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The ocean’s capacity to absorb anthropogenic CO, is predicted to decrease
with global warming, reinforcing a climate-carbon cycle feedback. However,
the effects of specific mechanisms such as circulation and temperature on

marine carbon components and atmospheric CO, under future emission
scenarios remain poorly quantified, especially on multi-centennial
timescales. Here, using a decomposition of dissolved inorganic carbon,

we show that under high-emission scenarios, circulation changes dominate
the climate-carbon cycle feedback by reducing anthropogenic carbon
uptake and redistributing alkalinity, despite compensatingincreasesin
biological carbon storage and air-sea disequilibrium. By contrast, under
low emissions, temperature changes, amplified by increased physical
disequilibrium, dominate the climate-carbon cycle feedback. Previous
estimates using the apparent oxygen utilization approximation may have
considerably underestimated changes in biological carbon storage. These
results improve mechanistic understanding of long-term global carbon
cycle dynamics, withimplications for efforts to achieving zero net emissions
and proposed marine CO, removal strategies.

The cycling of carbon in the ocean is controlled by different physi-
cal, chemical and biological processes’, complicating the interpreta-
tion and attribution of observed and modelled changes. Air-sea gas
exchange tends to equilibrate surface ocean pCO, with the atmosphere
(pCO,*™) and thus affects climate. In sea water, CO, dissociates into
bicarbonate and carbonate ions, which provides buffering capacity and
increases dissolved inorganic carbon (DIC), which dominates ocean
carbon storage and is the focus of this Article. There are two carbon
‘pumps” that act to concentrate DIC in deeper layers, thus reducing
surface and atmospheric CO, (ref. 2). The solubility pump results from
higher solubility of CO, in cold waters of polar origin and increases
physical carbon storage, while the biological pump is associated with
biological production of organic carbon and calcium carbonate at
the surface and their sinking and regeneration into DIC at depth. We
refer to DIC of this origin as C; and C_,..;, respectively, and their sum
as C,,. Ocean circulation moves elevated subsurface DIC back to the
surface, completing the ‘loop’ and exposing it to air-sea gas exchange.

Fossil fuel burning hasincreased pCO,*™, with the oceans absorb-
ing a quarter of anthropogenic emissions®, Early simulations with

physics-only models showed that the combined effects of warming,
changesin circulationand seaice cover lead toreduced anthropogenic
CO, uptake and thus decreased ocean carbon storage®”’, amplifying
climate change'. Including biology leads to a smaller decrease due
to an accumulation of natural regenerated carbon at depth, which
compensates for the decrease in anthropogenic CO, uptake. The bal-
ance between the two has, however, been much debated”" as these
changes impact both the natural carbon cycle and the ocean uptake
of anthropogenic carbon, which complicates the response.

More recent analysis of model simulations™ performed as part
of the Coupled Model Intercomparison Project (CMIP)" have gener-
ally corroborated these results, although the effects of circulation,
warming and sea ice could not be separated and simulated changes
were ascribed almost entirely to circulation. In these models, sur-
face buoyancy input reduces deep water formation and Meridional
Overturning Circulation (MOC) in both the Atlantic (AMOC) and
Southern Ocean and increases regenerated carbon'>", albeit with
the important caveat that C,., was estimated using the apparent
oxygen utilization (AOU) approximation (Methods). In addition to
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Fig.1| Preformed, regenerated and disequilibrium carbon. a, Schematic
illustrating carbon decomposition. The surface concentration of any tracer is
known as its preformed value®. Propagating this (space- and time-varying) field
conservatively into the interior by ocean circulation gives the three-dimension
distribution of the corresponding preformed tracer. For DIC, its surface value
C,..canbe decomposed into acomponent C, in solubility equilibrium, with

the atmosphere and aresidual Cy, representing disequilibrium, and these
further into physical and biological contributions, Cy,c = Coye phy + Coaepioand

Cais = Cais phy * Cais pio- DIC produced from remineralization and dissolution of
particulate organic and inorganic carbon gives rise to regenerated carbon (C,.,).
Theinterior DIC concentration (C) is the sum of C,,.and .. Adapted fromref. 18.
b, Schematicillustrating response of surface carbon disequilibrium components
in high-latitude regions of ocean ventilation to rising pCO,"™. In the abiotic
model, surface ocean DIC (lower blue line) is less than the DIC in equilibrium with
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the extant pCO,™™ (red line) in the PI (Cy; 1y < 0) because upwelling waters in

the Southern Ocean are relatively warm and lose heat to the atmosphere as they
move south. This heat loss increases CO, solubility and leads to local ingassing of
carbon from the atmosphere?, whichisincomplete due to slow air-sea exchange
leaving waters undersaturated. Cy ,ny grows over time as pCO,"™ increases at
afasterrate than the surface ocean, and its change ACy; 1, is thus negative.
Surface DICin the full biotic model (grey line) is higher than equilibrium

DIC (Cy;> 0) in the P because biologically mediated disequilibrium (Cy pio;
difference between the upper cyan and red lines) is positive due to upwelling

and incomplete outgassing of respired carbon in the Southern Ocean, leading to
supersaturation®***, C,;, decreases over time so that the change AC,; is negative.
As described in Methods and Extended Data Fig. 2, because the equilibration time
inthe biotic modelis less than in the abiotic model, AC; is more negative than
ACyis phy» and therefore ACy; pio (= ACy;s — AC; ony) is also negative.

neglecting C.,.,;, AOU has been shown to yield qualitatively incorrect
estimates of C,,, (refs. 11,15-21). This directly affects C,, estimates,
andindirectly other components of DIC such as ‘preformed’ carbon
(Cpre), which is often evaluated as the residual C,.= DIC - C,,. Pre-
formed carbonis the DIC concentration resulting from propagation
of surface values, which are set by both the solubility and biological
pumps, into the oceaninterior by circulation (Fig.1). The decompo-
sition DIC = C,, + C; is central to understanding the ocean carbon
cycle’s response to climate change™.

Past studies were based on concentration-driven simulations for
which changes in ocean carbon storage cannot readily be converted
to atmospheric CO, owing to buffer chemistry. In addition, buffering
slows down equilibration of CO, (-1 year) with the atmosphere, result-
ing in surface waters that are frequently out of solubility equilibrium
duetoboth physical (Cy 1) and biological (Cys i) processes™* (Fig. 1).
This disequilibriumsignal, which can be positive or negative depending
on whether the surface water is over- or undersaturated with respect
to solubility equilibrium with the atmosphere (C,,), propagates into
the ocean interior and affects carbon storage as part of preformed
carbon, an aspect not previously considered in global warming sce-
narios. Inthe present-day ocean, Cy; n, is €stimated to reduce carbon
storage by 700-800 PgC, while Cy; ;. increases it by 1,000-1,200 PgC
(refs.1,18,24). Moreover, it has been shown that disequilibrium com-
ponents are crucial to understanding changes in carbon storage and
pCO,™™ under large climate shifts, such as under global warming" or
from glacial to interglacial periods'*?,

Here, we use an ocean biogeochemical model (Model of Ocean
Biogeochemistry and Isotopes (MOBI)-transport matrix method
(TMM))'32”%8 driven by circulation and forcing fields from the University
of Victoria Earth System Climate Model (UVic ESCM)***° to investigate
the effects of climate change on the different DIC components between
1765and 2500 and their feedback on atmospheric CO, (Methods). Diag-
nostic tracers'®**, which circumvent inaccuracies associated with the
AOU approximation, and attribution experiments are used to robustly
quantify the impact of different forcing mechanisms under a range of

Shared Socioeconomic Pathway (SSP) emission scenarios®*?, and thus
better understand the multi-centennial consequences of anthropo-
genic carbon emissions on climate™®,

Climate change impacts on ocean physical state
The physical and biogeochemical response of the model to increasing
pCO,"™ (Fig. 2) include an increase in sea surface temperature (SST);
decreases in AMOC and sea ice extent; and reductions in net primary
production (NPP) and particulate organic carbon (POC) export (export
production, EP). These changes are generally in line with the more
complex ESM simulations in CMIP (Methods).

To investigate how changes in the ocean carbon cycle affect
atmospheric CO,, MOBI-TMM is coupled to a single-box atmosphere
whose pCO,"™ is prognostically time-stepped as a balance between
imposed emissions (diagnosed for each SSP scenario) and the air-sea
flux of CO, (Methods). Five transient experiments were performed
for each scenario. In the first (labelled ‘All’), time-varying circulation,
temperature and sea ice concentration were specified. In the next
experiment, these forcing fields were held at their preindustrial (PI)
value. This ‘No climate change’ (‘NCC’) experiment allows separation
ofthe (relatively small) impact of climate change on the marine carbon
cycle from the (much larger) impact of rising atmospheric CO,. In the
final three experiments, we separately probe theimpacts of changesin
circulation (‘Circulation’), warming (‘Temperature’) and reduced sea
ice cover (‘Seaice’), by specifying time-varying fields of one of those
forcing fields from the UVic ESCM simulation in turn, with the other
two held fixed at their Pl value.

For SSP5-8.5,inthe absence of climate change, pCO,"™ is lower by
~33 ppmin 2100 and by ~271 ppm in 2500 (Fig. 3a). When circulation
and temperature are independently allowed to change, CO, levels in
2500 increase from their NCC value by 196 and 105 ppm, respectively.
Sea ice has a negligible effect. These values quantify the feedback of
ocean climate change on pC0O,"™, which will in turn lead to further
changes in climate. This additional effect is not accounted for in our
offline simulations but is estimated to be quite small (Methods).
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Fig. 2| Simulated changes in ocean physical and biogeochemical variables.
a, Prescribed atmospheric CO, for the SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5
emission scenarios used to force the UVic ESCM model between 1765 and 2500.
b-f, Simulated change from Plin AMOC (b), global mean SST (c), Arctic (solid
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lines, left axis) and Antarctic (dashed lines, right axis) seaice area (d), NPP (e), and
POC export (solid lines, left axis) and CaCO; export (dashed lines, right axis) (f)
for each scenario.

In our closed-system simulations, differences in pCO,*™ with
and without climate change can only arise from changes in marine
carbon storage. To better understand this, we partition total DIC
C= Csat,phy + Csat,bio + Cdis,phy + Cdis,bio + Csoft + Ccaco3 (rEF' 18;see above, Flg' 1
and Methods).

Response of carbon components to rising
atmospheric CO,

The carbon decomposition for the Plrun (Fig. 3b and Supplementary
Table 1) yields values close to estimates from a data-constrained
model“*, with subsequent changes in response to anthropogenic

emissions dominated by the uptake of CO, due to rising atmospheric
CO, concentrations. Before considering theimpact of climate change,
we therefore remove this ‘baseline’ signal as simulated by the NCC
experiment. In this experiment, for SSP5-8.5, C, ., Shows the largest
increase (Fig. 3c; see Extended Data Fig. 1 for other scenarios). The
disequilibrium components also undergo large changes as the surface
ocean lags the growth in pCO,™™ due to buffering (Fig. 1b), with Cy pny
becoming more negative and Cy; i €SS positive over time (Fig. 1b,
Extended Data Fig. 2 and Methods), overall reducing ocean carbon
storage in year 2500 by ~305 PgC relative to solubility equilibrium.
There s little to no change in C, and C_,.,;. In the following, these
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Fig. 3 | Evolution of marine carbon components under global warming.

a, Change in atmospheric CO, in emission-driven simulations with and without
climate change for the SSP5-8.5 scenario. b, Carbon componentsin the PI.
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sumup to C- Inc, the curve for C,,, is hidden under that for C,.;. d, Changesin
carbon components with respect to NCC in response to different forcing factors
for SSP5-8.5 (see c for the legend). See Extended Data Fig. 1 for corresponding
plots for other scenarios.

changesin the NCC experiment are subtracted from each attribution
experiment to isolate the climate change signal.

Impact of climate change on carbon components
Inthe Circulation experiment, under SSP5-8.5 thereis alarge decrease
in Cg, phy as transport of anthropogenic carbon from high-latitude
ventilation regions into the interior is suppressed (Figs. 3d and 4a,
and Supplementary Table 1; see Extended Data Figs.1and 3 for other
scenarios). This is the primary cause of the ~900 PgC decrease by
2500 in C,,,., more than half of which is compensated by anincrease in
C.; (Fig. 4e and Extended Data Table 1) as a slower circulation allows
moretime (quantified by anincrease in ventilation age) (Methods and
Extended Data Fig. 4) for its accumulation®"'?, This is despite large
decreases in NPP and EP (Extended Data Fig. 5), which we attribute
to reduced nutrient upwelling'>***¥”, Under SSP1-2.6 (Fig. 4b), there is
asimilar decrease in C,.. and increase in C,,. However, in contrast to
the high-emission case, the change in C,,.. is primarily due to C,,;, and
the compensation is nearly exact (Fig. 4e), leading to no net change,
despite large changes inindividual components.

Aslower circulation also allows surface waters to equilibrate more,
enhancing carbon storage. Initially, biological disequilibrium (and,
thus, storage) decreases, but as C,., builds up in the ocean interior,
Caispio increases, amplifying biological carbon storage'®**. Cy; ,,, and
Caispio together increase storage by -41% more thanby C,., alone under
SSP5-8.5 (Supplementary Table1).

Circulation also has a surprisingly large impact on the biologi-
cal saturation term, C,, ;.- Sinking CaCO; transfers alkalinity from

the surface to the deep ocean, decreasing CO, solubility®, an effect
quantified by Cy; 4o, Whichis =290 PgC in our Pl simulation. A slowing
circulation enhances accumulation of regenerated alkalinity in the
deep ocean (Fig. 5a and Supplementary Fig. 4), decreasing C,, ,;, even
further*. This effect is proportionately larger under low emissions
(Fig.4band Extended Data Fig. 3). Accounting for changes in C, ,;, due
to differencesin pCO,"™ between the various experiments (Methods),
we estimate that roughly halfthe changein C, ;, (<100 PgCin SSP5-8.5)
is caused by redistribution of alkalinity.

In the Temperature experiment, the direct effect of warming is
to decrease CO, solubility and, hence, C,, ,1,- This is the largest con-
tributor to the decrease in C,,. under high emissions (Fig. 4c and
Extended Data Fig. 3). By contrast, under low emissions (Fig. 4d),
Ciis phy makes up the dominant component of the reduction in C,,..
The reason Cy; 1, decreases in a warmer ocean is that the meridional
SST gradient in the Southern Ocean increases as the polar ocean
remains close to the freezing point whereas the subpolar oceanwarms
substantially (Extended Data Fig. 6). This increases the magnitude
of the (negative) physical disequilibrium and thus decreases ocean
carbon storage. This effect is proportionately larger under low emis-
sions than the solubility-driven decline in C,, ,,, (Supplementary
Tablel).

Warming also promotes phytoplankton growth, zooplankton
grazing and remineralization®, giving rise to an increase in NPP and
EP (Extended DataFig. 5). Theresulting increase in C,., is, however, too
small under any of the scenarios to compensate for the decline in C,.
(Fig.4e).For SSP5-8.5, the overall change in biological carbon storage
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(sum of Cyyepio + Caispio+ Creg) is ClOse to zero, confirming the results
of previous studies that neither NPP nor EP are robust indicators of
biological carbon storage'>***,

Lastly, the primary effect of reduced sea ice cover is to facilitate
gas exchange, making Cy ,n, less negative and Cy; i, l€ss positive™
(Extended DataFig.7 and Supplementary Table1). The former change
generally outweighs the latter, leading to an overall increase in stor-
age. However, for all scenarios, sea ice has amuch smaller effect than
temperature and circulation.

When all climate change factors are simultaneously applied,
total carbon storage decreases by between 27 PgC and 554 PgC for
the lowest and highest emissions, respectively (Supplementary
Table 1). This response is surprisingly linear in SSP5-8.5, that is, the
values are close to the sum of the change in storage for individual
factors, with the deviation from linearity less than 2% in 2100 and still
under 6% in2500.

Evaluation of the AOU approximation of C,,

Theseresultsrely onseparate, explicit simulations of diagnostic trac-
ersto accurately partition DIC into its components (Methods). When
these are not available, as in most CMIP models and studies based on
them'*%%¢ the partitioning is typically based on estimating C,, via
AOU (Methods), leading to substantial biases™ 2. In our Pl simulation,
AOU overestimatestrue C,, by ~45%, versus ~34% in a data-constrained
model*?. Inthe transient SSP5-8.5 simulations, inboth the Temperature
and Seaice experiments, thereisanincrease in C,,;; but AOU indicates a
decrease (Methods, Extended Data Fig. 8 and Supplementary Table 2).
Thisis consistent with other studies showing that AOU can give qualita-
tivelyincorrect estimates of C,;, change when large climatic shifts are
involved”. For the Circulation experiment, AOU is reasonably accurate,
slightly overestimating (underestimating) the true change in Cyyf (Cye)
by ~10% (-14%). However, when all three climate change factors are
combined, AOU underestimates C,,iand C,.,changes by ~31% and -47%,
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atmospheric CO, between the Circulation experiment with surface alkalinity held
fixed atits PIvalue and the standard Circulation experiment (Methods). Higher
surface alkalinity in the former leads to greater uptake of anthropogenic carbon
and, hence, alower atmospheric CO,.

respectively. These errors are comparable to, and in some cases larger
than, the signals of interest, highlighting the need for caution when
interpreting AOU-based estimates of carbon storage™ "™, especially
under climate change.

Feedback onatmospheric CO,

Our emission-driven simulations allow the direct mapping of changes
in the carbon components to pCO,*™ changes for each attribution
experiment by scaling the total change in pCO,™™ by the fractional
contribution of acomponent to the total change in DIC. The increase
in pCO,"™ due to reduced ocean carbon storage because of climate
change ranges from ~16 ppm for SSP1-2.6 to -271 ppm for SSP5-8.5in
2500 (Fig. 6, Extended Data Fig. 9 and Supplementary Table1). Thelarg-
est contributing factor for high emissionsis the effect of circulation on
Ciarphy Which raises pCO,"™in 2500 by more than 400 ppm for SSP5-8.5,
more than half of which is balanced by C,.,. Cyis ny also decreases; this
previously overlooked effect on C,,., which for SSP5-8.5 produces ~30%
additional lowering in pCO,"™ than by C,., alone, has also been shown
to be relevant for lowering atmospheric CO, during other periods of
weak overturning, such as the Last Glacial Maximum (LGM)'S.

For low-emission scenarios, the direct effects of temperature
become dominant (Fig. 4f). This is because of warming effects on
Cuis phy» Which makes a relatively large contribution to the decrease
in preformed carbon for those scenarios (60% and 31%, respectively,
for SSP1-2.6 and SSP2-4.5; Supplementary Table 1). This amplifies the
(negative) physical disequilibrium and thus decreases carbon storage.
InSSP1-2.6 forinstance, 75% of the total increase in pCO,*™ inyear 2500
inthe Temperature experiment is caused by Cy; ,1,- A similar effect, but
of opposite sign, has been seen in simulations of the LGM™,

Caaupio in the SSP5-8.5 circulation experimentincreases pCO,*™in
2500 by ~94 ppm, of which we estimate ~53 ppm is due to increasing
sequestration of alkalinity in the deep ocean (Methods). The effect of
circulation changes on C,,,, becomes even more important relative
to the other components at lower emissions. For example, in SSP1-2.6
it contributes to an increase in pC0O,*™ of ~-30 ppm, offsetting nearly
all the decrease due to C, (Supplementary Table 1). Although this
reinforcing feedback on climate has been previously recognized*’, its
magnitude has, to our knowledge, not been quantified.

Discussion

In this study, we have quantified the impact of global warming on
marine carbon storage components and the consequent feedbacks
onatmospheric CO, dueto different forcing factors and for arange of
emission scenarios. This has proven difficultin the past, both because
of the complex responses of the various carbon components to cli-
mate change and because conventional models, such as those used in
CMIP, are typically not equipped with the diagnostic tracers required

torobustly quantify these components. Moreover, translating changes
in storage to changes in atmospheric CO, is not straightforward in
concentration-driven CMIP simulations because of buffering.

Consistent with previous work’*", we find that increased regen-
erated carbon under climate change offsets reduced anthropogenic
carbon uptake. However, while previous studies have attributed this
compensation between C,,. and C.,, explicitly or implicitly, almost
entirely to a slowing circulation", our results instead show that the
degree of compensation depends on the forcing factor and emission
scenario. Across all scenarios, circulation does indeed elicit the larg-
est response relative to other forcing factors (Fig. 4 and Extended
Data Figs. 3 and 7), with the changes tending to compensate each
other” (Fig. 4e). However, we additionally find that the degree of
compensation ranges from almost exact for SSP1-2.6 to about half for
SSP5-8.5 (Fig. 4e).

Moreover, while the direct effects of warming induce smaller
changes, they are farless balanced as the decrease in preformed carbon
is much greater than the increase in regenerated carbon from higher
primary production, export and remineralization (Fig. 4e). Conse-
quently, warming dominates the overall response at lower emissions
and continues to contribute substantially at higher emissions (Fig. 4f).
Interestingly, for all scenarios, the degree of compensation and the
relative contributions of warming and circulation are, after an initial
adjustment, relatively stable over time (Fig. 4f).

Mapped to atmospheric CO,, global warming-driven changes in
oceancirculation, temperature and seaice under SSP5-8.5 raise pCO,*™
by 271 ppm (-16%) by 2500 (Fig. 6d, All) relative to a simulation without
such changes. Aslowdownin the overturning circulation bothreduces
anthropogenic carbon uptake and increases accumulation of alkalin-
ity atdepth, increasing pCO,"™ by ~425 ppm (Fig. 6d, Circulation) and
~53 ppm (Fig. 5b), respectively. Concomitantly, it allows for greater
sequestration of regenerated carbon'">and reduced physical air-sea
disequilibrium (Fig. 6d, Circulation), lowering pC0O,*™ by ~-226 and
65 ppm, respectively.

Under high mitigation and stabilization scenarios, warming domi-
nates, contributing to nearly all of the 16 ppmincrease in pCO,"™ for
SSP1-2.6 (Fig. 6b, Temperature). Even for SSP5-8.5, warmingstill contrib-
utestoathird (-105 ppm) of the total increase (Fig. 6d, Temperature).

The simulations also identify the first-order role of air-sea dis-
equilibriumin modulating carbon storage under climate change. Dis-
equilibrium has been shown to be key to explaining lower atmospheric
CO, duringglacial periods'®**, Under global warming, asin the LGM'®,
a slower circulation enhances carbon uptake by reducing physical
disequilibrium; for SSP5-8.5, this amplifies by 30% the impact of C,
alone on lowering pCO,™™. Meanwhile, warming enhances physical
disequilibrium because of an increase in the meridional SST gradi-
ent (Extended Data Fig. 6), reducing storage. A similar effect but of
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Fig. 6 | Impact of marine carbon pumps on atmospheric CO,. a-d, Waterfall
chart attributing changes in atmospheric CO, to different carbon components
and forcing factorsinyears 2100 (aand c¢) and 2500 (b and d) for the lowest
SSP1-2.6 (aand b) and highest SSP5-8.5 (c and d) emission scenarios. Each
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negative) change in pCO,"™ due to that component. From left to right, each
panel for a particular forcing factor shows the cumulative change in pCO,""™ as
successive components are included. See Extended Data Fig. 9 for equivalent
plots for the SSP2-4.5 and SSP3-7.0 scenarios.

opposite sign has been simulated for the LGM and shown to nearly
double the solubility-driven drawdown of CO, during that period'®. This
effectis especially pronounced under low and intermediate emissions
and explains the dominance of temperature over circulation under
those scenarios.

Our results underscore the importance of accurately diagnos-
ing marine carbon components in models. Estimates of C,., based on
AOU can have errors ranging from 50% to over 1,000%, depending on
the forcing factor and emissions scenario, with even the direction of
change sometimes predicted incorrectly (Extended Data Fig. 8 and
Supplementary Table 2). The large resulting errors in the attribution
of simulated carbon cycle changes to different forcing factors and
processes'>" could be especially relevantin the context of achieving net
zero emissions and efforts to sequester CO, in the deep ocean through
marine carbon dioxide removal strategies***.

Although the large-scale metrics of ocean physical and biogeo-
chemical change projected by UVic ESCM-MOBI are within the spread
of CMIP models'>*, our study has several limitations. First, it is based
on a single realization of UVic ESCM, an intermediate-complexity
climate model. Second, in the configuration employed here, UVic
ESCM does not account for climate-induced changes in winds (Meth-
ods), which may affect both the simulated warming (for example,
amplifyingit*’) and the resulting carbon cycle response (for example,
enhancing outgassing of natural carbon®**"). Third, in common with
many biogeochemical models in CMIP, MOBI neglects the impact

of acidification on the formation and dissolution of CaCO; (ref. 52);
assumes a fixed stoichiometry for organic matter; simulates only a
small number of plankton types; and parameterizes the sinking and
remineralization of POCin asimplistic way that likely does not resolve
spatial variations in its transfer efficiency to depth. These aspects are
recognized to be important for the marine carbon cycle and its poten-
tial response to climate change® but remain poorly constrained even
for the present-day ocean®**, Lastly, our simulations did not include
aterrestrial carbon cycle component. This may affect our attribution
experiments as some of the carbon outgassed by the ocean could be
absorbed by land, moderating the atmospheric response*. Given these
caveats and the persistent, large uncertainties in projected changes
in the ocean carbon cycle>'*****%¢0 and its potential feedbacks on
climate, itisimperative thatasimilar analysis be conducted withawider
group of models instrumented with the appropriate diagnostic trac-
ers torobustly quantify changes in marine carbon components. Such
anexercise would enhance understanding of and better constrain the
complex marine carbon cycle response to climate change.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-026-02686-X.
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Methods
Description of models and simulations
UVic ESCM. We simulate the impact of increasing atmospheric CO,on
the ocean’s physical state with the intermediate-complexity University
of Victoria Earth System Climate Model (UVic ESCM)**°, UVic ESCM
is composed of a three-dimensional ocean general circulation model
(1.8°x 3.6° x 19 layers) coupled to atmospheric energy-moisture bal-
ance, dynamic-thermodynamicsea-ice and land-surface components.
UVic ESCM was first integrated to a Pl equilibrium with a fixed
atmospheric CO, concentration (pC0O,"™) of 277.44 ppm. The ocean
circulationinthe configuration has been extensively evaluated against
hydrographic, CFC and radiocarbon data®*®’, The model was then
forced with historical and future scenarioMIP projections®** of pCO,*™
and aerosols*** from 1765 to 2500 (Fig. 2) for four different SSP emis-
sion scenarios®*%: one low emission (SSP1-2.6), one intermediate
(SSP2-4.5), one high (SSP3-7.0) and one very high emission (SSP5-8.5).

MOBI-TMM. The ocean carbon cycle is simulated with the Model of
Ocean Biogeochemistry and Isotopes (MOBI)* coupled to the TMM?*
for offline simulation of biogeochemical tracers. MOBI is composed
of three phytoplankton functional types, one zooplankton class, dis-
solved inorganic and organic carbon, dissolved oxygen (O,) and alkalin-
ity. Phytoplankton growth s limited by the macronutrients dissolved
inorganic phosphorous (DIP) and nitrogen; the micronutrient iron,
governed by a prognostic iron cycle driven by inputs from atmos-
pheric dust, sediments and hydrothermal vents; and light. The latter
isreduced in proportionto the fraction of agrid box covered with sea
ice, which also similarly blocks air-sea fluxes of CO, and O,. Primary
production, respiration and zooplankton grazing rates are exponen-
tially dependent on temperature. The sinking speed of POC increases
linearly with depth. CaCO; production is tied to POC production via
a constant rain ratio and is independent of the local saturation state.
Dissolution is parameterized by assuming that the downward flux of
CaCO; decreases exponentially with depth.

MOBI-TMM was first spun up to equilibrium with a fixed PI pCO,*™
and seasonally repeating, monthly mean temperature, salinity, winds,
seaiceand circulation (transport matrices, TMs) fields extracted from
the UVic ESCM Pl simulation. This was followed by a transient simula-
tionfrom1765t0 2500 for each SSP scenario driven by the correspond-
ing pCO,"™ and monthly mean, time-evolving TMs and other forcing
fields from UVic ESCM (extracted for each month between 1765 and
2500°°). The PIsolution was constrained by a variety of biogeochemical
and isotopic data and is extensively described elsewhere®>®*,

For the emission-driven simulations, MOBI-TMM is coupled to
asingle-box atmosphere whose CO, concentration is prognostically
time-stepped as abalance betweenimposed emissions and the air-sea
flux of CO,. Effective emissions for each SSP scenario were diagnosed
from the concentration-forced simulations as a difference between
the instantaneous rate of change of pCO,"™ and the air-to-sea flux of
CO,. By construction, the simulated pCO,*™ obtained by forcing the
emission-driven model with this diagnosed emission trajectory repro-
duces the original specified pCO,*™. These emissions include both
sourcesincorporated into the scenario, such as fossil fuel combustion
andland-use and land-cover change, as well as any potential response
ofthe terrestrial biosphere, which is not included in our simulations.

Attribution experiments. To attribute changes in carbon storage to
specificforcing factors, simulations withMOBI-TMM were carried out
in which time-varying fields (for each emission scenario) of one fac-
tor were specified, while the others were held at their Pl value. These
experiments are labelled Temperature, Circulationand Seaice. Intwo
additional simulations, all three are either fixed at their Pl value (NCC)
orallowed tovaryintime (‘All'). By construction, the simulated atmos-
pheric CO,inthe All experiment reproduces the original prescribed CO,
for that scenario. Attribution experiments such as these in which one

forcing parameter is altered ata time require an offline scheme like the
TMM. A conventional climate model would not allow such simulations.

Our study does notinclude either aland carbon or ocean sediment
model, which may affect simulated changes in pCO,™™. For example,
some of the CO, outgassed by the oceanin the attribution experiments
could potentially be absorbed by land, moderating pCO,"™ changes*®.
The effect of interactive sediments has been shown to be small on the
timescales considered here®’.

Our study also excludes theimpact of wind changes. InUVicESCM,
prescribed monthly climatological wind fields are used for advection
of heat and moisture by the energy balance model, as well as for calcu-
lating air-sea fluxes of heat, moisture and momentum. Prognostically
computed anomalies canbe optionally added to the prescribed winds®.
However, for consistency with the data-constrained Pl configuration
from which the transient simulations are initialized and in which this
feedback was switched off*>**, we did not utilize this capability in the
transient runs either, which may affect the simulated response to emis-
sions. Winds directly drive ocean circulation, whichin turn can affect
SST, warming patterns® and air-sea CO, flux*' inaspatially and tempo-
rally heterogeneous manner. A recent study* estimated that changes
tothewind-driven oceancirculationinrecent decades have amplified
global warming by 17%. However, on longer timescales, the buoyancy
flux-driven decline in the AMOC, as simulated in our model, is likely
to dominate and reduce surface warming*>**’°, Other studies***' have
shown that strengthened westerlies in the Southern Ocean promote
outgassing of natural CO, via increased upwelling, thus reducing net
CO, uptake. Meanwhile, intensified westerly winds and deeper mixed
layersin the North Atlantic enhance CO, uptake®. Given this complex-
ity and the fact thatanintermediate-complexity model like UVicESCM
may struggle to simulate these different feedbacks, it is difficult to
quantify the impact of neglecting wind changes on our results.

Comparison with CMIP models

Broadly, there is good agreement between our simulations (Fig. 2)
and those from more complex CMIP Earth system models. In CMIP6
models, AMOC decreases by an average of 7.3 + 2.7 Sv by 2100 under
the highest-emission SSP5-8.5 scenario'?, compared with 7.4 Sv in
UVic ESCM, while global mean SST increases by 3.5+ 0.8 °C (ref. 34)
and 2.8 °C, respectively. The change in sea ice area is more difficult
to assess given the very large range simulated by CMIP6 models” ">,
In these models, the Arctic reaches ‘ice-free’ conditions (defined as
September seaice area below 10° km?) for the first time between 2014
and 2093 under SSP5-8.5, although the majority of models reach this
state by 2050”". The corresponding year in our model is 2079. For the
Antarctic, CMIP6 models simulate aloss of between 0 and 3.3 x 10° km?
by 2100 in February under SSP5-8.5”%, compared with 0.75 x 10°km?in
UVic ESCM.

Thereisalso similarity in theimpact of these physical changes on
the ocean carbon cycle. For SSP5-8.5, MOBI-TMM projects decreases
in NPP of 6.2% by 2100, POC export (EP) by 0.56 PgC yr™and biogenic
CaCoO, export by 7.2% (Fig. 2). While there is considerable variabil-
ity amongst CMIP models in predicted NPP and CaCO, export, with
uncertainty even in the sign of the change***>*, these values are com-
parable to decreases of 3% + 9% (ref. 34) and 1.1 £ 0.5 PgC yr™ (ref. 12),
respectively, in NPP and EP simulated by the CMIP6 ensemble, and
achange in CaCO, export lying between -17.4% and +22.8% for the
majority of models™.

Decomposition of carbon storage

We decompose DIC into a ‘preformed’ component C,,,. originating at
the ocean surface and conservatively (that is, without any sources or
sinks) advected and diffused by ocean circulation into the interior,
and aregenerated component C., representing DIC produced by res-
piration of soft tissue organic matter (C,) and dissolution of CaCO,
(C.co3) in the interior and that has accumulated since the water was
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last at the surface®” (Fig. 1a). To accurately perform this decomposi-
tion, we simulate a suite of diagnostic preformed tracers (labelled
with the subscript ‘pre’) by conservatively propagating MOBI-TMM’s
monthly mean surface fields of DIC, DIP and alkalinity (4;) into the
interior with TMs extracted from UVic ESCM. For the Pl experiment,
seasonally repeating surface fields are propagated with seasonally
repeating, monthly mean TMs from the UVic Pl configuration and the
preformed tracers integrated to equilibrium. For the transient runs,
preformed tracer fields areinitialized from these equilibrium distribu-
tions, and corresponding time-evolving surface fields propagated with
time-evolving, monthly mean TMs.
The regenerated components are calculated as

Csoft = RC:P(DIP - Dlere)

Ceacos = 0.5[Ar _AT,pre + Rn.p(DIP — D]Ppre)]’

where R, and Ry are constant stoichiometric ratios of carbon to
phosphorus and nitrogen to phosphorus, respectively®, in organic
matter whose values (R., =112 and R, = 16) areidentical to those used
inthe model. A different version of MOBI with variable stoichiometry
produces a carbon decomposition very similar to that in this study®.

Theimpact of air-sea disequilibriumis quantified by further par-
titioning DIC at each surface grid pointinto acomponent C, in solubil-
ity equilibrium with the atmosphere and a residual Cy, representing
disequilibrium. C, is calculated using the extant pCO,"™" (fixed in the
Plsimulation and time-varyinginthe transient runs). C4, can be either
positive or negative depending on whether the DIC concentration
is greater (oversaturated) or less (understaturated) than the corre-
sponding solubility equilibrium value. C, and Cy; are conservatively
propagated into the interior by the circulation. Integrated globally,
C,,. represents the oceanic DIC inventory if the surface was in solubil-
ity equilibrium, and C4, the enhancement or depletion relative to this
hypothetical value due to disequilibrium. Note that pCO,"™ evolves
differently in each of our emission-driven attribution experiments,
which affects C,,. and its partitioning into C,, and Cy,. However, the
carbon decomposition results are qualitatively very similar when
the simulations are instead performed with a prescribed pCO,*™
(Supplementary Note1and Supplementary Fig.1).

Lastly, the various componentsaresplitinto ‘physical’ and ‘biologi-
cal’ ones (labelled with the subscript ‘phy’ and ‘bio’, respectively). For
both the Pl and each transient experiment, the physical components
are computed by performing a parallel run of the model with the bio-
logical source/sink terms set to zero. The biological components are
defined as the difference between the full model and physics-only
model solutions. The PI physics-only run was forced with the same
fixed pCO,*™ as the full model. This choice of atmospheric boundary
condition (BC) ensures that the physics-only simulations are driven
by the same physical forcing fields (circulation, temperature, sea ice
and soon) and the difference between the fulland no-bio runsin both
the Pl and transient runs can be attributed to biological carbon and
not contaminated by differences in physical forcing, which would
make interpreting the results extremely difficult, if not impossible.
We emphasize that this choice of BC for spinning up the physics-only
Plexperiment does not affect total saturation (C,,,) and disequilibrium
(C4:); itaffects only how they are split between physical and biological
contributions. Nor does it affect C,,¢ or C,..3. It is also consistent with
previous studies""*>*** and is the recommended protocol for abiotic
simulations in CMIP”, The sensitivity of our results to this choice of
BCisdiscussedin Supplementary Note 2 and Supplementary Fig. 2.

The decomposition of total DIC (C) is thus given by

C= Cpre + Creg = Csar + Cgis + Creg

= Csat,phy + Csatpio + Cis,phy + Cdis,bio + Csoft + Ceaco3-

C..obio IS the biological contribution to equilibrium carbon. For-
mation of calcium carbonate shells removes alkalinity from the sur-
face ocean, which lowers the equilibrium concentration of DIC from
the value it would have in the absence of biology. C,;; i, is thus gener-
ally negative. In the Pl simulation, Cg,,;, = —292 PgC, compared with
Caatphy = 36,209 PgC.

This partitioning is performed at every model grid point and
integrated globally to obtain the inventory of each component
(Cyxdenotes both concentration and inventory, with the meaning usu-
ally clear from the context).

Feedback from reduced ocean carbon storage due to

climate change

Our attribution experiments use forcing fields from UVic ESCM driven
by prescribed atmospheric CO, for the various SSP scenarios. However,
by switching different forcing factors on or off, we modify the atmos-
pheric CO,, which in turn will have an impact on climate, a feedback
neglected in our offline simulations. To place an upper limit on the
size of this feedback, we used the atmospheric CO, simulated by the
NCC experiment (Fig. 3a, dashed line) to force UVic ESCM. In the NCC
experiment, ocean carbon uptakeis higher, leading to alower simulated
atmospheric CO,thanthe standard SSP5-8.5 scenario (Fig. 3a, solid black
line). Compared with the very large changes due to CO, emissions, the
impactofaloweratmospheric CO,onMOC and other parametersisrela-
tively small (Supplementary Fig.3). This strongly suggests that neglect
of carbon-climate feedbacks in the offline simulations is justified.

Change in carbon disequilibrium in response to increasing
atmospheric CO,
In the NCC simulations, both physical and biological disequilibrium
components decrease (Fig. 3c). Thisis aconsequence of the slow equi-
libration timescale of CO, such that the rate at which surface ocean
carbonequilibratesis slower thanthe growth rate of atmospheric CO,.
Thus, physical disequilibrium (Cy; o), Which is initially negative in
high-latitude regions® (Extended Data Fig. 2a), becomes more negative
over time as the surface ocean diverges from the atmosphere (Fig. 1b
and Extended Data Fig. 2b). By contrast, in those same regions, the
upwelling of biologically respired CO, (refs. 23,38) leads to a positive
(total) disequilibrium Cy,, which decreases over time (Fig. 1b). Because
Ciispio = Cais — Cais phy the change (A) is given by ACy pio = ACqis = ACis phy-
While both terms on the right-hand side are negative, their relative
magnitude (and, hence, the sign of ACy;,,) depends on the relative
rates of equilibration in the biotic and abiotic models. The equilibra-
tion timescale is proportional to d[CO5*1/0[HCO, ]in the carbonate
chemistry equations, where [CO,% "] and [HCO, ] are the carbonate
and bicarbonate ion concentrations, respectively®. This derivative
is well approximated in terms of the DIC and alkalinity concentra-
tionsas (Alk - DIC)/(2DIC — Alk)®". At high latitudes, particularly in the
Southern Ocean, DICis higher in the biotic model owing to upwelling
of remineralized carbon, while alkalinity is similar between the two
models (Extended Data Fig. 2c). We therefore expect the equilibration
time to be shorter in the biotic model than in the abiotic one. This is
supported by our simulations (Extended Data Fig. 2d), with the biotic
model equilibrating almost twice as fast in the Southern Ocean.

Cqs therefore decreases at a faster rate than Cy pry, and ACs pio
is consequently negative as well. Thus, under increasing pCO,"™, both
physical and biological disequilibria reduce global carbon storage.

Impact of alkalinity redistribution on carbon storage and
atmospheric CO,

Transfer of alkalinity to the deep ocean by sinking particulate inorganic
carbonreduces carbonstorage” because lower surface alkalinity leads
to lower DIC at constant pCO, (ref. 39). This is reflected in a negative
Caarpio = —290 PgCin the Pl simulation. A slowing circulation enhances
this effect by redistributing alkalinity downwards, making C, ,;, even
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more negative. However, at least some of the change in C, ;. is due
to pCO,*™, which, in our emission-driven simulations, is different
for each experiment. We estimate this latter effect in two ways. First,
we exploit the corresponding concentration-driven simulations for
SSP5-8.5, which are forced by identical prescribed pCO,*™ history
(Supplementary Note1and Supplementary Fig.1). Inthose runs, changes
in Cy,. i cONtribute to -9% of the total change in C,,,, whereasin the cor-
responding emission-drivenrun the proportionis~18%, suggesting that
roughly half the change in C,, 4, is due to aredistribution of alkalinity.

As a second, more direct approach, we repeated the emission-
driven Circulation experiment with the surface alkalinity field used
to calculate CO, solubility held at its Pl value. As expected, atmos-
pheric CO,inthisexperimentislower thaninthe standard Circulation
one (Fig. 5b). From the difference between the two experiments, we
estimate that, for SSP5-8.5, -53 ppm of the total change in pCO,*™ of
~94 ppmin2500 (thatis, again approximately half) is due to alkalinity
and the remainder due to differencesin pCO,*™.

Ideal mean age

We simulate the ideal mean age as a passive tracer’” with a surface
BC of zero concentration and an interior source of ‘1" per unit time.
In steady state, this tracer can be interpreted as the mean time since
awater parcel was last at the sea surface and thus as a measure of the
time available for the accumulation of regenerated carbon.

The tracer was first integrated to equilibrium with the PI cir-
culation (Extended Data Fig. 4a), and subsequently from 1765 to
2500 with time-varying circulation for each SSP scenario (Extended
DataFig.4b-e).

AOU approximation

Apparent oxygen utilization, AOU = O,, — O,, is the deviation of subsur-
face dissolved oxygen (O,) from its temperature-dependent saturation
concentration (O,,,). It has been widely used to estimate soft-tissue
biological carbon storage C aou= Rc.0AOU, where R, (0.6364 here)
isthe carbon to oxygen molar ratio during organic matter respiration®.
The rationale is that remineralization of organic matter consumes
oxygen and thus any deviation of the in situ oxygen concentration
from O, would indicate respired carbon. However, the underlying
assumption of the AOU method that surface ocean oxygenis always at
saturation hasbeen provenincorrect. For example, float observations
show up to 20% undersaturation in the Antarctic Seasonal Ice Zone'*”".
This disequilibrium propagates into the interior and leads to large
errors in AOU-based estimates of C,, (refs. 11,15-20). In MOBI-TMM,
C,or calculated via the carbon decomposition is ~-982 PgC for the PI,
versus -1,420 PgC using the AOU approximation, a 45% overestimate.
Another study? with a data-constrained model of the modern ocean
found that AOU overestimates C,, by ~34%. Furthermore, AOU only
gives an estimate of soft-tissue carbon storage; it does notinclude the
hard-tissue (C,c03) component of C.

Previous studies have also found that AOU-based estimates of
changes in C,, can be qualitatively incorrect under large climate
shifts'", as also found here (Extended Data Fig. 8a). For the SSP5-8.5
Temperature and Seaice experiments, C,. calculated using the carbon
decomposition increases under global warming, but C,, 5o, decreases.
Inthe Circulation experiment, AOU is reasonably accurate, but when
all climate change factors are simultaneously applied, AOU underes-
timates the true change in Cy,¢ and C,eg (= Coope + Ceaeoz) Y ~31% and 47%,
respectively, in 2500 (Supplementary Table 2). These errors are even
larger for the other emission scenarios and also generally grow with
time (Extended Data Fig. 8b).

Data availability

The data required to reproduce the figures shown in this article are
available via Zenodo at https://doi.org/10.5281/zenodo.14764349
(ref.78).

Code availability

The code required to reproduce the figures shown in this article is
available via Zenodo at https://doi.org/10.5281/zenod0.14764349
(ref. 78). Model codes are available via Zenodo at https://doi.
org/10.5281/zenodo.1246300 (ref. 79) and https://doi.org/10.5281/
zenodo.7159021 (ref. 80).
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Extended Data Table 1| Compensation between preformed and regenerated carbon under global warming

2500 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
Temperature

AC,, -31.2 -777 -186.8 -250.0
AC g 5.2 n 22.9 28.2
AC it -26 -66.7 -163.9 -221.8
AC,o/AC g -6 -71 -8.2 -8.9
Circulation

AC,, -196.4 -3435 -6707 -879.2
AC, 1977 3107 432 480.4
AC iat 1.3 -327 -2387 -398.8
AC,,/AC, g -1.0 -11 -1.6 -1.8

All

AC,, -2291 -422 -823 -1065.7
AC, 202.2 3241 459 5117
AC at -26.9 -97.8 -363.9 -554.0
AC,,/AC, g -11 -1.3 -1.8 -21
AC,..((Circ)/AC, (Temp) -0.05 0.49 1.46 1.80

Change (A) in the inventory of carbon components in 2500 in the Temperature, Circulation, and All attribution experiments for the four emission scenarios. Changes are with respect to the
corresponding No Climate Change experiments. Listed is the change (in PgC) in preformed (AC,,.), regenerated (AC,.,) and total (AC,,) carbon, and the compensation ratio AC,,./AC,.,. The
last row is the ratio of AC,q, in the Circulation experiment to AC,, in the Temperature experiment.
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Extended Data Fig. 1| Evolution of marine carbon components under global scenarios. (b, d, f) Changes in carbon components with respect toNCCin
warming. (a, ¢, e) Changes in carbon components in the emission-driven No response to different forcing factors for (b) SSP1-2.6, (d) SSP2-4.5 and (f) SSP3-7.0
Climate Change simulations for (a) SSP1-2.6, (c) SSP2-4.5 and (e) SSP3-7.0 scenarios (see corresponding left side panels for legends).
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Extended Data Fig. 2| Disequilibrium carbon. (a) Zonal mean surface total (C;),

physical (Cy; »1y) and biological (Cg;s i) disequilibrium components in the P
simulation. (b) Time evolution of disequilibrium components averaged over the
surface Southern Ocean (<60°S) in the NCC simulation in response to increasing
atmospheric CO,. Disequilibriain this region propagate into the oceaninterior,
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affecting global carbon storage. (c) Zonal mean surface DIC and alkalinity in the
biotic and abiotic models in the Pl simulations. (d) Ratio of equilibration times in
the biotic and abiotic models based on the approximation described in the text.
A more exact calculation using the full carbonate chemistry equations gives
nearly identical results.
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Extended Data Fig. 4 | Ideal mean age under global warming. (a) Zonally-averaged section in the Pacific Ocean of equilibrium ideal mean age for the Pl circulation.
(b-e) Change in Pacific zonally-averaged ideal mean age between Pland 2500 for SSP1-2.6 (b), SSP2-4.5 (c), SSP3-7.0 (d), and SSP5-8.5 (e) scenarios.
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Extended DataFig. 5| Primary production and carbon export for different
forcing factors and emissions. (a) Change in net primary production (with
respect to the No Climate Change run) in the attribution experiments for
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changes in export production (solid lines, left axis) and CaCO, export (dashed

lines, right axis).
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Extended Data Fig. 7 | Impact of seaice on carbon components. Change in carbon components with respect to NCC in year 2500 due to seaice for (a) SSP1-2.6,

(b) SSP2-4.5, (¢) SSP3-7.0 and (d) SSP5-8.5.
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for the various attribution experiments under the SSP5-8.5 scenario. Changes
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Extended Data Fig. 9| Impact of marine carbon components on atmospheric CO,. Waterfall chart attributing changes in atmospheric CO, to different carbon
components and forcing factors in years 2100 (a, ¢) and 2500 (b, d) for the SSP2-4.5 (a, b) and SSP3-7.0 (c, d) emission scenarios.
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