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Fig S1, Comparison of δ13C:depth profiles taken from the cGenie model vs. individual planktonic 

foraminifera data used in the main text. Data is for planktonic foraminifera in the size range 250 to 355 

um only, and data and model values are corrected to the mid of their range of δ13C from 0m to 228m 

depth. Model profiles are extracted for model grid points corresponding to the paleo-locations of the 

data, and modelled sea surface temperature for that location is labelled on each. Data for the early 

Eocene is from (9), data for the mid-Miocene and Pre-Industrial is from (2). Full model-data discussion 

for the early Eocene is available in (10), and for the mid-Miocene to Pre-Industrial in (2), including the 

methods used to derive data depths. 
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Fig S2, Projected future scenarios using the standard model configuration (without Biological Carbon 

Pump temperature dependency) for mean Particulate Organic Carbon (POC) export and mean transfer 

efficiency for low-latitudes. The temperature dependent model outputs discussed in the main text are 

shown as light grey lines for comparison. 
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Fig S3, Data used to create the POC-abundance model. Site-specific abundance (plotted as % of 

community) at 600m depth, and site-specific modelled Particulate Organic Carbon (POC) flux data from 

(2). Grey line is the general low-latitude POC-abundance model (main text Fig. 4, with the grey shaded 

region the one sigma error (one standard deviation)), colored lines are linear regression per site with R2 

marked on each. Only data where R2 is greater than 0.1 is included to create the general low-latitude 

POC-abundance model. 
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A. Supplementary discussion on δ13C model-data comparison 

 

Impact of Ocean Circulation 

The effect of ocean circulation changes on δ13C in the absence of a metabolic temperature 

response is illustrated by the ‘standard’ model. In this configuration, δ13C profiles are driven by 

both changes in physical ocean circulation and also by the different distribution of surface 

nutrients. Surface nutrients exert a control on export production (along with other parameters, 

see 53), which in turn determines the surface δ13C of DIC due to the effect of fractionation 

during photosynthesis (along with air-sea gas exchange rates, the atmospheric ratio of carbon-12 

to carbon-13, and the remineralisation of dissolved organic matter in the surface ocean). In the 

water column, the rate of remineralisation is fixed and dictated according to a global 

remineralisation vs depth curve (1). The effect of ocean circulation on δ13C changes starts to 

become more important as the POC flux reduces with depth; the relative contribution of ocean 

circulation becomes more important deeper in the water column.  

 

In contrast in the temperature-dependent model, remineralisation rates are no longer globally 

uniform. Now, remineralisation rates are dependent on local water temperature. Thus, per unit 

export of POC, more POC is remineralised nearer to the surface in warmer waters than in colder 

waters. This exerts a control on δ13C, with a steeper near-surface δ13C-depth gradient in the low 

latitude warm waters in the temperature-dependent model that is not evident in the standard 

model (Fig. S4), which is especially true in the warmest paleo condition, the early Eocene.  

 

 

 
 

Fig S4, δ13C-depth profiles of the cGENIE model for mean high, mid and low-latitudes for the 

temperature-dependent cGENIE model (top) and the standard cGENIE model (bottom). The temperature-

dependence of metabolic rates in the biological pump have a strong impact on ocean δ13C-depth profiles, 

especially in near-surface waters. DIC is Dissolve Inorganic Carbon. 

 

 



 

 

6 

 

Model-data comparison at different sites 

In mid-latitude waters, such as Site 516 (see Fig. S1), the difference between the δ13C-depth 

curves of the temperature-dependent (Tdep) to the standard model is far less evident than for the 

warmer low-latitude waters. The remineralisation curves of the temperature-dependent model are 

partly controlled by local water temperature, so mid-latitude waters with temperatures that are 

similar to the global mean may see remineralisation curves that are also similar to the global 

mean. The global mean δ13C-depth curves for the Tdep and the standard model are not identical 

as they are tuned differently (1). For the Modern simulation, the differences between the Tdep 

and standard model δ13C-depth curves are at their minimum (although the low-latitude sites – all 

but sites 516 and 1138 – still do clearly show sharper near-surface gradients for Tdep). The 

uncertainty in the foraminifera depth and δ13C data in the present (Modern) is such that the 

patterns underlying metabolic-temperature dependence, and its effect on δ13C changes with 

depth, only become clearly evident by considering the paleo model and data conditions.  

 

It must be noted that our datapoints represent open-ocean conditions at their paleo locations, but 

that each point should not be considered representative of its ocean-basin, due to differences in 

water temperatures, which control the remineralisation rates. Site 516 is a mid-latitude site, that 

although located in the South Atlantic would not be representative of conditions in (for example) 

the low-latitude South Atlantic which is warmer.  
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B. Ocean circulation in cGENIE simulations 

 

 
 

Fig S5. Global streamfunctions for the early Eocene, mid-Miocene and Modern (Present) model 

configurations. Global ocean circulation patterns are a function of ocean bathymetry, continental 

configuration, global wind fields, and climate forcing. 
 

Ocean circulation states in the equilibrium cGENIE model simulations depend on climate 

forcing, including pCO2 and windfields, together with continental configuration. In the paleo-

simulations for the early Eocene and the mid-Miocene, the global streamfunction shows reduced 

Northern deep-water formation compared to the Modern, which has a vigorous Atlantic 

Meridional Overturning Circulation. Instead, the Eocene exhibits a vigorous overturning from 

the Southern Ocean (that is ice-free), a feature that becomes muted by the (Fig. S5). These 

circulation states exert a control on the shape of the thermocline in ocean waters (Fig. 2 main 

text), and on the distributions of dissolved matter in cGENIE. As such, they also influence the 

δ13C-depth curves (as discussed above).  

 

For the mid-Miocene model-data comparison carried out in (2), the simulated temperature-depth 

gradient was used to determine the depth-habitat of the foraminifera data. Using present-day 

data, we derived a relationship between variation in δ18Osw and salinity, and used this 

relationship to determine the paleo-ocean water Δδ18Osw field from modelled salinity. We 

combined this Δδ18Osw field with modelled ocean temperature to solve the calcite 

paleotemperature equation (8), and produced Δδ18Occ-depth curves for the data sites, pinning the 

surface δ18Occ to the shallowest (lowest δ18Occ) foraminifera, allowing us to match the rest of the 

measured species-specific δ18Occ to this curve and read off their depth-habitat. What then are the 

implications for uncertainty in the modelled paleo thermocline? If the actual paleo thermocline 

was steeper than simulated (suggested as a possibility for the early-Eocene in 3), then the true 

habitat depths of the foraminifers would be shallower than those shown in Fig. S1 In turn, this 

would mean even steeper re-constructed near-surface δ13C-depth gradients, and a stronger 

metabolic temperature-dependence of the biological pump than we have assumed. Conversely, if 

the actual paleo base of the thermocline was deeper than simulated (i.e. and a less-steep 

thermocline), the foraminifers would in reality be living deeper in the water column, and the 

actual near-surface δ13C-depth gradients would be less-steep than assumed. 

 

Could the true foraminifera data in reality be closer to the standard model δ13C-depth curves for 

the Miocene in low-latitudes? For this to happen, the base of the thermocline would need to be so 
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deep that at depths of 500 m temperatures were still ~25°C, which seems highly unlikely given 

deep ocean temperatures of 8-11°C (in our modelled low-latitude mid-Miocene, waters at 600m 

are around 12°C (Fig. 2 main text)). Indeed, for the modern ocean and away from the poles, 

cGENIE tends to slightly under-estimate the steepness of the upper thermocline – likely due to 

relatively low vertical resolution and fixed vertical diffusivity with depth (although over the 

upper 500 m, the mean gradient is approximately correct). Hence, if anything, uncertainties in 

the modelled paleo thermocline may underestimate the role of temperature-dependent 

remineralization.  

 

A full analysis of the impacts of significant differences between the modelled past thermocline 

and the “real” past thermocline would need to be the subject of a separate study, because of the 

effects on local metabolic rates, dissolved organic matter distribution, global heat distribution, 

etc.  

 

The transient future forcings have a strong impact on ocean circulation, primarily due to the rate 

of surface heating and hence density gradients, as well as impacts on salinity through changes in 

evaporation. The net effect is that the AMOC, which dominates present-day circulation, reduces 

in strength with time (Fig S6). This effect is strongest under the higher CO2 forcing, but all three 

projections drive weakening and shoaling of the AMOC the model year 2100 (illustrated by the 

Atlantic streamfunction in Fig. S6). By 2200, for the mid and high forcings, the AMOC has 

effectively completely collapsed. This timescale is similar to that shown in more complex 

models (4), where an AMOC collapse is seen around 300 years after an abrupt doubling of CO2 

(since 1990 levels) occurs, and where model biases for a stable AMOC are corrected.  
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Fig S6. The basin-averaged Atlantic overturning circulation in cGENIE future projections. 
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C. Future simulations: comparison of cGENIE and CMIP models 

 

In light of the low spatial resolution and lack of inter-annual variability in the model (Methods), 

the future scenarios modelled in cGENIE should be looked at as illustrative, and intended for 

making a first-order comparison between past (and present) and future. Despite this, the 

simulated gross ocean uptake of anthropogenic CO2 from the atmosphere in cGENIE is within 

observational uncertainty (as shown in 5). The projected responses in large-scale physical ocean 

circulation to anthropogenic CO2 forcing in cGENIE also show similar characteristics to the 

multi-model mean response of more complex CMIP5 models, as do projected changes in sub-

surface oxygen concentration (summarized below). To maintain consistency with published 

paleo model-data analyses, we adopted a simplified single-nutrient control on biological export 

and planktonic ecosystem dynamics and which also differs from the model complex ecosystem 

dynamics considered in the CMIP5 models. Finally, we do not account for changes in ocean 

volume or salinity that may arise from changes in global land-ice volume (the forcings we apply 

are high enough to destabilize (F625 low forcing) or melt significant amounts of the Antarctic 

ice sheet on the timescales we consider (F2500 mid and F5000 high forcing) (6)). Our models 

simulations are not therefore intended to constitute robust ‘predictions’ per se, but rather should 

be considered as a first attempt to explore how severe such impacts might be under a broad range 

of future scenarios.   

 

Ocean Circulation 

As an evaluation of the physical ocean (and specifically overturning circulation in the North 

Atlantic) response to transient CO2 forcing, we compare the cGENIE F5000 output to the model-

mean of CMIP5 models under the RCP 8.5 scenario. The F5000 CO2 forcing is not exactly the 

same CO2 concentration pathway as RCP 8.5, but we assume them here to be comparable high-

maximum and fast-rising CO2 forcing scenarios. The CO2 concentrations for the years 2000 to 

2100 are shown in Fig. S7, along with the maximum overturning circulation in the North 

Atlantic for the CMIP5 multi-model mean (7), and for the cGENIE tdep F5000 forcing in this 

study. Also shown are the depth structure of the streamfunction at 40°N (latitudinal basin-mean).  

 

Maximum overturning is lower in cGENIE than in the CMIP5 models, attributable to the large 

grid cell size in cGENIE. In response to CO2 forcing, cGENIEs overturning is also slightly more 

sensitive than the CMIP5 multi-model mean. Similar patterns occur between cGENIE and the 

CMIP5 models in terms of the time-dependent depth structure of the streamfunction (at 40°N) 

with a shoaling of the AMOC and reduction in strength of similar magnitudes over this 100-year 

period.  

 

Subsurface Oxygen Concentrations 

Changes in subsurface oxygen will integrate changes in ocean circulation (and stratification), 

export production, and remineralization, and as such represents a strong test of similarities in 

model response. We find that changes in subsurface oxygen show similar patterns to the CMIP6 

multi-model mean for the cGENIE standard model simulation (Fig. S8). The North Pacific 

reveals strongest O2 depletion under warming, the northern Indian Ocean shows increases in 

oxygen concentration. The CMIP6 models have various treatments for temperature dependence, 

with some models accounting in some way for temperature effects on remineralisation rates and 

others not (8). When including temperature dependence on POM “Tdep (POM)” (and on both 
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POM and DOM remineralisation rates “Tdep (DOM POM)”) sub-surface oxygen depletion 

occurs in almost all locations, including low latitude locations that in the standard model show an 

increase in oxygen concentration (for example the northern Indian Ocean, the low-latitude 

Atlantic, Fig. S8). It is noteworthy that the areas where CMIP6 models show disagreement (areas 

without black dots in Fig. S5a) are the areas where temperature dependence results in oxygen 

depletion (rather than oxygen increase in the standard model), these areas are the Indian Ocean, 

the west Pacific low latitudes, and the low latitude tropical Atlantic. This could account for some 

of the CMIP6 model disagreement, if some models include temperature dependent 

remineralisation and some do not. cGENIE exhibits less depletion of sub-surface oxygen in the 

North Atlantic ocean compared to CMIP6 models’ ensemble. This is likely related to differences 

in the ventilation of near-surface waters linked to AMOC strength (as discussed above).  

 

 

 
 

Fig S7, Characteristics of Atlantic overturning circulation for the CMIP5 RCP 8.5 scenario and the 

cGENIE F5000 simulation in this study. The cGENIE circulation response to CO2 forcing is similar to 

the multi-model mean of CMIP5 models7. Top left, Maximum overturning strength multi-model mean for 

CMIP57. Top right, CO2 forcing scenarios implemented in CMIP5 models (blue line) and that used in 

cGENIE high emissions forcing (dashed line), and just below cGENIE maximum overturning strength. 

Bottom left, mean watercolumn streamfunction for CMIP5 models7. Bottom right, cGENIE high emissions 

scenario mean watercolumn streamfunction. Figures from Levang, S.J. and Schmitt, R.W., What causes 
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the AMOC to weaken in CMIP5?. J. Clim, 33(4), pp.1535-1545. DOI: https://doi.org/10.1175/JCLI-D-

19-0547.1 (2020)7 © American Meteorological Society. Used with permission. 

 

 

 
 

Fig S8, Change in subsurface oxygen saturation, comparison of CMIP6 models under SSP5-8.5 to the 

cGENIE F5000 simulation for the years 2080-2099 anomaly with respect to the 1995-2014 baseline (for 

CMIP6). a) CMIP6 multi-model mean, with areas of model-agreement represented with black dots 

(reproduced from Kwiatkowski, L., et al., Twenty-first century ocean warming, acidification, 

deoxygenation, and upper-ocean nutrient and primary production decline from CMIP6 model 

projections. Biogeosciences, 17(13), pp.3439-3470. (2020)). Panels b), c), and d) are cGENIE model 

output with different Biological Carbon Pump (BCP) temperature dependence setting. b) cGENIE BCP 

without temperature dependence; c) Tdep (POM) is the cGENIE temperature dependent Particulate 

Organic Matter biological carbon pump model; d) Tdep (POM and DOM) is the cGENIE temperature 

dependent Particulate Organic Matter and Dissolved Organic Matter biological carbon pump model.  
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D. Including temperature dependent remineralisation of Dissolved Organic Matter 

 

The studies which we cite in this work, and those we used to make the POC-abundance model, 

account for temperature dependence in the rate of degradation of POM, but not of DOM. In 

Crichton et al. (1), a temperature-dependence DOM scheme was described for cGENIE, so we 

also explore in this study whether there is any substantive impact on future projections of 

temperature dependence of DOM.  

 

Including Tdep DOM slightly ameliorates the effect on oxygen of warming in F5000, with a 

maximum improvement of just under 11% in the dissolved oxygen minimum compared to the 

Tdep (POM, as in main text) in year 2250, and a deeper oxygen minimum depth of almost 50m 

in year 2080. All other differences are smaller than these. The effect on POC export is a mean 

difference of -2.5% when Tdep DOM is included. There is also a small effect on POC flux at 

600m, with around 2.5% less POC delivered compared to the Tdep POM simulation (that 

described in the main text) for the F5000 simulation. 

 

These differences are similar in scale to those identified in (1) for the instrumental period, where 

although including temperature dependent DOM does have a small impact, it is dwarfed by the 

impact that temperature dependent POM has on the action of the biological pump under warming 

scenarios.  
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