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1 Model forcings

Table S1 shows the sea surface temperature (SST) forcings applied to the SCP-M surface boxes in each MIS, for the purposes

of undertaking the model-data experiments as decribed in the main text.

Table S1. Sea surface temperature (SST) forcings in each MIS and model box, averaged from values presented in Kohfeld and Chase (2017).

All values are degrees Celsius relative to modern day GLODAP data. Key to boxes: Atlantic (box 1: low latitude/tropical surface ocean;

box 2: northern surface ocean; box 7: subpolar southern surface ocean). Pacific-Indian (box 8: low latitude/tropical surface ocean; box 11:

subpolar southern surface ocean). Southern Ocean (box 12: surface ocean).

MIS
Time

(ka)

Box 1

(±◦C)

Box 2

(±◦C)

Box 7

(±◦C)

Box 8

(±◦C)

Box 11

(±◦C)

Box 12

(±◦C)

∼1 0-11.7 -0.08 -0.51 0.44 -0.17 0.44 0.54

∼2 18-29 -1.94 -6.94 -1.91 -2.98 -1.91 -1.23

3 29-57 -2.12 -5.33 -1.99 -2.8 -1.99 -1.44

4 57-71 -2.02 -6.09 -1.93 -2.86 -1.93 -1.12

5a 79.5-84.5 -0.54 -2.52 -0.49 -0.9 -0.49 0.26

5b 84.5-89.5 -0.86 -3.19 -0.86 -1.32 -0.86 -0.44

5c 91-101 -0.38 -2.6 -0.83 -0.81 -0.83 -0.6

5d 104-114 -0.87 -2.42 -1.29 -1.2 -1.29 -0.9

5e 118-128 0.2 0.5 0.19 0.3 0.19 0.12

Table S2 shows forcings for other environmental parameters applied in the model-data experiments described in the main text.5
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Table S2. Model forcings for MIS across the last glacial cycle. Proxy for Antarctic sea ice extent using ssNa fluxes from the EPICA Dome

C ice core (Wolff et al., 2010), used to temporally contour MIS model forcings for salinity (Adkins et al., 2002) and polar Southern Ocean

piston velocity. Global ocean salinity is forced to a glacial maximum of +1 psu and the polar Southern Ocean is forced to +2 psu, as modified

from Adkins et al. (2002). Ocean volume forced using global relative sea level reconstruction of Rohling et al. (2009). Atmospheric 14C

production rate time series for 0-50 ka of Muscheler et al. (2014) . Long-term values assumed for >50 ka (Key, 2001). Reef carbonate flux

of carbon from Ridgewell et al. (2003) profiled across the glacial cycle using a curve from Opdyke and Walker (1992).

MIS

Southern

Ocean (box 12)

piston velocity

(m day−1)

Ocean volume

(% of modern)

Coral reef

C flux (x

1012 mol C

annum−1)

14C production

(atoms s−1)
Salinity (± psu)

Southern

Ocean

(box 12)

Rest of

ocean

∼1 3.92 99.9% 4.3 1.62 0.59 0.3

∼2 2.78 97.5% -1.6 2.36 1.94 0.97

3 2.75 98% -0.5 2.25 1.99 0.99

4 2.84 97.9% 0.9 1.82 1.85 0.93

5a 3.35 99.1% 2.1 1.73 1.47 0.73

5b 2.97 98.4% 2.4 1.73 1.71 0.86

5c 3.39 98.9% 3 1.73 0.98 0.49

5d 3.18 99.1% 3.8 1.73 1.32 0.66

5e 4.17 99.8% 4.8 1.73 -0.03 -0.01

2 Data compilation

Table S3 shows atmospheric proxy data averaged into MIS slices.

2



Table S3. Data for atmospheric CO2 (Bereiter et al., 2015), atmospheric δ13C (Eggleston et al., 2016) and atmospheric ∆14C (Reimer et al.,

2009), averaged into MIS time slices.

MIS
CO2

(ppm)
δ13C (‰) ∆14C (‰)

∼1 272.2±7.8 -6.41±0.09 57.1±47.9

∼2 189.1±3.1 -6.42±0.03 466±80

3 202.6±8.6 -6.55±0.14 517.8±131.5

4 210±9.6 -6.63±0.2 nan

5a 239.2±7 -6.47±0.01 nan

5b 226.6±6.6 -6.47±0.01 nan

5c 240.7±5.3 -6.6±0.08 nan

5d 249.2±9 -6.68±0.03 nan

5e 275.9±3.3 -6.66±0.08 nan

Tables S4-S6 shows ocean δ13C, CO2−
3 and ∆14C proxy data mapped and averaged into SCP-M boxes, and averaged in

MIS slices.

Table S4. Ocean δ13C data (‰) sourced from Oliver et al. (2010), mapped into SCP-M boxes and average for each MIS. Key to boxes:

Atlantic (box 1: low latitude/tropical surface ocean; box 2: northern surface ocean; box 3: intermediate ocean; box 4: deep ocean; box 6:

abyssal ocean; box 7: subpolar southern surface ocean). Pacific-Indian (box 8: low latitude/tropical surface ocean; box 9: deep ocean; box

10: abyssal ocean; box 11: subpolar southern surface ocean). Southern Ocean (box 5: intermediate-deep; box 12: surface ocean).

MIS Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10 Box 11 Box 12

∼1 0.52±1 -0.09±0.6 1±0.6 0.88±0.7 -0.33±0 0.66±0.5 0.61±0.5 1.16±0.8 0.39±0.5 -0.2±0.8 0.34±0.6 0.77±0.2

∼2 0.57±0.9 -0.19±0.5 1.46±0.6 0.86±0.7 -0.91±0 -0.05±0.6 0.08±0.6 0.89±1 -0.03±0.6 -0.54±0.5 0.53±0.5 0.16±0.1

3 0.75±0.8 -0.1±0.5 1.09±0.6 0.75±0.7 -0.82±0.1 0.08±0.9 0.03±0.5 1.22±0.6 0.31±0.4 -0.34±0.8 0.38±0.4 0.1±0.1

4 0.51±1 -0.21±0.6 0.72±0.6 0.87±0.8 -0.73±0.1 0.05±0.6 0.08±0.4 1.03±0.7 0.15±0.4 -0.46±0.6 0.33±0.5 0.34±0

5a 0.66±1.2 -0.28±0.3 0.41±0.5 0.99±0.7 -0.7±0 0.46±0.8 0.28±0.3 1.04±1.2 0.5±0.5 -0.29±0.4 0.41±0.4 0.34±0.1

5b 0.48±1.1 -0.24±0.4 0.24±0.2 0.95±0.7 nan 0.38±0.6 0.35±0.4 1.54±0.4 0.43±0.4 -0.12±0.6 0.35±0.5 0.35±0

5c 0.32±1.3 -0.31±0.6 0.36±0.2 0.99±0.6 -0.76±0 0.57±0.7 0.46±0.3 1.43±0.4 0.39±0.6 -0.14±0.5 0.24±0.4 0.34±0.1

5d 0.31±1.2 -0.37±0.5 nan 0.84±0.3 -0.77±0.2 0.35±0.5 0.32±0.2 1.31±0.4 0.26±0.5 -0.1±0.8 0.36±0.5 0.37±0.2

5e 0.47±1 -0.49±0.5 nan 0.75±0.7 -0.59±0.1 0.42±0.5 0.05±0.5 1.14±0.4 0.36±0.5 0.07±1.2 0.29±0.6 0.44±0.1

5
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Table S5. Ocean CO2−
3 data (µmol kg−1), mapped into SCP-M boxes and average for each MIS. Key to boxes: Atlantic (box

1: low latitude/tropical surface ocean; box 2: northern surface ocean; box 3: intermediate ocean; box 4: deep ocean; box 6:

abyssal ocean; box 7: subpolar southern surface ocean). Pacific-Indian (box 8: low latitude/tropical surface ocean; box 9: deep

ocean; box 10: abyssal ocean; box 11: subpolar southern surface ocean). Southern Ocean (box 5: intermediate-deep; box 12:

surface ocean).

MIS Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10
Box
11

Box
12

∼1 292.1±9 178.7±10 nan 116.6±5 nan 105.8±12 nan nan 73.5±4 80.3±21 nan nan

∼2 335±18 215.3±4 nan 144.7±3 nan 86.2±36 nan nan 75.9±5 80.2±19 nan nan

3 286.9±nan nan nan 135.6±6 nan 103.8±25 nan nan 72.5±3 80.9±21 nan nan

4 nan nan nan nan nan 80.5±16 nan nan 66.3±4 70.9±14 nan nan

5a nan nan nan nan nan 102.2±11 nan nan 71.9±8 nan nan nan

5b nan nan nan nan nan 94.8±17 nan nan 71.5±9 72.9±13 nan nan

5c nan nan nan nan nan 106.4±33 nan nan 72.5±5 73.6±8 nan nan

5d nan nan nan nan nan 98.3±10 nan nan 63.1±6 61.8±11 nan nan

5e nan nan nan nan nan 103.3±42 nan nan 67.7±6 72.6±4 nan nan

Data sourced from Yu et al. (2010), Yu et al. (2013), Yu et al. (2014b), Yu et al. (2014a), Broecker et al. (2015), Yu et al. (2016), Qin et al.

(2017), Qin et al. (2018), Chalk et al. (2019).

Table S6. Ocean ∆14C data (‰), mapped into SCP-M boxes and average for each MIS. Key to boxes: Atlantic (box 1: low latitude/tropical surface

ocean; box 2: northern surface ocean; box 3: intermediate ocean; box 4: deep ocean; box 6: abyssal ocean; box 7: subpolar southern surface ocean).

Pacific-Indian (box 8: low latitude/tropical surface ocean; box 9: deep ocean; box 10: abyssal ocean; box 11: subpolar southern surface ocean).

Southern Ocean (box 5: intermediate-deep; box 12: surface ocean).

MIS Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10 Box 11
Box
12

∼1 16.9±47 48.6±40 -66.9±109 27.7±99 nan -31±124 -63.1±77 7.1±47 -80.4±76 -101.5±65 -6.6±58 nan

∼2 332.5±86 312.4±131 315.7±199 236.5±130 nan 73±202 243.4±151 320.6±146 153±176 67.2±174 315.8±116 nan

3 nan nan nan nan nan 236.8±93 499.1±36 413.1±112 404.8±123 -46.3±202 297.4±244 nan

4 nan nan nan nan nan nan nan nan nan nan nan nan

5a nan nan nan nan nan nan nan nan nan nan nan nan

5b nan nan nan nan nan nan nan nan nan nan nan nan

5c nan nan nan nan nan nan nan nan nan nan nan nan

5d nan nan nan nan nan nan nan nan nan nan nan nan

5e nan nan nan nan nan nan nan nan nan nan nan nan

Data sourced from Skinner and Shackleton (2004), Marchitto et al. (2007), Barker et al. (2010), Bryan et al. (2010), Skinner et al. (2010), Burke and Robinson (2012),

Davies-Walczak et al. (2014), Skinner et al. (2015), Chen et al. (2015), Hines et al. (2015), Sikes et al. (2016), Ronge et al. (2016), Skinner et al. (2017), Zhao et al.

(2017).
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3 Model-data experiment results

Table S7 shows the parameter values for global overturning circulation (GOC, Psi1), Atlantic meridional overturning circula-

tion (AMOC, Psi2) and Southern Ocean biological export productivity (Z) from the model-data experiments described in the

main text.

Table S7. Model-data experiment optimised values for ocean parameters in each MIS.

MIS Psi1 (Sv) Psi2 (Sv)

Atlantic (Pacific-

Indian) Southern

Ocean Z (mol C

m−2 yr−1

∼1 26 20 2.3 (0.8)

∼2 17 14 6.2 (2.2)

3 15 16 4 (1.4)

4 18 13 3.6 (1.3)

5a 18 19 3.2 (1.1)

5b 15 17 2.8 (1)

5c 17 20 2.8 (1)

5d 19 20 2.3 (0.8)

5e 28 20 3.6 (1.3)

5

Table S8 shows the optimised model-data experiment results for atmospheric CO2, δ13C and ∆14C, and the terrestrial bio-

sphere.

Table S9 shows the optimised model-data experiment results for oceanic δ13C.

10

Table S10 shows the optimised model-data experiment results for oceanic CO2−
3 .

Table S11 shows the optimised model-data experiment results for oceanic ∆14C.

5



Table S8. Model-data experiment model results for atmospheric CO2, atmospheric δ13C, atmospheric ∆14C, terrestrial biosphere net primary

productivity (NPP) and carbon stock in each MIS.

MIS
CO2

(ppm)
δ13C (‰) ∆14C (‰)

Terrestrial

biosphere

NPP (PgC

a−1)

Terrestrial

biosphere

carbon

stock (PgC)

∼1 270.2 -6.4 38.2 72 2547.7

∼2 190.1 -6.42 518.6 50.7 1796.8

3 205.2 -6.54 454.8 52.1 1844.6

4 211.4 -6.7 194.4 52.9 1872.8

5a 241.2 -6.47 121.3 60 2123.2

5b 229.7 -6.47 126 57.8 2046

5c 242.1 -6.57 119.2 60.2 2130.6

5d 249.5 -6.68 106.9 59.5 2105.7

5e 275.8 -6.67 74.6 63.9 2262.2

Table S9. Model-data experiment model results for ocean δ13C (‰) in each MIS. Key to boxes: Atlantic (box 1: low latitude/tropical surface

ocean; box 2: northern surface ocean; box 3: intermediate ocean; box 4: deep ocean; box 6: abyssal ocean; box 7: subpolar southern surface

ocean). Pacific-Indian (box 8: low latitude/tropical surface ocean; box 9: deep ocean; box 10: abyssal ocean; box 11: subpolar southern

surface ocean). Southern Ocean (box 5: intermediate-deep; box 12: surface ocean).

MIS Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10 Box 11 Box 12

∼1 2.92 2.74 1.94 1.12 1.08 0.57 1.99 3.22 0.58 0.32 2.63 2.19

∼2 3.27 3.08 2.09 0.53 0.55 -0.22 2.1 3.31 0.09 -0.63 3.27 1.91

3 3.03 2.81 1.9 0.63 0.59 -0.09 1.88 3.25 0.13 -0.66 3.04 1.85

4 3.07 2.97 1.91 0.63 0.64 0 1.98 3.22 0.2 -0.4 2.87 1.89

5a 2.92 2.7 1.88 0.86 0.8 0.19 1.87 3.21 0.3 -0.26 2.85 2.02

5b 2.96 2.75 1.85 0.76 0.69 0.07 1.84 3.26 0.22 -0.52 2.92 1.93

5c 2.8 2.56 1.78 0.83 0.75 0.16 1.77 3.12 0.24 -0.34 2.77 1.97

5d 2.76 2.54 1.75 0.86 0.78 0.23 1.76 3.07 0.28 -0.2 2.65 1.94

5e 2.69 2.53 1.75 0.88 0.86 0.33 1.82 2.9 0.35 0.14 2.46 2.02

Figure S1 shows the full range of experiments undertaken and the resulting model-data error mesh charts. These charts

plot the difference between the model outputs and the proxy data, as a function of each of the three parameters varied in the

model-data experiments (Psi1, Psi2 and Z).
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Table S10. Model-data experiment model results for ocean CO2−
3 (µmol kg−1) in each MIS. Key to boxes: Atlantic (box 1: low lati-

tude/tropical surface ocean; box 2: northern surface ocean; box 3: intermediate ocean; box 4: deep ocean; box 6: abyssal ocean; box 7:

subpolar southern surface ocean). Pacific-Indian (box 8: low latitude/tropical surface ocean; box 9: deep ocean; box 10: abyssal ocean; box

11: subpolar southern surface ocean). Southern Ocean (box 5: intermediate-deep; box 12: surface ocean).

MIS Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10 Box 11 Box 12

∼1 268 202.8 180.9 113.3 110.6 85.5 152.8 258.3 98.8 88.8 175.7 142.1

∼2 341.2 256.4 242.5 124.4 129 85.4 203.5 320 117.9 88.7 232.5 181.5

3 325.5 241.4 228.5 127.1 127.8 85.5 189.9 311 116.2 88.7 220.4 173.7

4 316.7 236 219 118.2 121.4 85.4 182.7 297.3 111.1 88.8 209.6 167.2

5a 296.9 222 204.8 122.4 120.2 85.5 170.7 286.5 107.6 88.8 197.7 159.9

5b 309.5 231.6 214.1 125.1 123.3 85.5 177.9 297.8 111.3 88.7 207.1 164.7

5c 296.4 220.5 203.3 123.5 119.8 85.5 168.1 286.9 107.4 88.7 195.4 156

5d 285.9 213.5 194.6 120 116.2 85.5 160.6 276.4 104 88.7 186.1 149.7

5e 272.6 209.9 183.8 112.6 110.7 85.4 155.1 263.2 99.3 88.8 176.6 141.8

Table S11. Model-data experiment model results for ocean ∆14C (‰) in each MIS. Key to boxes: Atlantic (box 1: low latitude/tropical

surface ocean; box 2: northern surface ocean; box 3: intermediate ocean; box 4: deep ocean; box 6: abyssal ocean; box 7: subpolar southern

surface ocean). Pacific-Indian (box 8: low latitude/tropical surface ocean; box 9: deep ocean; box 10: abyssal ocean; box 11: subpolar

southern surface ocean). Southern Ocean (box 5: intermediate-deep; box 12: surface ocean).

MIS Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10 Box 11 Box 12

∼1 -17.9 -22.2 -40.9 -73.9 -74.7 -106.5 -51.1 -32.8 -91.3 -139.1 -8.8 -33.8

∼2 376.2 363.6 314.2 223 222.3 157.3 288.1 344.8 196.5 75.3 402.2 301.1

3 368.2 363.3 309.4 230.5 226.4 160.3 286 348 199.3 61.4 407.7 303.7

4 99.2 91.1 61.6 0.4 0.5 -43.5 43.2 72.2 -17.1 -100.8 115.3 54.4

5a 35.2 30.7 6.7 -34.2 -36.5 -76.5 -6.2 20.4 -54.6 -132.1 59.6 12.5

5b 39.6 36.2 9.1 -37.3 -39.9 -82.6 -5.5 22 -57.6 -152.2 70.6 10.3

5c 31.7 27 4 -35.3 -37.9 -78.6 -8.3 18.5 -56.4 -138.4 60.1 12

5d 28 23.1 0.7 -38.1 -40.5 -79.3 -11.2 14.3 -58.6 -131.3 50.7 6.9

5e 11.7 6.7 -13 -47 -47.3 -79.9 -23.2 -3.6 -65.1 -110.4 18.2 -3.5
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Figure S1. Model-data error surfaces for each of the model-data experiments within each MIS. The figures show the variation in the model-

data residual, the "error" (the square of model results less data points) across the parameter input ranges for global overturning circulation

(Ψ1), Atlantic meridional overturning circulation (Ψ2) and Atlantic Southern Ocean biological export productivity (Z). The latter (Z) is

shown as the variations in colour of the data points, with the scale shown on the colour bar. The optimised values for the parameters are

found at the bottom turning point of the curves, at the minimum of the model-data residual.
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4 Model code and data

The model code, processed data files, model-data experiment results, and any (published) raw proxy data gathered in the course

of this work, are located at https://doi.org/10.5281/zenodo.3559339. No original data was created, or unpublished data used, in

this work. Figure S2 provides an overview of the files contained in the Zenodo repository, and their linkages. For more detail

on the SCP-M equations, see O’Neill et al. (2019).

Figure S2. SCP-M files contained in the Zenodo repository at https://doi.org/10.5281/zenodo.3559339. The repository contains the model

code and processed data files. Raw (published) data for carbonate ion proxy and ∆14C gathered as part of the work is contained in spread-

sheets in the data inputs folder. No new data was created, or unpublished data used, in this work.

5
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