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            Abstract
The ongoing uptake of anthropogenic carbon by the ocean leads to ocean acidification, a process that results in a reduction in pH and in the saturation state of biogenic calcium carbonate minerals aragonite (Î©arag) and calcite (Î©calc)1,2. Because of its naturally low Î©arag and Î©calc (refs. 2,3), the Arctic Ocean is considered the region most susceptible to future acidification and associated ecosystem impacts4,5,6,7. However, the magnitude of projected twenty-first century acidification differs strongly across Earth system models8. Here we identify an emergent multi-model relationship between the simulated present-day density of Arctic Ocean surface waters, used as a proxy for Arctic deep-water formation, and projections of the anthropogenic carbon inventory and coincident acidification. By applying observations of sea surface density, we constrain the end of twenty-first century Arctic Ocean anthropogenic carbon inventory to 9.0Â Â±Â 1.6 petagrams of carbon and the basin-averaged Î©arag and Î©calc to 0.76Â Â±Â 0.06 and 1.19Â Â±Â 0.09, respectively, under the high-emissions Representative Concentration Pathway 8.5 climate scenario. Our results indicate greater regional anthropogenic carbon storage and ocean acidification than previously projected3,8 and increase the probability that large parts of the mesopelagic Arctic Ocean will be undersaturated with respect to calcite by the end of the century. This increased rate of Arctic Ocean acidification, combined with rapidly changing physical and biogeochemical Arctic conditions9,10,11, is likely to exacerbate the impact of climate change on vulnerable Arctic marine ecosystems.
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                    Fig. 1: Projections of Arctic Ocean anthropogenic carbon and aragonite saturation state.[image: ]


Fig. 2: Arctic Ocean surface water density and the anthropogenic carbon inventory.[image: ]


Fig. 3: Emergent constraints on the projected anthropogenic carbon inventory and future acidification.[image: ]


Fig. 4: Constrained end-of century Arctic Ocean vertical profiles of Î©calc and Î©arag.[image: ]



                


                
                    
                
            

            
                Data availability

              
              The Earth system model output used in this study is available via the Earth System Grid Federation (https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/). Observations from the World Ocean Atlas 2013 (https://www.nodc.noaa.gov/OC5/woa18/) and GLODAPv2 (https://www.nodc.noaa.gov/ocads/oceans/GLODAPv2_2019/) are available via the National Oceanic and Atmospheric Administration. The output of ocean-only NEMO-PISCES simulations is freely accessible from the ODATIS-supported centre51.

            

Code availability

              
              The open-source software Python 2.7 was used for analyses. The module â€˜statsmodelsâ€™ (https://www.statsmodels.org/stable/index.html) was used for linear regression and the calculation of prediction intervals and the module â€˜matplotlibâ€™ (https://matplotlib.org/) was used to create all figures including the maps. The mocsy2.0 routines were used to calculate the ocean carbonate system variables (http://ocmip5.ipsl.jussieu.fr/mocsy/). The Climate Data Operators were used for regridding of CMIP5 model output (https://code.mpimet.mpg.de/projects/cdo/). The code for the NEMO ocean model version 3.2 is available under CeCILL license online (http://www.nemo-ocean.eu).
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Extended data figures and tables

Extended Data Fig. 1 Projections and emergent constraints on Arctic Ocean calcite saturation state and pH.
a, c, ESM projections of the twenty-first century Arctic Ocean basin-averaged Î©calc (a) and basin-averaged pH (c). b, d, Vertical profiles of basin-averaged Î©calc (b) and pHÂ (d) in 2100 for the 11 ESMs. The GLODAPv2 observational profiles of Î©calc and pH for 2002, respectively, are marked as black lines in b and d. e, g, The projected Arctic Ocean basin-averaged Î©calc (e) and basin-averaged pHÂ (g) in 2100 against present-day maximum sea surface density (95th percentile waters) for the ESM ensemble (black dots). Linear regression fits (red dashed lines) and the associated 68% prediction intervals are shown, as are data-based estimates of present-day maximum sea surface density (black dashed lines) with the associated standard deviation (grey shaded area). f, h, Probability density functions for the end-of-century Arctic Ocean basin-averaged Î©calc (f) and basin-averaged pH (h), before (black) and after (red) the emergent constraint is applied.


Extended Data Fig. 2 Arctic Ocean surface water density.
aâ€“l, Present-day annual-mean sea surface density from the 11 ESMs (aâ€“k) and from World Ocean Atlas 2013 observations (l). Contours delineate regions that contribute to the maximum surface density as defined by the 95th percentile densities.


Extended Data Fig. 3 Arctic Ocean present-day density anomaly and anthropogenic carbon inventory in 2100 against seasonal sea-ice extent, volume of light waters, and number of grid cells in the Arctic Ocean on the native model grid.
aâ€“d, The Arctic Ocean anthropogenic carbon inventory in 2100 against winter sea-ice extent (February and March)Â (a), summer sea-ice extent (August and September) (b), the volume of light waters (c) and the number of grid cells in the Arctic Ocean (d) on the native model grid for each of the 11 ESMs. eâ€“h, Arctic Ocean present-day maximum surface density anomaly against winter sea-ice extent (e), summer sea-ice extent (f), the volume of light waters (g) and the number of grid cells in the Arctic Ocean (h). The volume of light waters is defined as the volume of water masses with densities below the respective maximum sea surface density (95th percentile waters).


Extended Data Fig. 4 Correlations between projections of the Arctic Ocean anthropogenic carbon inventory and Î©arag, Î©calc and pH.
aâ€“d, Arctic Ocean basin-averaged Î©arag in 2100 (a), Î©calc in 2100 (b), pH in 2100 (c) and the anthropogenic carbon inventory in 2002 (d) against the anthropogenic carbon inventory in 2100 for the 11 ESMs.


Extended Data Fig. 5 Emergent constraints on future aragonite saturation state in different depth layers.
The projected end-of-century Arctic Ocean Î©arag, across six depth layers (aâ€“f) plotted against maximum sea surface density (95th percentile waters) for the ESM ensemble (black dots). Linear regression fits (red dashed lines) and the associated 68% prediction intervals are shown, as are data-based estimates of present-day maximum sea surface density (black dashed lines) with the associated standard deviation (grey shaded area).


Extended Data Fig. 6 Emergent constraints on future calcite saturation state in different depth layers.
The projected end-of-century Arctic Ocean Î©calc, across six depth layers (aâ€“f) plotted against maximum sea surface density (95th percentile waters) for the ESM ensemble (black dots). Linear regression fits (red dashed lines) and the associated 68% prediction intervals are shown, as are data-based estimates of present-day maximum sea surface density (black dashed lines) with the associated standard deviation (grey shaded area).


Extended Data Fig. 7 Emergent constraints on future pH in different depth layers.
The projected end-of-century Arctic Ocean pH, across six depth layers (aâ€“f) plotted against maximum sea surface density (95th percentile waters) for the ESM ensemble (black dots). Linear regression fits (red dashed lines) and the associated 68% prediction intervals are shown, as are data-based estimates of present-day maximum sea surface density (black dashed lines) with the associated standard deviation (grey shaded area). g, Multi-model mean vertical profiles of basin-averaged pH in 2100 (black lines) with the associated standard deviation (nÂ =Â 11, grey shading). Constrained estimates of pH (red dots) are shown for the six depth layers given in aâ€“f. The constrained estimates are shown at the mid-point of each layer, with error bars representing Â±1 standard deviation.


Extended Data Fig. 8 Emergent constraints on future \({{\boldsymbol{p}}}_{{{\rm{CO}}}_{2}}\) in different depth layers.
The projected end-of-century Arctic Ocean \({p}_{{{\rm{CO}}}_{2}}\), across six depth layers (aâ€“f) plotted against maximum sea surface density (95th percentile waters) for the ESM ensemble (black dots). Linear regression fits (red dashed lines) and the associated 68% prediction intervals are shown, as are data-based estimates of present-day maximum sea surface density (black dashed lines) with the associated standard deviation (grey shaded area). g, Multi-model mean vertical profiles of basin-averaged \({p}_{{{\rm{CO}}}_{2}}\) in 2100 (black lines) with the associated standard deviation (nÂ =Â 11, grey shading). Constrained estimates of \({p}_{{{\rm{CO}}}_{2}}\) (red dots) are shown for the six depth layers given in aâ€“f. The constrained estimates are shown at the mid-point of each layer, with error bars representing Â±1 standard deviation.


Extended Data Fig. 9 Internal variability within the context of emergent constraints on the projected anthropogenic carbon inventory.
The projected Arctic Ocean anthropogenic carbon inventory against present-day maximum sea surface density (95th percentile waters) for the ESM ensemble (as shown in Fig. 3). The linear regression fit (red dashed line) and the associated 68% prediction intervals are shown, as are data-based estimates of present-day maximum sea surface density (black dashed lines) with the associated standard deviation (grey shaded area). In addition to the IPSL-CM5A-LR ensemble member used in the main paper and for the regression fit, three additional IPSL-CM5A-LR ensemble members are shown (blue dots).


Extended Data Table 1 The percentage probability of different year-2100 acidification extremes under RCP8.5 in the CMIP5 before and after the application of the maximum surface density emergent constraintFull size table
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