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Supplementary Note 1: Carbon Cycle Model Formulations  
Here, we present the details of model formulations and identify the model parameters that are varied 

in our Monte Carlo experiment. Specifically, we consider the following sources of uncertainty: (A) 

preindustrial d13C values for atmospheric CO2, (B) thermodynamic equilibrium fractionation factors for 

air-sea CO2 exchange and the historical changes in sea surface temperature, (C) the globally uniform 

d13C values of riverine carbon inputs of dissolved organic carbon (DOC), particulate organic carbon 

(POC), dissolved inorganic carbon (DIC), (D) the magnitude of non-riverine terrestrial carbon inputs, (E) 

the air-sea CO2 exchange rates, (F) fractionation factors for the photosynthetic uptake of carbon, (G) 

ocean mixing and circulation states, and (H) the magnitude of inorganic carbon buried in marine 

sediments. Those are varied over the ranges summarized in Supplementary Table 1, and represented by 

the parameters f1-f10 as shown below. We note that the same model formulations are also presented in 

the Supplementary Materials of Kwon, et al. 1. 

The stable carbon isotope 13C is a prognostic variable in the model. The δ13C of DIC is calculated using 

the simulated DI13C and DI12C as δ13C-DIC = [(DI13C/DI12C)sample/(DI13C/DI12C)standard -1] with the Vienna Pee 

Dee Belemnite standard. We do not distinguish DI12C from DIC in the model, because DI12C accounts for 

98.9% of DIC. The governing equation for the DI12C model is 
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+𝑈 ∙ ∇%DI C() ) − ∇+𝐾∇%DI C() )- = 𝐽𝑣*+ ,!" + 𝐽𝑔*+ ,!" + 𝐽𝑏*+ ,!" + 𝐽𝑡*+ ,!" + 𝐽𝑙*+ ,!" ,  

           (S1) 

where the three terms on the left-hand side represent the time rate of change in DI12C, and the 

advective and mixing processes of DI12C. The five terms on the right-hand side represent the 

concentrating and diluting effect due to evaporation and precipitation (Jv), the air-sea gas exchange 

(Jg), the biological source and sink (Jb), the terrestrial carbon inputs to the ocean (Jt), and the 

sedimentary burial loss (Jl). The gas exchange term is expressed as  

𝐽𝑔*+ ,!" = −(1 − 𝐹𝑖𝑐𝑒) ∙ 𝑘- ∙ 𝑧./( ∙ +% C() O)) − % C() O)012)-,      (S2) 

where Fice is a fraction of sea surface covered by sea ice, z0 = 36 m is the thickness of the ocean top layer 

in the model, and [12CO2] is simulated aqueous 12CO2 concentration at the sea-surface and [12CO2
sat] is 

saturated aqueous 12CO2 concentration, the latter that is computed by multiplying the atmospheric 

pCO2 (in µatm) with the solubility of CO2 in seawater k0 (in mol m-3 µatm-1). The air-sea CO2 transfer 

velocity kg (in ms-1) is formulated following an equation 2 adopted in the second phase of the Ocean 

Carbon Model Intercomparison Project (OCMIP2) protocol 3 as 

  𝑘- = 𝑓1 ∙ 𝑢)AAA ∙ (𝑆𝑐/660)/(/),         (S3) 

where f1 is a linear scaling factor for the CO2 transfer velocity, u is the daily mean wind speed, an 

overbar represents a temporal average, and Sc is the Schmidt number. The scaling factor f1 is varied 

such that the globally-integrated kg ranges from 13.0 cm/hr to 17.0 cm/hr (ref. 4-7).  

The biological source and sink terms are based on the OCMIP2 protocol 3, and consist of the 

biological production and remineralization of organic carbon (OC) and CaCO3 as 

𝐽𝑏*+ ,!" = 𝐽𝑏4!", + 𝐽𝑏,5!",46.        (S4) 

We refer readers to Kwon and Primeau 8 for the detailed descriptions of the Jb terms and the DI12C cycle 

model. The Jb term is important for bringing our simulated tracer distributions close to observations. 

Therefore, we optimize the model parameters governing the biological source and sink terms against 

the observed PO4, alkalinity, and DI12C 9,10 using the same method employed in Kwon and Primeau 8, 

prior to the Monte Carlo experiment.  

The terrestrial carbon input Jt term includes dissolved organic carbon (DOC) fluxes from rivers, 

particulate organic carbon (POC) fluxes from rivers and aerosols, and DIC fluxes from rivers and coastal 

margins as follows: 

𝐽𝑡*+ ,!" = (
7
∙ [DOCr] + 𝐽𝑡84, + 𝐽𝑡*+, ,       (S5) 

where DOCr is DOC from rivers, 𝜏 is the lifetime of DOCr and fixed at 8 years 11, and JtPOC combines the 

riverine and aerosol driven POC fluxes, assumed to be remineralized instantaneously to DIC at the 

ocean bottom layer of the river mouths and the aerosol deposition sites, respectively. DOCr is the 

solution of the equation of 
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(
7
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where JtDOC is riverine DOC flux. JtDOC and JtPOC are prescribed using the Global Nutrient Export from 

Watersheds (NEWS2) model 12 for riverine fluxes and the atmospheric model constrained by 

observations 13 for aerosol driven fluxes. JtDIC includes DIC fluxes from rivers (JtDIC_river) and coastal 

margins (JtDIC_CM), the latter including fluxes through submarine groundwater discharge and direct 

lateral inputs from coastal vegetation. While riverine DIC fluxes are prescribed using the GEMS-GLORI 

database 14, the magnitude and geographic distributions for the coastal margin DIC inputs are highly 

uncertain. Thus, JtDIC_CM is parameterized as  

𝐽𝑡*+,_,> = 𝑓2	 ∙ 𝑓𝐶𝑀,         (S7) 

where fCM is a globally uniform DIC flux within the top 217 m around the global coastlines except 

Antarctica and f2 is varied such that the globally integrated  𝐽𝑡*+,_,> ranges from 0 to 1.4 GtC/yr (refs. 
15,16). Once discharged to the ocean, the coastal margin DIC mixes with oceanic DIC and undergoes 

transport by ocean circulation, air-sea CO2 exchange, biological cycling, and sedimentary burial.  

The sedimentary burial flux Jl term is parameterized using another parameter f3 as  

𝐽𝑙*+ ,!" = N−𝑓3 ∙ 𝑓𝑏𝑢𝑟𝑖𝑎𝑙 where	Ω ≥ 1
0 where	Ω < 1

,       (S8) 

where fburial is a uniform DIC sink from the ocean bottom layer, and the saturation state of seawater 

with respect to calcite, W, is determined using the GLODAPv2 dataset 9. The scaling factor f3 is chosen 

such that the globally integrated burial rate of inorganic carbon is bounded by 0.1-0.3 GtC/yr (ref. 17,18).  

 

In the following, we describe our DI13C model equations. The governing equation for DI13C can be 

written as  

!"#$ %!# &
!'

+𝑈 ∙ ∇%DI C(6 ) − ∇+𝐾∇%DI C(6 )- = 𝐽𝑣*+ ,!# + 𝐽𝑔*+ ,!# + 𝐽𝑏*+ ,!# + 𝐽𝑡*+ ,!# + 𝐽𝑙*+ ,!# ,  

           (S9) 

where 𝐽𝑏*+ ,!# = 𝐽𝑏4 ,!# + 𝐽𝑏,5 ,!# 46. The virtual flux term (𝐽𝑣*+ ,!# ) only redistributes surface DI13C, the 

same way as ocean circulation does. Hence, the virtual flux term can be treated as the ocean transport 

term on the left-hand side, representing the convergence and divergence of DI13C due to ocean 

circulation and air-sea freshwater fluxes.   

The fractionation during air-sea gas exchange is expressed as 

𝐽𝑔*+ ,!# = −𝑓1 ∙ ?$
@%
𝛼? V𝛼5A←*+, ∙

"*+ ,!# &
"*+ ,!" &

∙ % 𝐶() 𝑂)) − 𝛼5A←- ∙
,!# 4"

&'(

,!" 4"
&'( ∙ % 𝐶() 𝑂)C5')X,   

           (S10) 

where αk is the kinetic fractionation factor, αaq¬DIC is the fractionation factor from DIC to aqueous CO2, 

αaq¬g is the fractionation factor from gaseous CO2 to aqueous CO2, and CO2
air is atmospheric CO2 

concentration. The kinetic fractionation factor and the fractionation factor from gaseous to aqueous 
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CO2 are fixed at αk=0.99915 and αaq¬g =0.998764, respectively 19. The fractionation factor αaq¬DIC can be 

rewritten as αaq¬DIC = αaq¬g/αDIC¬g with αDIC¬g = 1.4×10-5·T·fCO3 - 1.05×10-4·T + f5, where f5 is varied within 

1.01053±0.00005, T is ocean temperature in °C, and fco3 is the fraction of CO3
2- ions in DIC 20. Three 

different observation-based estimates of T are used over 1870-2018 (refs. 21-23), whereas the temporal 

averages over the first 50 years are used over 1780-1869.   

The fractionation during the photosynthetic fixation of CO2 is expressed as 

𝐽𝑏4 ,!# = 𝛼4,←*+, ∙
"*+ ,!# &
"*+ ,!" &

∙ 𝐽𝑏4 ,!" ,       (S11) 

where αOC¬DIC is the fractionation factor from DIC to organic carbon, which includes both particulate and 

dissolved organic carbon. The fractionation factor from DIC to organic carbon can be rewritten as 

αOC¬DIC = αOC¬aq ·αaq¬g /αDIC¬g with αOC¬aq = f6·log10([CO2]) + f7 where [CO2] is aqueous CO2 concentration 

in μmol l-1, and the coefficients f6 and f7 are randomly chosen from three different sets suggested by 

Goericke and Fry 24, Popp, et al. 25, and Freeman and Hayes 26 (Supplementary Table 1). This 

parameterization gives the photosynthetic fractionations from DIC to organic carbon ranging from –

(16~18)‰ in low latitudes to –(27~29)‰ in high latitudes, which also temporally change with 

increasing CO2 concentrations. There is no fractionation during the formation and dissolution of 

biogenic CaCO3, and hence the 𝐽𝑏,5 ,!# 46 term becomes 

𝐽𝑏,5 ,!# 46 = 𝐽𝑏,5 ,!" 46 ∙
"*+ ,!# &
"*+ ,!" &

.        (S12) 

The δ13C endmember values for riverine carbon are chosen from the ranges of f8 = –27±2‰ for DOC, 

f9 = –30±2‰ for POC, and f10 = –15±2‰ for DIC 27,28. For the coastal margin carbon flux, the δ13C 

endmember value is fixed at –26‰ 29,30. Although the δ13C values for the riverine and coastal margin 

inputs are highly uncertain spanning –(14-30)‰ 29,30, its uncertainty is implicitly included in our Monte 

Carlo experiment because the effects on the δ13C-DIC are identical between the magnitude of the 

coastal margin inputs (f2) and the δ13C values of the riverine or coastal margin inputs. The term 

representing terrestrial DI13C inputs becomes 

𝐽𝑡*+ ,!# = (1 + 𝑓8	/1000) ∙ (
7
∙ [𝐷𝑂𝐶𝑟] + (1 + 𝑓9	/1000) ∙ 𝐽𝑡84, + (1 + 𝑓10/1000) ∙ 𝐽𝑡*+,(')*( +

0.974 ∙ 𝐽𝑡*+,_,>.        (S13) 

Fractionation does not occur during the sedimentary burial of DI13C, hence  

𝐽𝑙*+ ,!# = _−𝑓3 ∙ 𝑓𝑏𝑢𝑟𝑖𝑎𝑙 ∙
"*+ ,!# &
"*+ ,!" &

where	Ω ≥ 1

0 where	Ω < 1
.      (S14) 

 

A circulation field is also randomly selected from a suite of 10 ocean circulation fields 31. With slightly 

different ocean mixing parameterizations and data-assimilation methods, the suite of circulation 

models is designed to cover the uncertainty of the present-day climatological mean ocean circulation 

within the inverse modeling framework 31,32. The model density structure and circulation are very close 
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across the circulation fields with Atlantic overturning rates of 20±1 Sv (1 Sv = 106 m3/s), Southern Ocean 

overturning rates of 16±1 Sv, and Drake Passage transport of 151±3 Sv 33. Nonetheless, the deep ocean 

ventilation age (defined as the time that has elapsed since the water was last in contact with the 

atmosphere) averaged at 2-3 km depths ranges from 687 years to 777 years, which is roughly scaled 

with three different horizontal maxing coefficients (600 m2/s, 1000 m2/s, and 2000 m2/s) imposed in the 

model. The slight differences in ocean circulation result in slight differences in ocean surface 

productivity and the subsequent remineralization, due to different supply rates of PO4 and nutrient 

availability in the euphotic zone.  

 

Supplementary Note 2: Uncertainty in Historical δ13C-DIC Changes (from a year 1780 to 2018) 

The simulated oceanic 13C Suess effect is predominantly controlled by anthropogenic perturbations 

rather than initial states of oceanic δ13C-DIC prior to the perturbations. Among the sources of 

uncertainties considered in our Monte Carlo simulations (Supplementary Table 1), uncertainties in the 

air-sea CO2 piston velocity 5,7 and the atmospheric 13C Suess effect 34 explain 84% of the total uncertainty 

with contributions of 43% and 41%, respectively (Supplementary Fig. 1a). A greater air-sea CO2 piston 

velocity leads to a greater depletion of the δ13C-DIC for the global ocean, through its influence on the 

oceanic uptake of anthropogenic CO2 and enhanced exchange rates of 13C/12C. A higher preindustrial 

atmospheric δ13C of CO2, leading to a greater atmospheric 13C Suess effect, also causes a greater 13C-

depletion of the oceanic δ13C-DIC through a more negative isotopic signature of anthropogenic CO2. 

The other sources of uncertainties, including the terrestrial carbon inputs, ocean circulation, isotope 

fractionation factors during photosynthesis and air-sea CO2 exchange, and the fraction of terrestrial 

carbon buried into marine sediments, also contribute little to the estimated uncertainty in the oceanic 
13C Suess effect (Supplementary Fig. 1). On the other hand, ocean circulation are of the first order 

importance for the oceanic inventory of anthropogenic DIC. The distinct sources of uncertainty for the 

anthropogenic DIC and δ13C-DIC simulations are broadly consistent with a previous study 35 based on an 

Earth System Model. This distinction can be attributed to distinct rate limiting steps for the oceanic 

uptake of anthropogenic CO2 and δ13C-CO2, which have been identified as the surface-subsurface water 

exchange rates for CO2 and air-sea gas exchange for δ13C-CO2 (ref. 5).   

 
Supplementary Note 3: Uncertainty in Future δ13C-DIC Changes (from a year of 2019 to 2100) 

The primary source of uncertainty for the 21st century projection is likely future atmospheric 13C Suess 

effect, which yields an averaged surface d13C-DIC excursion of –(1.8 to 6.3)‰ by the end of the 21st 

century. To explore potential uncertainty arising from our neglect of future changes in air-sea CO2 

exchange rates, and sea surface temperature (SST) and salinity (SSS), we use temporally and spatially 

varying estimates based on the Community Earth System Model version 2 (CESM2) 36. Specifically, we 

use the Large Ensemble Simulations based on the CESM2 where the fully coupled climate model is run 
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using a historical greenhouse gases forcing from 1850 to 2014, and the SSP3-7.0 forcing from 2015 to 

2100, with 100 different initial conditions 37.  

In order to incorporate the CESM2-based climate change simulations into our offline ocean model 

framework, we first interpolate the annual mean fields of the fraction of sea surface covered by sea ice, 

SST, SSS, and 10 m wind speed, obtained from the CESM2 Large Ensemble Simulations, into our model 

grid cells. Secondly, we take the ensemble averages of 100 members and scale (normalize) the temporal 

evolutions from 2019 to 2100 with respect to the respective 2000-2018 temporal averages for each grid 

cell. The relative changes with respect to the 2000-2018 averages, which vary across the model grid 

cells, are then used to compute the following three terms for a simulation over 2019-2100: (i) air-sea CO2 

exchange rate of (1 − 𝐹𝑖𝑐𝑒) ∙ 𝑢)AAA ∙ (𝑆𝑐/660)/(/) in Equation (S2), (ii) CO2 solubility in seawater, and (iii) 

the temperature dependent thermodynamic equilibrium fractionation factor 20.  The use of an ensemble 

average for each variable allows us to impose anthropogenically forced changes to our offline ocean 

model, rather than imposing simulated natural variability. The normalization with respect to the 2000-

2018 temporal averages ensures a seamless simulation from 1780 to 2100 while taking into account 

climate change effects on the projected oceanic 13C Suess effect. 

For the CESM2-based projection, we use the full model setup for a simulation from 1780 to 2018. For 

a simulation from 2019 to 2100, we use the three terms (i), (ii), and (iii) listed above, and run the model 

from 2019 to 2100 under the RCP6.0 scenario (which is similar to the SSP3.7-0). A difference of δ13C-DIC  

between the CESM2-based projection and the projection based on the full model setup can be 

interpreted as the net effect of changing air-sea CO2 exchange rates, SST, and SSS on the oceanic 13C 

Suess effect.  The net effect also includes the effect of changing thermodynamic equilibrium 

fractionation through changing SST. We additionally quantify the effect of changing thermodynamic 

equilibrium fractionation only by applying the CESM2-derived SST changes for the term (iii) while fixing 

the other two terms (i) and (ii) at those obtained from the full model setup.  A difference from the 

projection based on the full model setup can be interpreted as the effect of changing thermodynamic 

equilibrium fractionation on the oceanic 13C Suess effect. 

The combined effects from changing air-sea CO2 exchange rates, SST, and SSS on the 21st century 

oceanic 13C Suess effect are shown in Supplementary Figs. 4 and 5. Overall, the changing air-sea CO2 

exchange rates, SST, and SSS in a warming climate, has an impact on further decreasing surface δ13C-

DIC. In particular, the most pronounced differences of up to –0.4 ‰ as of 2100 are found at high 

latitudes where sea ice melting increases air-sea CO2 exchange rates (Supplementary Figs. 5c and 5d). 

Increasing SST in a major fraction of the global ocean surface also enhances the thermodynamic 

equilibrium fractionation, whose effects are most pronounced in relatively well-equilibrated subtropical 

gyres (Supplementary Figs. 5e and 5f).  The perturbation ratio of surface ocean δ13C-DIC to atmospheric 

δ13C-CO2 also increases accordingly by up to 0.1. Nevertheless, the climate driven modulations of the 
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oceanic 13C Suess effect are an order of magnitude smaller than the geochemically driven 13C Suess 

effect that ranges from –(1 to 5) ‰ spatially (Supplementary Figs. 5a and 5b).  

We provide upper and lower bounds of the CESM2-based projection, consistent with those from our 

Monte Carlo experiment. For this, we run two CESM2-based experiments: an upper bound simulation 

where the CESM2-based projection is combined with a pre-2019 simulation of a globally averaged air-

sea CO2 transfer velocity of 17.0 cm/hr and a preindustrial atmospheric  δ13C-CO2 of –6.3 ‰, and a lower 

bound simulation where the CESM2-based projection is combined with a pre-2019 simulation of a 

globally averaged air-sea CO2 transfer velocity of 13.0 cm/hr and a preindustrial atmospheric  δ13C-CO2 

of -6.5 ‰. These two simulations bracket the CESM2-based projection combined with a full model 

setup (with a globally averaged air-sea CO2 transfer velocity of 15.1 cm/hr and a preindustrial 

atmospheric  δ13C-CO2 of –6.5 ‰) (Supplementary Table 1). The range of the globally averaged surface 

ocean 13C Suess effect obtained from these two simulations is 0.3 ‰ as of 2018, which overlaps with 0.3 

‰ obtained from the Monte Carlo experiment (Supplementary Fig. 4). A range of 0.6 ‰ for a year of 

2100 (Supplementary Fig. 4) is about an order of magnitude smaller than the scenario uncertainty of 

4.5‰.  
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Supplementary Figure 1 Sources of uncertainty and their relative contributions to the estimated 
uncertainty. Different sources of uncertainty are shown in X-axes. Linear regression slopes between 
model-based estimates (denoted as different color bars) and input variables (Supplementary Table 1), 
estimated using 1400 simulations, are shown in Y-axes. Both the model estimates and input variables 
are standardized by dividing a departure from its mean value by a standard deviation prior to 
regression. Therefore, there are no units for the regression slopes. (a) Model estimates include the 
preindustrial surface-averaged d13C-DIC (dark blue), preindustrial subsurface-averaged d13C-DIC (light 
blue), surface-averaged 13C Suess effect (yellow), subsurface-averaged 13C Suess effect (red). The error 
bars represent 95 % confidence intervals. (b) Same as (a) except that regression slopes are obtained for 
the preindustrial surface-averaged DIC (dark blue), preindustrial subsurface-averaged DIC (light blue), 
surface-averaged anthropogenic DIC (yellow), subsurface-averaged anthropogenic DIC (red).  Here 
“subsurface” is defined as water below a depth of 74 m.   
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Supplementary Figure 2 Observed and estimated δ13C-DIC. (a) The modern ocean observed δ13C-DIC 38 
gridded into the model grid cells, showing the zonally-averaged vertical section from the North Atlantic 
through the Southern Ocean to the North Pacific. The observation period is 1972-2016 and the 
temporally averaged values are shown. (b) Our estimated preindustrial δ13C-DIC, obtained by 
subtracting the estimated 13C Suess effect (shown in (c)) from the observations (a). Also shown in Fig. 2b. 
(c) The 13C Suess effect averaged over an observation period for each grid cell, which is applied to the 
contemporary observations to correct for the 13C Suess effect to derive a preindustrial distribution 
shown in (b).  
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Supplementary Figure 3 The relationship between atmospheric CO2 and the d13C of atmospheric CO2 
derived from the observations over 1980-2015 (ref. 39). Annual mean values are shown in blue circles. 
The red line is a linear fit to the blue circles with an equation of d13C-CO2 = -2.9 – 0.014 ´ [CO2] where 
d13C-CO2 is the d13C of atmospheric CO2 in ‰ and [CO2] is atmospheric CO2 concentration in ppm. The 
linear fit is used to project the d13C of atmospheric CO2 from 2019 to 2100 based on the projected 
atmospheric CO2 concentrations.       
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Supplementary Figure 4 The subsurface and surface averaged 13C Suess effect simulated under the 
RCP6.0 scenario. The blue and red shades show the historical simulations based on the Monte Carlo 
experiment as shown in Fig. 1a. The gray and black solid lines show the estimates from the full model 
setup where time-invariant air-sea CO2 exchange rates, and sea surface temperature and salinity are 
used throughout the simulation. The blue and red solid lines show the Community Earth System Model 
version 2 (CESM2) based estimates where we use temporally varying fields of air-sea CO2 exchange 
rates, and sea surface temperature and salinity from 2019 to 2100 (obtained from the CESM2 Large 
Ensemble Simulations 37) instead of the time-invariant fields of the full model setup.  The blue and red 
dotted lines show the upper and lower bounds of the CESM2-based estimates, and take into account 
the uncertainty in the present-day air-sea CO2 exchange rates and the historical atmospheric 13C Suess 
effect.  
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Supplementary Figure 5 The CESM2-based estimates for the ocean 13C Suess effect as of 2100 
projected under the RCP6.0 scenario. (a and b) The oceanic 13C Suess effect simulated by allowing the 
air-sea CO2 exchange rates, sea surface temperature and salinity to vary with time (2019-2100) 
according to the CESM2 Large Ensemble Simulation 37. (a) Surface distribution as of 2100. (b) the zonally 
averaged vertical section from the North Atlantic to the Southern Ocean, and to the North Pacific as of 
2100. (c and d) The net effect of time-varying air-sea CO2 exchange rates, sea surface temperature and 
salinity on the projected oceanic 13C Suess effect, i.e., the CESM2-based simulation shown in (a) minus 
the full model setup. (e and f) The effect of time-varying thermodynamic equilibrium 13C fractionation 
only. A simulation where the thermodynamic equilibrium 13C fractionation only is allowed to vary with 
time minus the full model setup.  
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Supplementary Figure 6 Simulated oceanic 13C Suess effects and pH changes. (a) Simulated 13C Suess 
effects are compared with simulated pH changes for all individual surface grid cells of the full model 
setup. A model year of 2100 is chosen from the projections under RCP2.6 (blue), RCP4.5 (red), RCP6.0 
(yellow), and RCP8.5 (purple). (b) Globally averaged simulated pH changes (anomalies of the 2080-2099 
average relative to the 1870-1899 average) from the full model setup are compared with those from 
CMIP5 models 40,41 for the top 100m values and from CMIP6 models 40 for the benthic averaged values. 
Open circles show the averages for the top 100 m and crosses show the averages for the benthic grid 
cells (the bottom layer of the ocean model). The inter-model spreads are shown in error bars for the 
CMIP5/CMIP6 model estimates, although they are small and hence not visible. (c) Simulated surface-
averaged 13C Suess effects are compared with simulated surface-averaged pH changes from a model 
year of 1850 (dots in the upper right) to 2100 (dots in the lower left). (d) Same as (c) except that the 
subsurface averages are shown.  
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Supplementary Figure 7 Surface ocean 13C Suess effect. The estimates as of 2100 are shown in the first 
(RCP2.6), second (RCP4.5), third (RCP6.0), and fourth (RCP8.5) rows. (a) The Suess effect from the full 
model setup where both atmospheric CO2 and d13C-CO2 change over time. (b) The Suess effect from the 
fixed atmospheric d13C-CO2 setup where only atmospheric CO2 changes while the d13C-CO2 remains 
fixed at a preindustrial value of -6.5 ‰. We also turn off the kinetic fractionations during air-sea CO2 
exchange and the CO2 dependent photosynthetic fractionations in order to focus on the effect of 
changing DIC on the natural component of d13C-DIC.  
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Supplementary Figure 8 Atmospheric and oceanic pCO2 and DIC with time. (a) The globally averaged 
ocean surface (estimated in this study) and atmospheric (observed by ref. 39) pCO2 from 1950 to 2018 
(shade background) are combined with the projected values from 2019 to 2100. Deviations from the 
respective preindustrial values are shown. Four different colors indicate different CO2 emission scenarios 
of RCP2.6 (purple), RCP4.5 (green), RCP6.0 (red), RCP8.5 (blue). Dashed lines show the atmospheric pCO2 
and solid lines show the surface ocean averaged pCO2. (b) Same as (a) except that the solid lines show 
the surface ocean averaged DIC. The Y-axis on the left is for DIC and the Y-axis on the right is for 
atmospheric pCO2. (c) The surface-averaged DIC concentrations are shown in solid lines whereas the 
subsurface (below a depth of 74 m) averaged DIC concentrations are shown in dashed-dotted lines.   
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Supplementary Figure 9 δ13C-DIC changes during industrial times under an extended RCP8.5. 
Estimates of surface and deep ocean (2-3km) δ13C-DIC averaged over the global ocean are shown. The 
Monte Carlo experiment-based estimates from 1800 to 2018 are combined with a projection from 2019 
to 8000. The atmospheric CO2 and δ13C-CO2 are assumed to remain constant after 2500 at the values of 
2500. The time period over which the globally averaged surface δ13C-DIC falls below the deep ocean 
global average is highlighted as yellow shading. The duration of the vertical gradient reversal is 
sensitive to the geographic locations, as shown for the North Atlantic (N.Atl., north of 20°N) and the 
North Pacific (N.Pac., north of 20°N). 
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Supplementary Figure 10 Simulated responses of oceanic d13C-DIC to atmospheric CO2 forcing. (a) The 
top panel shows an estimated change in atmospheric CO2 (blue) for the PETM onset, following ref. 42. 
The atmospheric d13C-CO2 (red) is assumed to be linearly scaled with atmospheric CO2 starting from a 
zero excursion at a time zero and a maximum excursion of -4 ‰ in 5 kyr. The middle panel shows the 
oceanic response when the present-day ocean circulation model is used for the simulation. Color 
shading shows the temporal duration over which the averaged d13C-DIC at 2-3 km depths lies above the 
local surface d13C-DIC by more than 0.5 ‰. Contour lines show the averaged ventilation ages at 2-3 km 
depths. The bottom panel is same as the middle panel except that an ocean model with slower 
ventilation rates, taken from Kwon, et al. 43, is used. (b) Same as (a) except that the atmospheric d13C-CO2 
is assumed to be linearly scaled with atmospheric CO2 starting from a zero excursion at a time zero and 
a maximum excursion of -5 ‰ in 5 kyr.  
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Supplementary Table 1. Input Parameter Values Used for the Monte Carlo Simulations  

aBecause our model assumes a steady-state during the preindustrial era, the inorganic carbon burial implemented in the model is 
a portion that is balanced by terrestrial carbon inputs. Therefore, the previously reported range of 0.2-0.4 GtC/yr is adjusted to a 
balanced sink of 0.1-0.3 GtC/yr. 
bThe range is bracketed by a preindustrial mean value and a value as of 1780, both of which are constrained by Rubino, et al. 34. 
cThe suite of ocean circulation models have slightly different temperature and salinity as well as different ocean mixing, leading to 
different surface productivity and carbonate chemistry in seawater. 
  

Input parameters 
 The “full” model setup for 

future projections 

The Monte Carlo experiment for 

industrial era simulations 
References 

Globally-averaged air-sea 

CO2 transfer velocity 

(cm/hr) 

15.1 [13.0 17.0] 4-7 

SST for the equilibrium 

fractionation of 13C/12C 

during air-sea CO2 

exchange 

HadISST1 

HadISST1 

ERSSTv5 

COBE-SST2 

21 
22 
44 

Equilibrium fractionation 

factors during air-sea CO2 

exchange 

αDIC¬g = 1.4×10-5·T·fCO3 – 

1.05×10-4·T + 1.01053 

αDIC¬g = 1.4×10-5·T·fCO3 – 1.05×10-4·T 

+ (1.01053±0.00005) 
20 

Photosynthetic 

fractionation factors 

αOC¬aq =  

-0.00935·log10([CO2]) + 

0.99626 

αOC¬aq = -0.00935·log10([CO2]) + 

0.99626 

αOC¬aq = -0.017·log10([CO2]) + 1.0034 

αOC¬aq = -0.01203·log10([CO2]) + 

1.00119 

24 
25 
26 

The d13C values for 

riverine carbon inputs 

(‰) 

DOC: -27 

POC: -35 

DIC: -15 

DOC: -27±2 

POC: -35±2 

DIC: -15±2 

27,28 

Non-riverine carbon 

inputs (GtC/yr) 
0 [0 1.4] 

16 
15 

Sedimentary burial of 

inorganic carbon (GtC/yr) 
0.2 [0.1 0.3]a 17,18 

Preindustrial d13C value 

for atmospheric CO2 (‰) 
-6.5 [-6.5 -6.3]b 34 

Ocean circulation model 

with different mixing 

parameterization 

w2 
CTL, w2, w4, KI,2000, KI,600, 

KV,1.5, g0.27, P1, P2, P3 
31 
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