
Supplementary Information 

 

Supplementary Discussion I.  ESM2M validation against data-based Ωarag 

 

ESM2M demonstrates broad consistency with multiple data-based estimates of Ωarag over the 

historical period 1990-2010 and additionally, for the Southern Ocean, 2013-2017. The agreement 

between the model used in this study (ESM2M) is shown for the mean state, for the amplitude of 

the seasonal cycle, and for the long-term anthropogenic trend (Extended Data Figs. 1, 2). These 

three metrics are chosen as their accuracy attests to the skill of the model to project when 

portions of the seasonal cycle become strictly undersaturated.  The globally averaged local (grid-

cell scale) bias in the Ωarag  mean state ESM2M is -0.08 and the root mean square error is 0.21.  

Local, positive biases in the Eastern Boundary Upwelling Systems (EBUS) of the Pacific are as 

large as 0.5, and local negative biases in the coastal, Northwestern Pacific are as large as 0.5.  

These biases necessarily influence the “time of onset” of undersaturation for these regions, with 

the presented timing of undersaturation being biased early in the Northwest Pacific and biased 

late in the EBUS regions of the Pacific (Fig. 1). These biases may also influence the assessed 

benefits mitigation efforts, whereby mitigation may in fact have a stronger impact on delaying or 

averting the onset of undersaturation in the Northwest Pacific and the Large Marine Ecosystems 

(LMEs) within this region, and may in fact have reduced efficacy in the Pacific EBUS regions, 

relative to the effect size presented in the main body of this work. 

 

ESM2M also demonstrates broad consistency with data-based estimates of Ωarag within the 

worlds Large Marine Ecosystems and within the more expansive, biogeochemically-defined 

biomes (Extended Data Fig. 2). This is particularly true of the simulated mean-state over the 

historical period (Extended Data Figs. 2a, 2c). The minimum value within each LME over the 

given 20-year or 5-year observational period (Extended Data Fig. 2b) demonstrates less skill than 

the mean-state, potentially a consequence of the nominal 1 degree resolution, and its limitations 

with representation of fine-scale variability. This could systematically lead the model to project 

that undersaturation events may begin later than would occur in a realistically-variable ocean. 

However, this bias towards under-represented variability is only present within one of the four 

data-based estimates used (ETHZ), and only within a limited number of LMEs, (8 of 66) and 

therefore should not be over-interpreted. Over larger, open-ocean biomes (Figure S2d), ESM2M 

represents the magnitude of the mean-state and seasonal cycle well (RMSE 0.17 and 0.08 

respectively).  

 

We note that the simulated bias in Ωarag will not remain constant over future projection as  future 

declines in  Ωarag are non-linear and a function of the background concentrations of dissolved 

inorganic carbon (DIC). For this reason, and as to not induce a physically-incoherent spatial and 

temporal evolution of Ωarag that would occlude understanding of mechanisms, we do not bias-

correct ESM2M prior to analysis. On a final note, undersaturated conditions near the surface 

ocean were observed in limited regions of the California Current LME during the 2000s 22 . As 

noted, a global ESM is unlikely to represent this type of fine-scale, coastal variability. Hence this 

justifies why we present results at multiple spatial scales and use the LME domains to aggregate 

and assess undersaturation in the near-coastal-to-coastal regions. 

 

https://sciwheel.com/work/citation?ids=4694883&pre=&suf=&sa=0


  



Supplementary Discussion 2. Pathways of anthropogenic forcings on Ωarag 

 

We quantify the impacts of the radiative impacts of climate change versus the direct chemical 

impacts of climate change upon the evolution of Ωarag (Extended Data Fig. 7). Perturbations to 

the ocean’s circulation state as a consequence of changing surface momentum and buoyancy 

forcing will in general also perturb the distribution of DIC and other carbonate-chemistry-related 

tracers within the ocean, and thereby impact Ωarag.  However, as shown in Extended Data Fig. 7, 

the dominant mechanism (generally >90%) responsible for changes in Ωarag  (ΔΩarag) is the direct 

impact of the integrated invasion of anthropogenic carbon (Cant) into the global ocean. This is 

apparent in the contrast between the relative change induced by the summation of chemical and 

physical drivers and that induced by physical drivers alone (comparing row one to row two, and 

row three to row four).  Specifically, in the highly-productive, undersaturation-vulnerable 

subpolar regions in both the Pacific and Atlantic basins, anthropogenic modulations to ocean 

physics are small (ΔΩarag< 0.25) relative to those induced through the invasion of anthropogenic 

carbon (ΔΩarag> 1). 

 

Finally in row five, we provide maps of the surface invasion of anthropogenic CO2, with the 

intention of illustrating that anomalously large local uptake of CO2 , either in the mean-state 

(Fig. S7m) or the anthropogenic perturbation (Extended Data Fig. 7n) is not coherent with the 

strongest reductions in Ωarag (Extended Data Figs. 7g-i; e.g. locally strong uptake in the 

Northwest Pacific occurs south of the regions of intense acidification, consistent with the gyre 

circulation and advection of carbon northward 48 ). Non-coincident maxima in air-sea CO2 fluxes 

and ΔΩarag  is partially due to the non-linear relationship between the partial pressure of CO2 

(pCO2) and DIC and Ωarag, whereby with high background DIC concentrations, changes in DIC 

have smaller impacts on  Ωarag, and since Ωarag is strictly positive, there is more ‘room’ for 

reductions in regions with initially higher Ωarag values, like the tropics where the contemporary 

values are ~5, as opposed to ~2, as in the polar oceans. 

 

Although the main text focuses on projections of Ωarag on the isoluminal surface at the base of the 

euphotic zone, this diagnostic was not saved for the perturbation experiment, and therefore we 

refer instead to the levels Z=5m, 105m, and 205m to provide a sense of the sensitivity of Ωarag to 

physical and chemical trends in the upper ocean within which the euphotic depth is located 

throughout the global ocean. Standardized, uniform depth horizons also improve interpretability.  

 

  

https://sciwheel.com/work/citation?ids=10955998&pre=&suf=&sa=0


Extended Data 

 

Extended Data Fig 1 |  Evaluation of ESM2M-simulated  Ωarag  against observational 

constraints over the period 1990-2010 for global maps and 2013-2017 for Southern Ocean sub-

panels..  The first row presents annually-averaged mean state values for (a) the model, (b) data-

based mean and (c) the model-data difference.  The observational products ETHZ-OceanSoda 43, 

SOM-FFN 44,  JMA-MLR 45  are averaged over the period 1990-2010 to form the global data-

based values shown in panels (b), (e) and (h). In the Southern Ocean, the biogeochemical 

Southern Ocean state estimate (B-SOSE; 46) is averaged over the period 2013-2017 and shown in 

the lower portions of panels (b) and (e). The second row presents a comparison of the seasonal-

cycle amplitude (e)-(f). The third row presents a comparison of  the linear trend in the annual 

mean (g)-(i), in which black stippling in (g) indicates the ensemble does not have an emergent 

anthropogenic trend in that area over the time period. The bias (Δ), root mean square error (rmse) 

and ratio of the spatial variation (Rvar) between ESM2M and the database mean and B-SOSE are 

presented. Ratios less than one indicate ESM2M demonstrates less spatial variation that the data-

https://sciwheel.com/work/citation?ids=10692946&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10365810&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10365818&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10365889&pre=&suf=&sa=0


based estimate. *For the 20-year trend, the spatial variation is computed independently for each 

ensemble member and then compared to the data-based spatial variation in the 20-year trend, 

after which the average of the 30 ratios is taken. 

  



 

 

Extended Data Fig 2  |  Evaluation of simulated Ωarag  against observational constraints for 

Large Marine Ecosystems and Biomes over the period 1990-2010 for the world’s Large 

Marine Ecosystems (LMEs) and biomes. Panel (a) is the area-weighted average Ωarag  over the 

individual LME domains during the period 1990-2010. Panel (b) is the minimum Ωarag value that 

occurs within each LME domain during the period 1990-2010. The minimum within each LME 

is considered to assess simulated and data-based extrema in Ωarag  over the historical period. 

Panels (c-f) show biome-average mean state (c), seasonal amplitude (d) and linear trend (e). The 

biome domains of Henson et al, (2010) are used 49. Additional comparison of the GFDL-LE to 

B-SOSE; 46 over the 5 year period, 2013-2017 for the biomes of the Southern Ocean. Biome 

acronyms are as follows: Subpolar North Pacific (SPNP), North Pacific (NP), Equatorial Pacific 

(EqP), South Pacific (SP), Southern Ocean Pacific sector (SO-P), Subpolar North Atlantic 

(SPNA), North Atlantic (NA), Equatorial Atlantic (EqA), South Atlantic (SA), Southern Ocean 

Atlantic sector (SO-A), North Indian West (NI-W), North Indian East (NI-E), Equatorial Indian 

https://sciwheel.com/work/citation?ids=10365787&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10365889&pre=&suf=&sa=0


(EqI) and Southern Ocean Indian sector (SO-I).  For each LME and each biome, values from 30 

members from the historical-RCP8.5 ensemble are shown. The bias (Δ), root mean square error 

(rmse) and ratio of the cross-domain variation (Rvar) between ESM2M and the mean of the 3 

data-based products are presented.  Ratios greater than one indicate ESM2M demonstrates 

greater cross-domain variation than the mean of the data-based estimates.  Bias statistics not 

presented for B-SOSE as the number of LMEs and biomes covered by this product is limited. 

  



 

Extended Data Fig 3  |  Depth of the euphotic zone and the seasonal cycle of upper ocean 

Ωarag  and the euphotic zone depth (EZD) in the Northeast Pacific at ocean station PAPA 

(50°N 145°W). (a) Annual average depth of the base of the Euphotic Zone as defined as the 

isoluminal surface at which the irradiance is 0.1 Watts per meter squared. Shown is the average 

of the Large Ensemble over the 1950s. (b) Hovmoller diagram of Ωarag values for the upper 

hundred meters at ocean station PAPA for ensemble member #1 of the RCP8.5 ensemble. Three 

years of simulation are shown. The depth of the EZD is shown in white. The Ωarag  contour of 1 

(the division between saturation above and undersaturation below) is shown in magenta. The 

EZD is above the saturation horizon for ~ 6 months of year 2051, and therefore is undergoing 

predominant undersaturation throughout the annual cycle, and is considered fully “transitioned” 

by our metric.   



 

 

Extended Data Fig 4  |  The impact of natural variability on timing of undersaturation.  

Ensemble spread in onset of  (a) the first undersaturation event and (b) the duration of the 

transition period between the first undersaturation and the first time the annual cycle is 

predominantly undersaturated. As to not bias the spread by outliers, the range is defined as the 

difference between the ensemble’s 10th and 90th percentile. The 10th and 90th percentile are 

represented at each gridcell by the 3rd member and 27th (3rd to last) member to cross the given 

threshold (either the first undersaturation event or the first year of predominate undersaturation).  

Panels (c) and (d) show the timing of the third-soonest (3rd ranked ensemble member) first-

undersaturation-occurrence and the third-to-last occurrence (27th ranked ensemble), computed 

for each gridcell.  

  



 

 

Extended Data Fig 5.  |  Annual average and ensemble-average of carbonate chemistry 

variables for the year 1950. (a) gives the salinity-normalized DIC (nDIC), (b) and (c) give 

Ωarag.  Panel (a) and (b) show surface values. Panel (c) shows a 3-part vertical transect from 0-

500 meters, the location of the transect is represented with magenta lines on panel (b). The 

transect begins at the Equator and 165°E and extends northward to 50°N. The second transect is 

at 47°N,  extending from the North West to North East Pacific near Ocean Station PAPA and 

Gulf of Alaska/California Current LMEs. The third transect, 150°W, includes the Gulf of Alaska, 

passes close to Ocean Station PAPA, and ends at the Equator. Higher nDIC and corresponding 

lower Ωarag in the Western portion of the Pacific Basin and in the sub-surface waters of the 

Eastern Equatorial Pacific, predispose these regions to early onset of undersaturation. Steep 

gradients as shown in the 47°N transect, and at the Equator, however, give rise to the extended 

transition periods in these regions.  

 



 
 

Extended Data Fig 6. Mechanisms involved in controlling onset time of undersaturation 

and pace of transition  |  In combination with Extended Data Fig. 5, these panels provide 

insight into the spatially diverse causes of vulnerability and sensitivity of Ω to anthropogenic 

emissions. (a) the minimum depth of the Ω=1 horizon over the annual cycle computed on the 

ensemble-average three-dimensional fields, for year 1950.  (b) the vertical gradient between the 

ocean’s surface and the Ω=1 horizon at year 1950. In the case where the whole water column is 

saturated, the gradient is computed between the surface and the column-minimum Ω value. We 

also computed the ensemble-average Ω=1 horizon and vertical gradients of Ω from the average 

of individual members, and it was equivalent to doing the operation on the ensemble mean, as 

was done for (a) and (b).   Yellow stippling in (a) indicates areas where the whole water column 

is saturated and consequently the Ω=1 horizon does not exist. Panel (d) shows the ensemble 

mean values in year 2050 for the amplitude of the seasonal cycle at the EZD defined as the 

difference between maximum and minimum Ω values, and panel (c) shows the magnitude of the 

linear, 20-year anthropogenic trend in Ω centered around the year 2050, and (f) the ratio of  half 

the seasonal amplitude to the anthropogenic trend, which is geometrically related to the number 

of years between the onset of undersaturation and when the location becomes undersaturated for 

more than half the year (the value is multiplied by 0.5 to reflect our definition of transition 



completion when half of the year is undersaturated). Panels (g) and (h) show the evolution of 

Omega Aragonite for Ocean Station PAPA in the North Pacific (50°N, 145°W) with full 

seasonal cycle, and including three scenarios (RCP2.6, RCP4.5, and RCP8.6) and the sea surface 

and at Z=100m, Ocean station PAPA is representative of large regions of the North Pacific, with 

undersaturation first occurring mid-century, but with this fate being averted with moderate or 

significant mitigation. Panels (g) and (h) also contain sub-panels which show all 30 ensemble 

members for two annual cycles taken over years 2000-2001, with winter (W) and summer (S) 

indicated on the horizontal axis. These sub-panels indicate the opposite-phasing of the seasonal 

cycle of Ω at the different depth horizons. The minimum Ω values occur during summer for the 

EZD and during winter for the fixed 100m horizon. The schematic in (i) shows the conceptual 

relationship between the amplitude of the seasonal cycle, the magnitude of the anthropogenic 

trend, and the transition period between permanently saturated and predominantly undersaturated 

states. The seasonal amplitude is larger at the EZD than it is at 100 meters depth, leading to 

longer transition time periods. Also to note, if the anthropogenic signal were less, i.e. with 

mitigation, the transition period would also be longer, consistent with Figures 1, 2 and 4 of the 

main text. 

 

  



 

Extended Data Fig 7  |  The impact of chemical and radiative forcing on upper ocean 

biogeochemistry. In this figures, 𝝙cp (chemical+physical)  or 𝝙COU for coupled represents the 

change over time between the Large Ensemble RCP8.5 mean-state in 2100 and 1950, with this 

change arising from the combination of chemical and physical impacts of anthropogenic 

emissions.   𝝙BGC  for biogeochemically coupled represents the change in the perturbation 

experiment in which only the chemical effects (e.g. gas exchange) of rising CO2 is ‘felt’ by the 

Earth system.  The conceptual difference between 𝝙COU and 𝝙BGC is that 𝝙BGC does not 

include the effects of warming and any subsequent dynamical impacts which warming has upon 

the Earth system (e.g. no changes in the hydrological cycle, no ice melt, no dynamical changes in 

circulation structures in atmosphere or ocean). Therefore, the numerical difference between 



𝝙COU and 𝝙BGC gives the impact of physical climate change upon the Earth system, which is 

labeled 𝝙p for physics and/or is referred to as 𝝙COU —  𝝙BGC. The delta for each experiment 

is the change between the historical period (1950) and year 2100. For COU, the Large Ensemble 

mean is used. For BGC, we use a 10-year running mean of the perturbation experiment, as 

described in Supplementary Discussion 1.We provide these differences for nDIC, Ω and for the 

air-sea CO2 flux (fCO2). Note the scale differences between  𝝙cp and 𝝙p . The nDIC and Ω 

perturbations are given at the surface and at 100 and 200 meters depth. For all fields, the impact 

of physical perturbations is significantly smaller, and in opposition to, the total 

chemical+physical impact. This indicates a dominant role of chemical forcing in controlling the 

surface and subsurface Ω.  

  



 

 

 

Extended Data Fig 8  |  The month with the lowest monthly-averaged Ω value at (a) the 

euphotic zone depth, (b) 100 meters depth, and (c) the number of months difference between the 

minimum-month at the EZD and at 100m. In the high-latitudes, the annual timing of the 

minimum-month at the EZD and 100m is out of phase (i.e. 6 months apart).  The minimum-

month is computed from the ensemble average at year 2000. 

  



 

 
 

Extended Data Fig 9  |  Transition periods at different depth horizons: the seasonally-

varying EZD, the annual mean EZD and a fixed 100-meter horizon for (a-c,g) RCP8.5 and (d-

f,h) RCP26. Contours in panels (d)-(f) indicate regions where excess transition times from the 

RCP2.6 scenario relative to the RCP8.5 scenario are used to compute the excess transition times 

afforded by mitigation, outside of these contours, the RCP2.6 scenario does not become 

undersaturated, and therefore the RCP4.5 scenario is used to compute the excess transition time 

afforded by mitigation. For (a-b) and (d-e) positive values indicate the transition is longer at the 

seasonally-varying EZD than at  EZDann or 100m. The main intention of this figure is to 

demonstrate two points (1) that the seasonally varying EZD (EZDmon) affords longer transition 

times than a time-invariant annual-mean (EZDann) horizon or a fixed 100m depth (a-c), and (2) 

that this difference increases under mitigation (d-f).  Panels (c) and (f) demonstrate that there is 

relatively little difference in the transition times between the EZDann and 100m, thereby 

implicating the seasonally-varying nature of EZDmon in affording extended transition periods as 

well as enhancing the sensitivity of transition times to mitigation .  Panels (g) and (h) give the 

absolute transition times for the EZDmon, the EZDann, at 100 meters depth and the surface (5 

meters).  Panels (g) and (h) demonstrate that the coherence of transition times across the different 

depth horizons under a RCP8.5 forcing pathway diverges or decouples under a RCP2.6 forcing 

pathway, as the increased amplitude of the seasonal cycle and protectionary effect of  upward 

migration during winter months experienced at EZDmon allows for an increased impact of 

mitigation on slowing the expansion of undersaturated waters across the seasonal cycle.  

 



 

Extended Data Fig 10 | Interaction of the EZD and Ω =1 depth horizons over time for 8 key 

locations in the global ocean which demonstrate significantly increased transition times with 

mitigation. 

 


