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The ongoing uptake of anthropogenic carbon by the ocean leads to ocean acidification, a
process that results in a reduction in pH and the saturation state of biogenic calcium carbonate
minerals (Qcaic/arag) 2. Due to naturally low Qcaic/arag™?, the Arctic Ocean is considered the most
susceptible region to future acidification and associated ecosystem impacts*>®7. However, the
magnitude of projected twenty-first century acidification differs strongly across Earth System
Models (ESMs)®. 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. Applying observations of sea surface density, we constrain the end of twenty-first
century Arctic Ocean anthropogenic carbon inventory to 9.0 + 1.6 Pg C and basin-averaged Qarag
and Qc,c to 0.76 + 0.06 and 1.19 * 0.09 respectively, under the RCP 8.5 climate scenario. Our
results indicate greater regional anthropogenic carbon storage and ocean acidification than
previously projected®® 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 conditions®1%11 s likely to exacerbate the impact of climate change on vulnerable Arctic

marine ecosystems.
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While the uptake of atmospheric carbon by the ocean mitigates climate change, it also
dramatically influences marine chemistry, decreasing pH and carbonate ion concentrations
[CO3%7] and increasing concentrations of aqueous carbon dioxide and bicarbonate ions [HCO3]*2.
These changes in seawater chemistry, collectively known as ocean acidification, have been shown
to negatively impact wide-ranging marine organisms including molluscs, crustaceans,
echinoderms, cnidarians and teleost fish*>®’. Calcifying marine organisms are particularly
sensitive to ocean acidification, which can impair their growth, reproduction and survival®*2,
The thermodynamic stability of calcium carbonate is described by the calcium carbonate
saturation state (Q =[Ca?*][CO3%*]/Ksp), with Ksp representing the relevant CaCOs solubility
product, and Qcaic and Qarag representing the saturation state of the stable calcite and metastable
aragonite mineral forms, respectively. Ocean acidification acts to reduce Q by reducing
carbonate ion concentrations. Studies have shown that as Q decreases, calcification rates at both
the organism!21314 and community-level'® typically decline. In addition, the corrosion of pure

mineral forms is actively promoted under exposure to undersaturated conditions (Q<1).

The Arctic represents the global region projected to experience the most severe climate change,
with polar amplification causing a projected end-of-century surface temperature increase of up
to 8.3+1.9 °C° and loss of summer sea-ice!l. The same is true for the Arctic Ocean, where low
temperatures and consequently the high solubility of CO,, result in naturally low pH and Q23.

Given this natural state and the amplifying effect of climate change!®, the Arctic Ocean is
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projected to experience the lowest pH and Q conditions in the coming decades?, as well as

dramatic changes in the temporal variability of marine chemistry®.

Projections by ESMs under the high-emissions Representative Concentration Pathway 8.5
(RCP8.5)Y suggest that the entire Arctic Ocean will be undersaturated with respect to aragonite
(Qarag<1) by the end of the twenty-first century (Fig. 1), while basin-wide calcite undersaturation
(Qcaic<1) is not expected to occur this century>®!® (Extended Data Figure 1). Projected changes
in ocean chemistry are predominantly confined to the upper 2500 m of the water column, with
large model uncertainties persisting with regard to the end-of-century anthropogenic carbon
inventory (2.9-13.0 Pg C)*°, and the associated average Qarsg (0.66-0.95) and Qcalc (1.02-1.49)8.
Although projection uncertainties are limited in the surface ocean?’, they are highly pronounced
at depth (Fig. 1 and Extended Data Figure 1) and complicate assessments of likely impacts on

vulnerable marine ecosystems’.



75

76

77

78

79

80

81

82

83

84

85

86

87

a b
S 14 0
o 2 IPSLCMBAMR —— MIROC-ESM
L 129 _GroLeswo NorESM1-ME 500 7
2 -- GFDL-ESM2M CMCC-CESM
2 10 4 — MPILESM-MR CESM1-BGC 1000 +
S -= MPI-ESM-LR Bt —_
£ 84 E 1500 4
£
E 6 3 2000
- o
4 2500
O
o
o 24 3000
3 !
< 0 T T T T 3500 T T T T T T T
2000 2020 2040 2060 2080 2100 0 20 40 60 80 100 120
Year
c d
1.2 0
114 500 ~
1000
||§ 1.0 -
s EE’ 1500 |
2 09 g
[e] 2 2000
o
= 0.8
o -
5 2500
0.7 4 3000
06 T T T T 3500 T T T T T
2000 2020 2040 2060 2080 2100 0.6 0.8 1.0 1.2 1.4
Year Arctic Ocean =pp;in 2100

"#$%! &%! '()*+,-#)./1 )O! 1(,-#,! 2,+3.! 3.-4()5)$+.#,! ,3(6).! 3.7! 3(3%$).#-+! /3-8(3-#).! /-3-+%! 3ESM
projections of the twenty-first century!Arctic Ocean anthropogenic carbon (Cr) inventory and ,, basin-
averaged ! 15105 Vertical profiles of 6, basin-averaged anthropogenic carbon and!7, ! ig16in 2100 for the 11
ESMs. The GLODAPv22* observational profile of | gisfor 2002 is marked as a black line in 7. Arctic Ocean
boundaries are the Fram Strait, the Barents Sea Opening, the Bering Strait and the Canadian Arctic

Archipelago.

To reduce Arctic Ocean projection uncertainties associated with the anthropogenic carbon
inventory and concurrent acidification, here we utilise the recent approach of emergent
constraints'¥242223  |n order to constrain future ESM projection uncertainties, emergent
constraints relate long-timescale climate sensitivities and impacts to observable properties, such

as short-timescale climate variability or trends, across ESM ensembles. Emergent constraints
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