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1 Sea surface salinity restoring 

We compare the ocean circulation after 1000 years of simulation in a LGM spinup with and without extra 

adjustments to the sea surface salinity (SSS) reference field used for salinity restoring. The adjusted spinup is the 

one used in our study and described in the main text. If unadjusted, the LGM SSS reference field is derived from 

the PI SSS reference field through the addition of a PMIP3-based sea surface salinity anomaly (Morée and 

Schwinger, 2019a; Morée and Schwinger, 2019b) (Fig. S1a). For the unadjusted setup NorESM-OC simulated an 

AMOC of 21 Sv (17 Sv for the adjusted spinup), and a Drake Passage through flow of 112 Sv (134 Sv for the 

adjusted spinup). The SSW profoundly decrease their volume in the Atlantic (Fig. S2). As especially the retreat of 

SSW is in disagreement with proxy-based reconstructions (see main text), we applied an adjustment to the SSS 

relaxation of -0.5 psu in the North Atlantic in the region where the anomaly was largest, as well as in the Southern 

Ocean (Fig. S1a). The simulated SSS for the adjusted run is shown in Fig. S1b. 

 

Figure S1 Sea surface salinity anomaly between the LGM and PI, with regions of salinity relaxation adjustment. (a) SSS 

anomaly in model forcing. In addition, the North Atlantic region, which is decreased by 0.5 psu, extends between 90°W 

and 45°W from 40°N to 80°N, and between 45°W to 10°W from 40°N to 60°N. The additional anomaly is linearly ramped 

off to zero at the line along 30°N and to the point 80°N 10°W. In the Southern Ocean, 0.5 psu is added south of 55°S, 

and ramped off to zero until 40°S. (b) Simulated SSS LGM-PI change. 

(a) (b) 

Figure S2 Atlantic PO tracer (as Fig. 1) after 1000 years of spinup without 

salinity adjustment (upper) and with salinity adjustment (lower). 
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2 LGM Normal Year Forcing 

The PMIP3-based atmospheric anomaly fields which were used to obtain an atmospheric forcing representative of 

the LGM (Morée and Schwinger, 2019a; Morée and Schwinger, 2019b) received an update (version 2, retrievable 

in Morée and Schwinger, 2019a) after the model simulations for this study were finished. Version 2 is based on 

PMIP3 models CNRM-CM5, IPSL-CM5A-LR, GISS-E2-R, MIROC-ESM and MRI-CGCM3 for all variables 

including SSS. In version 1, GISS-E2-R was not included and the SSS anomaly was based on CNRM-CM5 and 

MIROC-ESM. We evaluated the differences in the LGM spinup after 500 model years between version 1 and 

version 2 of these anomaly fields. We note that the modelled circulation is not fully equilibrated yet at this stage, 

but limit our comparison due to computational costs. We conclude that the SSS tuning applied as described in 

SM1 is specific to version 1 of the forcing anomaly, and should be adjusted for version 2. 

3 Bern3D model description 

The Bern3D v2.0s is an Earth System model of intermediate complexity. The Bern3D model comprises a single 

layer energy-moisture balance atmosphere with a thermodynamic sea-ice component (Ritz et al., 2011), a 

seasonally forced 3-D geostrophic-frictional balance ocean (Edwards et al., 1998; Müller et al., 2006) with an 

isopycnal diffusion scheme and Gent-McWilliams parameterization for eddy-induced transport (Griffies, 1998), 

and a 10-layer ocean sediment module (Heinze et al., 1999; Tschumi et al., 2011; Jeltsch-Thömmes et al., 2019). 

Further, a 4-box land-biosphere model (Siegenthaler and Oeschger, 1987) is coupled to the model in order to 

simulate the dilution of carbon isotopic perturbations by the land biosphere. The horizontal resolution across 

Bern3D model components is 41×40 grid cells and 32 logarithmically spaced depth layers in the ocean. Surface 

wind stress is prescribed following the NCEP/NCAR monthly wind stress climatology (Kalnay et al., 1996). 

Carbonate chemistry, air-sea gas exchange is implemented according to OCMIP-2 protocols (Najjar and Orr, 1999; 

Orr et al., 1999) with updates for the 14C standard ratio and half-life (Orr et al., 2017), the calculation of the Schmidt 

number (Wanninkhof, 2014), and the carbonate chemistry (Orr and Epitalon, 2015). In order to match 

observational estimates of natural and bomb-produced 14C, the global mean air-sea transfer is reduced by 19% 

compared to OCMIP-2 (Müller et al., 2008), and the gas transfer velocity scales linearly with wind speed following 

Krakauer et al. (2006). The model explicitly simulates the transport by advection, diffusion, and convection of 

dissolved inorganic carbon and semi-labile organic carbon (DIC, DOC), the corresponding isotopic forms (DI13C, 

DO13C, DI14C, DO14C), as well as alkalinity (Alk), phosphate (PO4
3-), oxygen (O2), iron (Fe), silica (Si), and an 

ideal age tracer. Primary productivity in the ocean is a function of light availability, temperature, and phosphate 

and iron availability (Doney et al., 2006), and is restricted to the uppermost 75 m (Parekh et al., 2008; Tschumi et 

al., 2011). In the sediment, the transport, redissolution/remineralization, and bioturbation of solid material, the 

pore water chemistry, and diffusion are dynamically calculated in the top 10 cm (see Tschumi et al., 2011, for 

more details). Burial (loss) of nutrients, carbon, and alkalinity from the sediment is balanced by a variable input 

flux to the coastal surface ocean during spin-up. These weathering input fluxes are set equal to burial fluxes at the 

end of the spin-up for transient simulations. 13C is implemented as a tracer across all model components and 13C 

fluxes and inventories are explicitly simulated. Fractionation of 13C is considered for atmosphere-ocean gas 

transfer, for carbonate chemistry, for the formation of CaCO3, POC, and DOC, and for photosynthesis on land. No 

fractionation takes place for the remineralization of organic carbon in the ocean and on land and the dissolution of 
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CaCO3 in the ocean. We use the model in the same setup as described in Jeltsch-Thömmes et al. (2019). The 

Bern3D model components have been evaluated comprehensively in several studies (e.g., Roth et al., 2014; 

Battaglia et al., 2016; Jeltsch-Thömmes et al., 2019). 

 

 

Figure S3 Atlantic transects (25-35° W) of the effect of the three different methods on 

the regenerated phosphate distribution for a BPeff of 75%. 
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Figure S4 Average ocean temperature (top panel) and sea surface salinity (bottom panel) for the last 1000 years of the 

LGM simulation. 
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Figure S5 Strength of the Atlantic meridional overturning circulation (AMOC) at 26° N (solid line, top panel), maximum 

AMOC strength north of 20° N (dashed line, top panel), and sea surface salinity (bottom panel) for the last 1000 years 

of the LGM simulation. 

 
Figure S6 Atlantic stream functions (25-35° W) for the PI (top) and LGM (bottom). The depth of the transition 

between the Atlantic overturning cells, as indicated by the depth of the zero Sv contour at 30°S, shallowed by ~350 m 

in our LGM setup as compared to the PI spinup. 

LGM 

PI 



6 

 

 

Figure S7 Zonal mean temperature (a,b) and salinity (c,d) averaged over model years 5571-5600 along the grey shaded 

area in the Atlantic (shown in the insets in panels a and c). Absolute values are shown in panels a and c, while the 

difference with the World Ocean Atlas data is shown in panels b and d. 

 

Figure S8 Same as Fig. S6, but for the Pacific Ocean. 
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Figure S9 Primary production averaged over model years 5571-5600 (top panel), and observation based estimates of PP 

derived from MODIS retrievals for the years 2003 to 2012. 
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Figure S10 Zonal mean concentration of remineralized phosphate averaged over model years 5571-5600 (a,c) and the 

difference with respect to an estimate derived from World Ocean Atlas data (b,d) along the grey shaded areas shown in 

the insets in panels a and c. 
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Figure S11 PO tracer Pacific zonal mean transect (175° E – 175° W) for the PI (top) and LGM (middle) simulation as 

well as Pacific change in radiocarbon age (bottom), as Fig. 1. 

 

 
  

Figure S12 Southern Ocean sea ice extent (area of sea ice with a concentration of >15%) 

for the PI and LGM simulations. PMIP and observational estimate data from Roche et 

al. (2012) and Marzocchi and Jansen (2017). 
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Figure S13 Simulated LGM-PI change in salinity. 

Atlantic 

Pacific 

Figure S15 Atmospheric forcing (annual mean) (left) and simulated SST anomaly (right) with overlay of 

MARGO SST reconstruction data (Margo Project Members, 2009). 

Figure S14 Simulated LGM-PI change in temperature. 

Atlantic 

Pacific 
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Atlantic 

Pacific 

Figure S16 Atlantic zonal mean sections (25-35° W) of the different components of DIC (Bernardello et al., 2014): 

preformed DIC (DICpref), soft-tissue pump DIC (DICsoft), DIC in equilibrium with the atmospheric pCO2 at the surface 

of the ocean (DICsat), the DIC disequilibrium with the atmosphere (DICdis), the DIC distribution related to the formation 

and dissolution of CaCO3 (DICcarb) and the DIC related to all biological processes (DICbio). Preformed components are 

simulated as prognostic tracers in NorESM-OC (Tjiputra et al., 2020). 

Figure S17 Pacific (175° E – 175° W) LGM-PI changes for the original model output (left-hand column) and adjusted to 

a biological pump efficiency of 75% (right-hand column). Otherwise as in Fig. 2 and 5. 
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Figure S19 As in Fig. 5, but with a) simulated LGM δ13C reduced by a uniform 0.4 ‰ and b) simulated LGM δ13C 

reduced by a uniform 0.2 ‰ to account for a shift in mean marine δ13C. 
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