an increase in iron deposition makes little difference,40

although Southern Ocean production tails off somewhat due to light limitation before complete macronutrient41

consumption is possible, reducing the relative uptake of atmospheric CO2 compared to the standard dust42

forcing. Reducing Surface Southern Ocean iron input does not change atmospheric CO2 significantly at low43

MOC rates because both cases are already limited by iron: in the fixed ligand simulations, upwelling is the44

primary iron source with surface input again only satisfying a small proportion of iron requirements, while45

in the dynamic ligand simulations, there is global iron scarcity due to lack of complexing ligands (Fig. S4,46

middle and right columns), so reducing surface iron input makes no appreciable impact to iron limitation.47

There is, however, a noticeable 10µatm increase in ocean carbon storage when iron input is increased at low48

rates of Southern Ocean upwelling in both fixed (enhanced CO2 uptake, Fig. S1a) and dynamic (reduced49
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CO2 outgassing, Fig. S3a) ligand models. Elevated Southern Hemisphere surface iron deposition becomes a50

significant iron source due to low rates of upwelling and partially relieves Southern Ocean iron limitation,51

which enables further macronutrient consumption (Figs. S4g and S4g) as hypothesized. Overall, the dynamic52

ligand feedback is the primary factor affecting atmospheric CO2 levels, with the “iron hypothesis” [1] playing53

a secondary, additional role in sluggish MOC scenarios.54

Depth of the Surface/Deep Atlantic interface55

Paleoclimate observations and simulations provide inconclusive evidence regarding the strength and depth-56

extent of the AMOC during the last glacial maximum [e.g. 5–12]. The standard simulations have a fixed57

interface between the surface and deep Atlantic of 100m, equivalent to the depth of the euphotic zone. This58

depth could also be interpreted as the depth of the AMOC maximum since the southward return flow in this59

model occurs in the Deep Atlantic box.60

Increasing the depth of the interface to 2000m at the control Southern Ocean upwelling strength of61

20.0 Sv has only a minor effect of a 5µatm decrease of atmospheric CO2 with fixed ligand concentrations62

(Fig. S5a) and a 1µatm increase with atmospheric CO2 with dynamic ligand concentrations (Fig. S7a). For63

the fixed ligand simulations, there is an increase in the concentration of iron in the Deep Atlantic (Fig. S6e),64

where 51% reduced volume overcompensates the 49% decreased residence time (655 years at 20.0 Sv with the65

AMOC interface at 100m to 336 years at 20.0 Sv with a deeper 2000m interface) to enhance the accumulation66

of hydrothermal iron, as well as iron delivered from the Surface Atlantic in the AMOC. In contrast, Deep67

Atlantic macronutrient concentration declines slightly (Fig. S6d) due to fractionally lower Surface Atlantic68

export production (Fig. S5c). More Deep Atlantic iron is upwelled via the Southern Ocean (Fig. S6h and69

k), which partially alleviates iron limitation there and enables slightly enhanced biological activity (Fig. S5d),70

more complete macronutrient consumption (Fig. S6g), and ocean carbon uptake (Fig. S5d). Slightly reduced71

macronutrient export to the Surface Atlantic reduces biological activity there. With variable ligands, export72

production in the Surface Southern Ocean is somewhat lower, while production in the Surface Atlantic is slightly73

larger with a 2000m deep Surface Atlantic box, compared to a 100m deep Surface Atlantic box (Fig. S7c and74

d). Despite this, the considerably increased residence time in the upper ocean (17 years at 20.0 Sv with the75

AMOC interface at 100m to 336 years at 20 Sv with a deeper 2000m interface) causes the majority of ligands76

produced there to be degraded locally, which limits the accumulation of excess iron (Fig. S8b and c). The77

Deep Atlantic continues to accrue hydrothermal iron, but eliminating the source of excess iron delivered to the78
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Deep Atlantic via the AMOC results in slightly reduced iron concentrations despite marginally elevated ligand79

concentrations from the export production remineralization source (Fig. S8e and f). There is a slightly lower80

supply of iron downstream to be upwelled into the iron-limited Surface Southern Ocean (Fig. S8h and k), a81

lower rate of biological activity (Fig. S7d), less-complete macronutrient usage (Fig. S8g), and lower ocean82

carbon uptake (Fig. S7a). The slight enhancement of macronutrient delivery from the iron-limited surface83

boxes to the Surface Atlantic increases biological activity.84

The overall sensitivity of atmospheric CO2 across a range of Southern Ocean upwelling strengths is some-85

what lower with a 2000m deep compared to a 100m deep Surface Atlantic (Figs. S5a and S7a). At low86

MOC strength, less than ∼20.0 Sv, changing the depth of the Atlantic Ocean interface does little to affect87

the change in atmospheric pCO2 with fixed or variable ligand concentrations because the different boxes are88

increasingly isolated and exchange of iron and macronutrients between the three basins (particularly, from the89

Atlantic to the Southern and Pacific Oceans) is less important than the local sources and sinks. Alternatively,90

at strong MOC values greater than 25.0 Sv there is up to ∼20µatm less net ocean CO2 outgassing with fixed91

ligand concentrations and up to ∼30µatm reduced net ocean CO2 uptake with dynamic ligand concentrations.92

Both ligand scenarios see an increase in Surface Atlantic production at high MOC (Figs. S5c and S7c) due93

to increased residence times relative to the simulations with a shallow Surface Atlantic box (8 years at 40 Sv94

with the AMOC interface at 100m to 168 years at 40 Sv with the deeper interface) and associated aeolian95

iron accumulation, which directly translates into enhanced nutrient and inorganic uptake (Fig. S6a and b) and96

atmospheric CO2 drawdown for fixed ligand concentrations since the Surface Atlantic is iron-limited at high97

MOC rates. Stronger transport and upwelling of remineralized iron from the Deep Atlantic to the Southern98

and Pacific Oceans (Fig. S6, middle column) leads to further productivity (Fig. S5d and e), increases the com-99

pleteness of nutrient usage (Fig. S6, left column), and increases ocean carbon uptake (a reduction in overall100

ocean outgasing). Reduced macronutrient supply from the Southern and Pacific Oceans to the Atlantic lim-101

its further enhancement in biological activity and ocean carbon uptake. With variable ligand concentrations,102

longer surface Atlantic residence times again allow increased surface Atlantic production (Fig. S7c) through103

the accumulation of surface iron input. The extent of ligand degradation, however, increases the iron scav-104

enging loss, reduces iron export into the Deep Atlantic and eventual upwelling into the Southern and Pacific105

Oceans (Fig. S8, middle column), lowers net biological carbon uptake in those iron-limited regions (Fig. S7d106

and e), decreases the extent of macronutrient usage (Fig. S8, left column), and results in a net reduction107

4



in ocean carbon uptake. The opposing sign of the MOC-atmospheric pCO2 relationship remains robust to108

changes in the depth of the Surface Atlantic box.109

Rate of mixing between boxes110

The model uses prescribed transports that are tuned to recreate the oceanic 14C distribution [13], which111

implicitly includes the effects of both advection by the MOC and fluxes due to turbulent mixing. The latter112

fluxes are relatively uncertain for the modern ocean and may have been more intense during glacial times113

due to enhanced tidal mixing [e.g. 14]. An additional exchange of 3.0 Sv (∼15% of control Southern Ocean114

upwelling strength) between adjacent boxes was applied. Stronger mixing increases the connection between115

the deep ocean and the surface and the surface Southern Ocean with the Atlantic and Pacific Oceans. For116

both fixed and variable ligand concentrations, atmospheric pCO2 at the control Southern Ocean upwelling117

strength (20.0 Sv) is offset by −6µatm and −31µatm, respectively (Figs. S9a and S11a), as a result of globally118

higher biological activity (Figs. S9b–e and S11b–e). Iron in the macronutrient-limited Surface Atlantic is more119

depleted with increased mixing, fuelled by more macronutrient supply from the Deep Atlantic and Surface120

Southern Ocean compared to the standard transports alone (Figs. S10a and b, and S12a and b). Similarly,121

nitrate in the iron-limited Surface Southern and Pacific oceans (Figs. S10g and m, and S12g and m) is more122

extensively consumed due to greater upwelling and lateral iron supply. The greater nutrient consumption is123

enhanced with variable ligand concentrations since higher biological activity in the surface ocean generates124

more ligands that can support a greater iron concentration and increase production (Fig. S12, right column).125

Under a weakened MOC, the mixing fluxes become an increasingly important connection between boxes.126

Again, enhanced net exchange of macronutrients from the Southern Ocean to the nutrient-limited Surface127

Atlantic Ocean and a reciprocal net flux of iron to the iron-limited Southern Ocean, as well as upwelling from128

the deep to the surface, enhances biological production and increases the uptake of atmospheric CO2 compared129

to the standard simulations by ∼18µatm in the fixed ligand experiments, while reducing the outgassing by130

∼12µatm in the variable ligand experiments (Figs. S9 and S11). Notably, the ligand and iron concentrations131

are significantly higher in the variable ligand simulations compared to the ligand- and iron-deficient standard132

transport simulations. At strong overturning rates, the increased connection between the deep ocean and the133

surface again enhances the delivery of macronutrients, micronutrients, and inorganic and increases outgassing134

by <1µatm in the fixed ligand experiments, particularly in the now iron-limited Surface Atlantic Ocean135
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(Fig. S10b), while net atmospheric CO2 uptake is reduced in the variable ligand experiments due to high136

ligand and iron concentrations resulting in macronutrient limitation in the Surface Southern and Pacific137

Oceans (Fig. S12g and m) earlier than with the standard transports. Thus, the enhancement of ocean carbon138

drawdown peaks at 22µatm around 35.0 Sv Southern Ocean upwelling, and then declines to ∼3µatm because139

complete consumption of all upwelled inorganic and nutrients indicates no further atmospheric CO2 drawdown140

is possible (189µatm is close to the lower bound of atmospheric pCO2 calculated in Ref. [15]). Again, the141

opposing sign of the MOC-atmospheric pCO2 relationship remains robust to changes in the mixing rate but142

is more sensitive to this parameter than for surface iron input and depth of the Surface Atlantic box.143

Maximum rate of biological activity (dynamic ligand model only)144

The maximum rate of biological production associated with the availability of macro- and micronutrients is a145

crucial factor in driving the production of ligands and, therefore, the overall availability of dissolved iron. When146

the maximum biological production rate is perturbed by ±50%, there is no real change in atmospheric CO2147

at the control strength of Southern Ocean upwelling (Fig. S11a), indicating that the control run is producing148

emergent biological activity rates and concentration distributions based on nutrient limitation rather than149

artificially limited by parameter constraints. Changes in nitrate concentrations in the macronutrient-limited150

Surface Atlantic and iron concentrations in the micronutrient-limited Surface Southern Ocean are negligible151

(Fig. S12a and h). At low MOC, the extreme global iron limitation due to low ligand abundance stifles any152

fundamental changes in productivity. However, approaching MOC perturbations of double the control MOC153

(i.e., Southern Ocean upwelling strength around 40.0 Sv), atmospheric CO2 anomalies are slightly sensitive to154

a decrease in the maximum biological production rate parameter, where ligand production and iron abundance155

are lower, and surface nutrients are not as completely consumed. Increasing the rate by 50% produces similar156

atmospheric CO2 levels as the non-perturbed simulations since surface macronutrient concentrations are157

already almost wholly consumed (Fig. S12, left column), and biological production is globally resource-limited.158

Ligand lifetime (dynamic ligand model only)159

For simulations with variable ligand concentrations, the average ligand lifetime is vital in determining changes in160

atmospheric pCO2. The variable ligand ensemble was repeated with a 25% increase or decrease in degradation161

timescale (1/λ = 283.0±71.0 years). These values are consistent with the O(100) year residence time of ligands162

in deep waters of the Atlantic [upper bound, 779–1039 years, 16, 17] and partially-labile and semi-refractory163
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dissolved organic carbon [18]. At the control strength of Southern Ocean upwelling (20.0 Sv), changing ligand164

lifetime results in a 23µatm outgassing with shorter-lived-ligands, while longer-lived ligands increase ocean165

carbon uptake by 24µatm (Fig. S15a). Higher ligand lifetime increases the model parameter γ/λ from the166

data-optimized value of 4398.0 s to 5497.5 s, shifting the system towards the “iron-replete, macronutrient167

limited” regime [4], accumulating a large pool of ligands (Fig. S16, right column) due to slower rates of168

decay. Longer-lived ligands support a greater availability of iron (Fig. S16, middle column), resulting in greater169

drawdown of macronutrients (Fig. S16, left column), particularly in the iron-limited Surface Southern and170

Pacific Oceans. In contrast, decreasing ligand lifetime lowers the model value of γ/λ from the data-optimized171

value of 4398.0 s to 3298.5 s, shifting the system towards the “iron-limited, macronutrient replete” regime [4].172

More rapid ligand turnover reduces ligand standing stock and lowers the overall availability of iron, resulting173

in more incomplete macronutrient consumption in the Surface Southern and Pacific Oceans.174

At low rates of Southern Ocean upwelling, there is a minor difference in net atmospheric pCO2 change175

between increased, decreased, and standard ligand lifetimes because ligand concentrations and iron levels176

are generally deficient, associated with reduced upwelling and limited surface ocean biological activity to177

generate ligands in the first place. Furthermore, higher residence times in each box allow for considerable178

ligand degradation, reducing export to other ocean basins. On the other hand, at high rates of Southern Ocean179

upwelling, the differences in atmospheric pCO2 for increased and decreased ligand lifetimes are more significant,180

up to 33µatm more uptake and up to 48µatm more outgassing, respectively, compared to the standard case.181

Shorter residence times due to rapid circulation enable longer-lived ligands to be widely redistributed and to182

support a greater pool of dissolved iron, which allows more complete consumption of macronutrients in the183

Surface Southern and Pacific Oceans. Reduced macronutrient supply from the Southern and Pacific Oceans184

to the Surface Atlantic decreases biological activity there. Increased production generates a more significant185

concentration of ligands, reinforcing iron availability and macronutrient and inorganic drawdown. Indeed, like186

the increased mixing simulations, there are enough ligands and iron at the Southern Ocean upwelling strengths187

between 30.0–40.0 Sv to almost wholly deplete macronutrient concentrations in the Surface Southern and188

Pacific Oceans, leading to no further atmospheric CO2 drawdown. In contrast, shorter-lived ligands support189

a smaller iron pool, which reduces the extent of macronutrient consumption in the Surface Southern and190

Pacific Oceans, resulting in an increase in ocean carbon outgassing compared to the standard ligand lifetime.191

Greater supply of nitrate to the Surface Atlantic increases biological activity there. Net decline in global ligand192
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stocks, reduced iron availability, and lower total export production generate fewer ligands, which leads to193

further enhanced ocean carbon outgassing. Overall, the opposite direction of the MOC-atmospheric pCO2194

relationship with dynamic ligand concentration remains robust but is more sensitive (i.e., larger gradient) with195

higher ligand lifetime and less sensitive (i.e., smaller gradient) with lower ligand lifetime.196
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Fig. S1 Model sensitivity to Southern Hemisphere surface iron input with fixed, uniform ligand concentrations. Steady-state

results of Meridional Overturning Circulation strength experiments for (a) atmospheric pCO2 (µatm), (b) globally-integrated

export production (GtC yr−1), and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean,

and Surface Pacific boxes, respectively. The standard simulation (circle symbol, orange) is perturbed with a 20× increase (plus

symbols, red) or decrease (dash symbol, blue) in Southern Hemisphere surface iron input. The vertical dashed line indicates the

control Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of AMOC transport for the last glacial

maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S2 Model sensitivity to Southern Hemisphere surface iron input with fixed, uniform ligand concentrations. Steady-state

results of Meridional Overturning Circulation strength experiments for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1,

middle column), and ligands (nmol L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the

Surface Southern Ocean, (j–l) the Deep Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The

standard simulation (circle symbol, orange) is perturbed with a 20× increase (plus symbols, red) or decrease (dash symbol, blue)

in Southern Hemisphere surface iron input. The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv).

The grey box highlights the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S3 Model sensitivity to Southern Hemisphere surface iron input with dynamic ligand concentrations. Steady-state results

of Meridional Overturning Circulation strength experiments for (a) atmospheric pCO2 (µatm), (b) globally-integrated export

production (GtC yr−1), and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean, and Surface

Pacific boxes, respectively. The standard simulation (circle symbol, orange) is perturbed with a 20× increase (plus symbols,

red) or decrease (dash symbol, blue) in Southern Hemisphere surface iron input. The vertical dashed line indicates the control

Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of AMOC transport for the last glacial maximum

[8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S4 Model sensitivity to Southern Hemisphere surface iron input with dynamic ligand concentrations. Steady-state results

of Meridional Overturning Circulation strength experiments for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1, middle

column), and ligands (nmol L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the Surface

Southern Ocean, (j–l) the Deep Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The standard

simulation (circle symbol, orange) is perturbed with a 20× increase (plus symbols, red) or decrease (dash symbol, blue) in Southern

Hemisphere surface iron input. The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv). The grey box

highlights the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S5 Model sensitivity to surface/deep Atlantic interface depth with fixed, uniform ligand concentrations. Steady-state

results of Meridional Overturning Circulation strength experiments for (a) atmospheric pCO2 (µatm), (b) globally-integrated

export production (GtC yr−1), and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean, and

Surface Pacific boxes, respectively. The standard simulation (circle symbol, orange) is perturbed with an increase in the depth of

the interface between surface and deep Atlantic boxes (from 100 to 2000m, plus symbols, red). The vertical dashed line indicates

the control Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of AMOC transport for the last glacial

maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S6 Model sensitivity to surface/deep Atlantic interface depth with fixed, uniform ligand concentrations. Steady-state

results of Meridional Overturning Circulation strength experiments for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1,

middle column), and ligands (nmol L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the Surface

Southern Ocean, (j–l) the Deep Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The standard

simulation (circle symbol, orange) is perturbed with an increase in the depth of the interface between surface and deep Atlantic

boxes (from 100 to 2000m, plus symbols, red). The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv).

The grey box highlights the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].



0 10 20 30 40

200

220

240

260

280

300

At
m

os
ph

er
ic 

pC
O 2

 [
at

m
]

A

0 10 20 30 40
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0
Ne

t e
xp

or
t p

ro
du

ct
io

n 
[G

tC
 y

r
1 ] B

0 10 20 30 40
Southern Ocean upwelling strength [Sv]

0.0

0.2

0.4

0.6

0.8

1.0

Ex
po

rt 
pr

od
uc

tio
n 

[G
tC

 y
r

1 ]

C Surface Atlantic

0 10 20 30 40
Southern Ocean upwelling strength [Sv]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Ex
po

rt 
pr

od
uc

tio
n 

[G
tC

 y
r

1 ]

D Surface Southern Ocean

0 10 20 30 40
Southern Ocean upwelling strength [Sv]

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Ex

po
rt 

pr
od

uc
tio

n 
[G

tC
 y

r
1 ]

E Surface Pacific

microCOSM ensemble varying overturning strength with variable ligand concentration
(uncertainty bounds for increase in mixed layer depth)

Fig. S7 Model sensitivity to surface/deep Atlantic interface depth with dynamic ligand concentrations. Steady-state results

of Meridional Overturning Circulation strength experiments for (a) atmospheric pCO2 (µatm), (b) globally-integrated export

production (GtC yr−1), and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean, and Surface

Pacific boxes, respectively. The standard simulation (circle symbol, orange) is perturbed with an increase in the depth of the

interface between surface and deep Atlantic boxes (from 100 to 2000m, plus symbols, red). The vertical dashed line indicates the

control Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of AMOC transport for the last glacial

maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S8 Model sensitivity to surface/deep Atlantic interface depth with dynamic ligand concentrations. Steady-state results

of Meridional Overturning Circulation strength experiments for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1, middle

column), and ligands (nmol L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the Surface

Southern Ocean, (j–l) the Deep Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The standard

simulation (circle symbol, orange) is perturbed with an increase in the depth of the interface between surface and deep Atlantic

boxes (from 100 to 2000m, plus symbols, red). The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv).

The grey box highlights the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S9 Model sensitivity to diffusive mixing rates with fixed, uniform ligand concentrations. Steady-state results of Merid-

ional Overturning Circulation strength experiments for (a) atmospheric pCO2 (µatm), (b) globally-integrated export production

(GtC yr−1), and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean, and Surface Pacific

boxes, respectively. The standard simulation (circle symbol, orange) is perturbed with an increase in mixing fluxes between adjacent

boxes (from 0.0 to 3.0 Sv, plus symbols, red). The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv).

The grey box highlights the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S10 Model sensitivity to diffusive mixing rates with fixed, uniform ligand concentrations. Steady-state results of Meridional

Overturning Circulation strength experiments for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1, middle column), and

ligands (nmol L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the Surface Southern Ocean,

(j–l) the Deep Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The standard simulation (circle

symbol, orange) is perturbed with an increase in mixing fluxes between adjacent boxes (from 0.0 to 3.0 Sv, plus symbols, red).

The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of

AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S11 Model sensitivity to diffusive mixing rates with dynamic ligand concentrations. Steady-state results of Meridional Over-

turning Circulation strength experiments for (a) atmospheric pCO2 (µatm), (b) globally-integrated export production (GtC yr−1),

and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean, and Surface Pacific boxes, respec-

tively. The standard simulation (circle symbol, orange) is perturbed with an increase in mixing fluxes between adjacent boxes

(from 0.0 to 3.0 Sv, plus symbols, red). The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv). The

grey box highlights the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S12 Model sensitivity to diffusive mixing rates with dynamic ligand concentrations. Steady-state results of Meridional

Overturning Circulation strength experiments for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1, middle column), and

ligands (nmol L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the Surface Southern Ocean,

(j–l) the Deep Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The standard simulation (circle

symbol, orange) is perturbed with an increase in mixing fluxes between adjacent boxes (from 0.0 to 3.0 Sv, plus symbols, red).

The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of

AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S13 Model sensitivity to biological productivity rate with dynamic ligand concentrations. Steady-state results of Merid-

ional Overturning Circulation strength experiments for (a) atmospheric pCO2 (µatm), (b) globally-integrated export production

(GtC yr−1), and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean, and Surface Pacific

boxes, respectively. The standard simulation (circle symbol, orange) is perturbed with a 50% increase (plus symbols, red) or

decrease (dash symbols, blue) in the maximum rate of biological productivity (6±3µmol Pm−3 s−1). The vertical dashed line

indicates the control Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of AMOC transport for the

last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S14 Model sensitivity to biological productivity rate with dynamic ligand concentrations. Steady-state results of Meridional

Overturning Circulation strength experiments for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1, middle column), and

ligands (nmol L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the Surface Southern Ocean,

(j–l) the Deep Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The standard simulation (circle

symbol, orange) is perturbed with a 50% increase (plus symbols, red) or decrease (dash symbols, blue) in the maximum rate of

biological productivity (6±3µmol Pm−3 s−1). The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv).

The grey box highlights the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S15 Model sensitivity to ligand lifetime. Steady-state results of Meridional Overturning Circulation strength experiments

with dynamic ligand concentrations for (a) atmospheric pCO2 (µatm), (b) globally-integrated export production (GtC yr−1),

and (c–e) local export production (GtC yr−1) in the Surface Atlantic, Surface Southern Ocean, and Surface Pacific boxes,

respectively. The standard simulation (circle symbol, orange) is perturbed with a 25% increase (plus symbols, red) or decrease

(dash symbols, blue) in ligand lifetime timescale (282±70 years in the deep ocean). The vertical dashed line indicates the control

Southern Ocean upwelling (20.0 Sv). The grey box highlights the realistic range of AMOC transport for the last glacial maximum

[8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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Fig. S16 Model sensitivity to ligand lifetime. Steady-state results of Meridional Overturning Circulation strength experiments

with dynamic ligand concentrations for nitrate (µmol N kg−1, left column), iron (nmol Fe kg−1, middle column), and ligands (nmol

L kg−1, right column) in (a–c) the Surface Atlantic, (d–f) the Deep Atlantic, (g–i) the Surface Southern Ocean, (j–l) the Deep

Southern Ocean, (m–o) the Surface Pacific, and (p–r) the Deep Pacific Ocean. The standard simulation (circle symbol, orange)

is perturbed with a 25% increase (plus symbols, red) or decrease (dash symbols, blue) in ligand lifetime timescale (282±70 years

in the deep ocean). The vertical dashed line indicates the control Southern Ocean upwelling (20.0 Sv). The grey box highlights

the realistic range of AMOC transport for the last glacial maximum [8.0–25.0 Sv, e.g. 9, 10, 12, 19, 20].
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