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Key Points

o The ECCO-Darwin ocean biogeochemistry model is used to simulate the response of the
ocean carbon sink to reduced atmospheric CO» levels.
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e Over 21 years, modeled mitigation results in reduced air-sea fluxes globally, yielding
reductions of 48% and 22% for SSP1 and SSP2 Mitigation scenarios, respectively.

e The strongest reductions in flux and DIC inventory occur in the Southern Ocean, North
Atlantic, and boundary current regions.
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Abstract

The ocean plays a critical role in sequestering carbon, yet how the air-sea carbon sink will
respond to rapid reductions in atmospheric carbon dioxide (CO:) concentrations remains a key
uncertainty for climate mitigation and carbon accounting. In this study, we utilize the ECCO-
Darwin ocean biogeochemistry model to simulate the ocean’s response to a range of near-term
CO; mitigation scenarios which are simulated with reduced atmospheric carbon concentrations.

(Deleted: .

Our results demonstrate an immediate but spatially heterogeneous weakening of the ocean
carbon sink following reduced atmospheric forcing. Global air-sea carbon uptake decreases
substantially within the first several years of mitigation, with the magnitude of the reduction
scaling with the strength of the mitigation scenario. We find that the mitigation signal is
primarily confined to the upper-500 m, reflecting dominant decadal-scale ventilation pathways.
The most pronounced reductions in uptake occur in subtropical thermocline regions, western
boundary currents, and the subpolar North Atlantic — regions characterized by intense
ventilation and rapid air-sea equilibration. These findings align with recent CMIP-based long-
term projections and observation-based inversions, confirming that the areas currently
dominating anthropogenic carbon uptake are also the most sensitive to atmospheric forcing
changes. Our results suggest that observational efforts to track jmpacts from reduced

atmospheric carbon levels should be prioritized in these high-latitude and boundary current
systems, where signals emerge earliest and most strongly. Ultimately, this study underscores the
high sensitivity of the ocean carbon sink to changes in atmospheric forcing and highlights the
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necessity of sustained, strategically-placed observations to detect and attribute changes in the
global carbon budget under future climate strategies.

Short Summary

The ocean helps slow climate change by absorbing carbon dioxide, but our research shows this
process weakens quickly when we reduce emissions. Using a sophisticated model, we found that
the ocean’s carbon uptake drops within just a few years of mitigation. This change is most
visible in the North Atlantic and Southern Ocean. To accurately track our progress in addressing
climate change, we must focus global monitoring efforts on these specific, sensitive regions of
the open sea.

Introduction

The oceans absorb a substantial fraction of anthropogenic emissions of carbon dioxide (CO2),
acting as a vital buffer for atmospheric COx rise and thereby moderating the impact of climate
change (Gruber et al., 2019, 2023, Friedlingstein et al., 2025). However, the capacity, efficiency,
and changing patterns of the future ocean carbon sink remain highly uncertain across different
emission scenarios. Consequently, it is unclear how future mitigation pathways will affect the
sink’s long-term trajectory and durability.

Past studies that consider the global ocean response to climate mitigation have relied on fully-
coupled Earth System Models (ESMs), with dynamic feedbacks between model components.

Katavouta & Williams (2021) examined basin-scale contributions to the carbon-concentration
and carbon-climate feedbacks across various ESMs fhat carried out experiments under the 6th
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Coupled Model Intercomparison Project (CMIP6). Their work demonstrates that ocean basins
differ markedly in how ventilation, seawater buffer chemistry, and marine biology drive future
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CO; uptake patterns. While ESMs provide a detailed representation of physical, chemical, and
biological processes, they are computationally demanding and typically explore a limited set of
scenarios (Flato et al., 2013).

At the same time, several studies underscore the regional and mechanistic complexity of the
ocean carbon sink under both warming and mitigation. For example, Williams et al. (2024)
highlight the pronounced role of the Southern Ocean in global carbon uptake and its asymmetries
under changing atmospheric forcing. They find that the North Atlantic exhibits a larger reduction
in carbon uptake than the Southern Ocean in future Shared Socioeconomic Pathway (SSP)
scenarios using the CMIP6 suite of models (O'Neill et al., 2016, Riahi et al., 2017). Furthermore,
Lee etal. (2025) demonstrate that under strong warming, an “uptake hole” may emerge in the
subpolar North Atlantic due to shifts in convection and ventilation. These studies emphasize how
regional ocean dynamics, transport, and vertical redistribution of dissolved inorganic carbon
(DIC) are as important as surface forcing (i.e., air-sea gas exchange) when considering the long-
term impact of changing CO emissions and ocean carbon sequestration. Specifically, the
Southern Ocean has emerged as a critical region for anthropogenic carbon uptake, often
accounting for ~40 % of the global-ocean sink. Terhaar et al. (2021) used an emergent constraint

approach to assess the Southern Ocean’s cumulative uptake during 1850-2100, with uptake of [Deleted: access

15846 Pg C under SSP1-2.6 and 279+14 Pg C under SSP5-8.5. They found that sea surface
salinity in the frontal zone between the Subtropical and Polar Front, which is primarily regulated
by the freshwater cycle and circulation, is a key process regulating the ventilation and associated
deep sequestration of anthropogenic carbon in the Southern Ocean.

Additionally, previous studies have revealed important mechanistic transitions that occur during
emission mitigation scenarios. Ridge & McKinley (2021) showed that under high-emission
scenarios, the decline in ocean uptake efficiency is dominated by buffer-capacity decline (a
chemical limitation), whereas under a strong mitigation target, this decline is dominated by
reduced vertical transport of anthropogenic carbon (a physical limitation) as the gradient between
surface and interior carbon is reduced. This difference in the driving limitation of continued
ocean carbon uptake under very different future climate scenarios illuminates the need for
continued ocean monitoring and process studies to identify and better predict the trajectory of the
ocean sink in the 21st century and beyond.

Despite the growing body of model- and process-based research, there remain important gaps in

understanding how rapid, strong yeduction of atmospheric carbon concentrations might reshape [Deleted: mitigation

the magnitude, timing, and regional-scale footprint of ocean carbon uptake. In this study, we
adopt an assimilation-based modeling framework, using the Estimating the Circulation and
Climate of the Ocean-Darwin (ECCO-Darwin) ocean biogeochemistry model. We employ the
ECCO-Darwin framework to isolate the oceanic carbon-cycle response to prescribed

atmospheric CO; reductions under physically consistent and observationally-constrained ocean [Deleted: mitigation

physics and circulation. This approach avoids confounding carbon-climate feedbacks (Schimel
and Carroll, 2024, Carroll et al., 2025) from atmosphere-sea-ice coupling while enabling a clear
mechanistic interpretation of ventilation and carbon storage pathways on decadal timescales.
ECCO-Darwin offers a unique balance between realism and interpretability by combining a
globally optimized, observation-constrained hydrography, sea ice, and circulation with full
marine carbon and ecosystem cycling. This makes it particularly well-suited for diagnosing
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regional and vertical mechanisms governing early responses to these changes, which are more (Deleted: mitigation

difficult to isolate in fully-coupled ESMs.

2. Methods
2.1 Experimental Design and Atmospheric CO: Forcing

We conducted a set of forward simulations using the v05 ECCO-Darwin ocean biogeochemistry
model; a detailed description of the vO5 ECCO-Darwin model set-up, observational constraints,
and optimization methodology is presented in Carroll et al. (2020). Our Baseline simulation
represents a best-possible hindcast of the ocean's physical, sea ice, and biogeochemical state
from 1985-2021. The model is forced with observed atmospheric xCO> from the National
Oceanic and Atmospheric Administration Marine Boundary Layer product (NOAA MBL, Lan et
al., 2024) and ECCO LLC 270 physics (Zhang et al., 2018). Model set-up and results from the
Baseline simulation are discussed in more detail in Fay et al. (2024).

In this study, we generate and analyze output from three scenarios using different atmospheric
forcing for years 2000-2021:

1. Baseline: forced with observed atmospheric CO, concentrations from NOAA MBL.
2. SSP1 Mitigation: forced with a prescribed atmospheric CO; trajectory consistent with

projections based on SSP1-1.9, representing a strong reduction in global atmospheric ( Deleted: mitigation

CO»_concentration.
3. SSP2 Mitigation: forced with a trajectory consistent with SSP1-2.6, representing

moderate and gradual changes in global atmospheric CO; concentration. ( Deleted: mitigation

Using atmospheric xCO; projections for SSP1-1.9 and SSP1-2.6 mitigation pathways, provided
by the Model for the Assessment of Greenhouse Gas Induced Climate Change (MAGICC)
project (Meinshausen et al., 2020), we adjust the atmospheric carbon mixing ratio values back in

time to impose changes beginning in January 2000 (Figure 1, Figure S1, S2). Our Baseline (Deleted: ).

atmospheric values are monthly global xCO» values downloaded from the Global Monitoring
Lab website (Lan et al. 2024). To apply a simulated atmospheric CO» for post mitigation, the
year 2035 is selected from the SSP scenarios. which is when the reductions of atmospheric CO»
are beginning to be observed in the global timeseries of the MAGICC simulations. We take
values for Jan 2035 from each SSP scenario translate the 2035-2055 timeseries to begin in Jan
2000, concatenating it to the Baseline timeseries beginning in that year by adjusting for the offset

(Figure S2).

This experimental setup provides an estimate of how ocean carbon uptake would evolve over the

recent observation period if emission reductions had started in 2000. This novel use of a (Deleted: mitigation

contemporary model and time period, with projected atmospheric CO, concentration scenarios O)e]eted; mitigation

NN

applied backward in time, provides unique insight into how the ocean carbon sink responds to
mitigation signals within decadal timescales.
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Experiment Name Atmospheric Forcing

Baseline Observed NOAA MBL xCO2
SSP1 Mitigation SSP1-1.9 trajectory after year 2000
SSP2 Mitigation SSP1-2.6 trajectory after year 2000

Table 1. List of model experiments and prescribed atmospheric forcing. NOAA = National
Oceanic and Atmospheric Administration Marine Boundary Layer (MBL) Product. xCO is the
column-averaged COx carbon dioxide in the atmosphere, represented in parts per million (Lan et
al., 2024). Shared socio-economic pathway (SSP) trajectories were obtained from the MAGICC
project (https://live.magicc.org/, Meinshausen et al. 2020)

In this model configuration, ECCO-Darwin model physics are derived from the solution of Fay
et al. (2024) and have identical physical characteristics in the baseline and mitigation runs. This

allows us to isolate the carbon-cycle response (i.e., air—sea CO> flux, seawater pCO>, DIC
perturbation) to observed and mitigated atmospheric pCO, levels without confounding changes (Deleted: CO; forcing

in the physical and sea-ice ocean state. Each simulation uses identical physical and
biogeochemical initial conditions. Differences among scenarios and the baseline therefore reflect
the dynamic response of ocean circulation and carbonate chemistry to changes in atmospheric
CO; concentration alone. Furthermore, we compute three-dimensional DIC budget terms for
each simulation, as done in Carroll et al. (2022), to provide mechanistic insight into the drivers
of DIC space-time variability.
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Figure 1: Annual-mean time series of air-sea CO; flux (solid lines) and atmospheric pCO>
(dashed lines) for Baseline (black) and SSP mitigation simulations (SSP1: Blue, SSP2: Orange).
Air-sea CO; flux is globally integrated, and surface atmosphere pCO; represents a global mean.
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Time series starts in year 2000, when SSP scenario forcing is applied. Positive flux represents
ocean uptake (for the purpose of comparing with atmospheric values). Full time series available
in Figure S1 and S2.

3. Results

This section presents the simulated response of the marine carbon cycle under two divergent
mitigation trajectories — SSP1 and SSP2 — as compared to the ECCO-Darwin Baseline run
(Table 1). While both scenarios are evaluated, the following analysis primarily focuses on SSP1,
as its aggressive mitigation pathway provides a more pronounced signal for identifying the
mechanisms of carbon flux and storage change. Throughout this section, results are generally
interpreted as the difference (or delta) between the mitigation scenario and the baseline (i.e.
Mitigation minus Baseline), with a focus on the resulting differences in air-sea exchange and
interior inventory. We first examine global atmospheric forcing and flux responses before
detailing the physical and chemical drivers of carbon distribution across interior, spatial, and
basin-scale dimensions, culminating in a comprehensive DIC budget analysis.

3.1 Atmospheric Forcing and Global Air-Sea CO: Flux Response

Simulated global air-sea CO> fluxes diverge immediately post-mitigation, responding promptly
to changes in atmospheric carbon levels (Figure 1). The three atmospheric CO; scenarios diverge
immediately following the onset of mitigation in January 2000, with SSP1 Mitigation
representing the most aggressive reduction and SSP2 being a more moderate pathway (Figure 1,
Table 1). Reacting to the increasing atmospheric carbon levels in the Baseline simulation, ocean
CO; uptake continues to increase steadily through 2021. In contrast, the SSP1 simulation
exhibits an immediate, marked reduction in uptake, while SSP2 Mitigation follows an
intermediate trajectory between Baseline and SSP1 runs. For both mitigation scenarios,
correlations between the detrended time series of global mean flux and atmospheric pCO; levels
for 20002021 show positive correlations of 0.48 at the 95% confidence level. The strength of
global mean air-sea CO; flux reduction due to mitigation is on the order of 48% and 22% for
SSP1 and SSP2 Mitigation scenarios, respectively, by the end of the simulation (2021, Figure 1
and Figure S1).

Although air-sea CO; flux and atmospheric CO> forcing are not strictly proportional, global
annual-mean CO; uptake closely tracks the imposed atmospheric trend, with the magnitude of
flux reduction scaling with the strength of mitigation (Figure 1). Considering the mean over the
last six years of the simulation (2016-2021), the atmosphere experiences a 10% decrease in
pCO7 between the Baseline and SSP1 Mitigation scenarios (351 patm vs 390patm) and 4%
decrease between Baseline and SSP2 (376patm vs 390patm). For the same time period, the
decrease in air-sea flux is nearly 1.6 PgC yr! (SSP1-Baseline), equivalent to 45% of the Baseline
flux estimate (Figure 1). For SSP2 Mitigation the difference is 0.65 PgC yr'! (SSP2—Baseline),
equivalent to 18% of the Baseline flux estimate (Figure 1). Decreasing the air-sea atmospheric
pCO; gradient through mitigation directly and rapidly alters the net ocean carbon flux.

3.2 Interior Carbon Response
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Mitigation causes a marked decrease in the interior ocean DIC inventory (Figure 2). In SSP1,
significant upper ocean ADIC values (Mitigation minus Baseline) are evident within the first few
years post-mitigation, reaching as high as 1 Tmol difference in the surface ocean by 2005 (Figure
2a). This response is consistent with the rapid stabilization of atmospheric CO2in SSP1 (Figure
1). The largest difference in DIC inventory occurs around 500 m depth at the end of the

simulation, reaching as ynuch as 7.5 Tmol more DIC in the Baseline run than in the strong SSP1 [Deleted: high

mitigation scenario (Figure 2a). Under the more gradual SSP2 mitigation scenario, such [Deleted; compared to
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pronounced differences in DIC are not apparent. The maximum difference in DIC inventory
reaches only 2 Tmol by 2021, however, the spatial patterns remain consistent, with largest
differences occurring around 400—500 m depth (Figure 2b). For both mitigation scenarios, DIC
levels below 1500 m depth are indistinguishable from the Baseline run (not shown). Mitigation-
driven changes remain confined to the upper ~1000 m of the water column over the 21-year
simulation period. The global ocean time series of the upper ocean’s ADIC inventory also
illustrate these patterns (Figure 2¢). The volume-integrated upper ocean DIC inventory (0-500

m) increases steadily in the Baseline simulation but diverges sharply in SSP1 mitigation, with a [Deleted: begins to diverge

smaller but detectable divergence under SSP2 (Figure 2c¢).
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Figure 2: Globally-integrated ADIC. Differences between Baseline and a) SSP1 and b) SSP2 for
upper 1500 m. ¢) time series of DIC inventory in top 500 m of the upper ocean for Baseline
(black) and SSP scenarios (SSP1 Mitigation: blue; SSP2 Mitigation: orange).

3.3 Spatial Patterns of Air—Sea CO; Flux Change

The Baseline simulation exhibits a large-scale pattern of air-sea CO; flux, with strong net CO>
uptake in the mid-latitude Southern Ocean, the subpolar North Atlantic, and the western
boundary current systems of the North Pacific and North Atlantic (Figure 3a). Similar patterns of

uptake and efflux exist for SSP1 and SSP2 Mitigation simulations (Figure 3b,c); however, the (Deleted: ),

strength of uptake is diminished in the mitigation simulations. Differences relative to the
Baseline for the end of the experiments (2016-2021 mean) reveal pronounced regional
heterogeneity in the response to mitigation (Figure 3d,e). Both SSP1 and SSP2 Mitigation
simulations show widespread reductions in ocean CO» uptake relative to Baseline, with the
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magnitude of change larger under SSP1 Mitigation but the patterns relatively unchanged (Figure
3d,e). The spatial structure of these differences indicates that mitigation does not uniformly
weaken uptake across the global ocean, but instead produces concentrated responses in specific
ocean regions characterized by distinct circulation dynamics.

The largest reductions in cumulative CO> uptake occur in the Southern and North Atlantic and
Pacific Oceans, identifying these regions as primary hotspots of mitigation sensitivity. In the
ECCO-Darwin experimental runs, the North Pacific Kuroshio region (NP STSS biome, Fay &
McKinley 2014) exhibits a 17% decrease in flux between the Baseline and SSP1 Mitigation
experiment by the final year of the simulation. A smaller reduction (8%) is produced by the
SSP2 Mitigation experiment in 2021. For the North Atlantic boundary current region (NA STSS
biome, Fay & McKinley 2014), the reduction in carbon uptake by the end of the simulation is
even more pronounced: 24.5% for SSP1 Mitigation and 11% for SSP2 Mitigation. The
pronounced reductions in air-sea CO: flux observed in these regions under both SSP1 and SSP2
Mitigation scenario forcings reflect their efficiency as conduits for anthropogenic carbon, as well
as their sensitivity to changes in atmospheric CO; concentrations.

Another dynamic area which exhibits a strong response to mitigation is the Southern Ocean.
Located within the core flow of the Antarctic Circumpolar Current (ACC), the Southern Ocean
subpolar region (SO SPSS biome, Fay & McKinley 2014) reduction in carbon uptake by the end
of the simulation is even more pronounced: 56% for SSP1 Mitigation and 24% for SSP2
Mitigation (Figure 3d,e). In contrast, large portions of the northern and southern subtropical
gyres exhibit weaker deltas and thus slower adjustment to changes in atmospheric CO; over the
mitigation experiment.
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Figure 3: Mean air-sea CO; flux (mol m? yr'!') over 2016-2021, for a) Baseline b) SSP1
Mitigation and ¢) SSP2 Mitigation, with differences from Baseline shown in d) SSP1 Mitigation
minus Baseline and e) SSP2 Mitigation minus Baseline. In a-c, red colors represent ocean uptake
and blue colors indicate regions of outgassing. In difference maps (d,e) blue areas indicate
regions where there is less uptake (more outgassing) in the Mitigation experiments compared to
the Baseline scenario. Neither mitigation scenario results in ocean areas with increased uptake as
compared to the Baseline run.

3.4 Zonal and Basin-Scale Carbon Distribution

Zonally-averaged ADIC concentrations (Mitigation minus Baseline) reveal clear differences in
the timing, depth penetration, and basin dependence of the mitigation signal (Figure 4).

In the Southern Ocean (latitudes <40°S in Figure 4a,b), zonal-mean ADIC values (SSP1 minus
Baseline) exhibit a distinct structure; DIC differences appear quickly at depth and span a broad
vertical range. By 2011, DIC differences extended below 100-m depth across much of the basin.



By 2021, mitigation-driven differences are distributed throughout the upper and mid-depth
Southern Ocean, however, they remain constrained to the top 1000 m. This pattern suggests

05  rapid vertical communication of changes in surface forcing, consistent with the Southern Ocean's
vigorous mixing and overturning, The largest differences are observed along the equatorial edge [Deleted: characteristics of the Southern Ocean

of the Southern Ocean, with differences in DIC of 10 mmol m™ reaching down to nearly 500 m.

Figure 3d shows that the largest changes in surface air-sea flux are evident in the Southern

Ocean, while Figure 4 demonstrates that the excess carbon absorbed in the Baseline simulation is
310  quickly transported and mixed into the deeper ocean.

In the Atlantic Ocean (Figure 4, righthand side), DIC differences between SSP1 Mitigation and
Baseline emerge rapidly following the onset of mitigation; negative values indicate greater DIC
accumulation in the Baseline relative to SSP1 Mitigation. Minimal differences are evident in the

315  first year post-mitigation, and are confined to the surface and upper thermocline (Figure S2). By
2011, ADIC values intensify and extend downward to depths of ~500-700 m, particularly in the
mid latitudes of the Northern Hemisphere (Figure 4a). By the end of the simulation (2021, Figure
4b), the largest DIC differences span much of the upper 500 m, with pronounced signals along
known ventilation pathways that connect surface waters to the ocean interior including the

320 subpolar gyre and Labrador Sea in North Atlantic and along the ACC in the Southern
hemisphere. In the latitudes of the subpolar North Atlantic, differences due to mitigation reach
deeper into the ocean column and are evident at 1500 m. In the surface layers, the largest
mitigation differences occur in 2021 in the subtropical latitudes (20—40°N). This indicates that
the Baseline run contains much more DIC, yielding negative ADIC values (SSP Mitigation

325  minus Baseline). Carbon absorbed in these subtropical areas is not transported to depth because
the ocean is highly stratified, creating a physical barrier that limits mixing with deeper waters.

The temporal evolution of zonal ADIC highlights a progressive deepening of the mitigation
signal. In the Atlantic, the downward propagation of DIC mitigation differences under SSP1 is
330 most evident between approximately 40°N and 60°N, consistent with regions of active mode and
intermediate water formation. ADIC values in the Southern Hemisphere are weaker in magnitude
at the surface in 2021 (Figure 4b) but extend deeper as the simulation progresses, indicating
efficient vertical redistribution. The contrasting vertical structures between basins indicate that
the response of interior carbon storage to mitigation is strongly modulated by distinct, regional
335  circulation and ventilation regimes. Across all time periods, differences between SSP1 and SSP2
Mitigation follow a similar spatial structure, with larger ADIC magnitudes under SSP1

| Mitigation reflecting the stronger reduction in atmospheric growth rate (Figure 4, Figure S3). [Deleted: S2
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Figure 4: Southern Ocean and Atlantic basin-averaged zonal mean ADIC concentration (mmol
m~?) for SSP1 Mitigation minus Baseline. a) top panel shows changes in 2011 (11 years post
mitigation), b) bottom panel shows 2021, (the last year of the simulation). Negative values
(cooler colors) indicate more carbon accumulation in Baseline as compared to mitigation

scenarios. Similar figure for results from SSP2 shown in Figure S3. (Deleted: S2

3.5 DIC Budget

In this section, we consider the three-dimensional tendency terms of DIC to better understand the
ocean carbon cycle response to mitigation. We first present the Baseline and SSP1 total
tendencies and then the SSP1—Baseline differences for the tendency and the advection and

diffusion terms contributing to it (Figure 5). (Deleted: .

The Baseline simulation shows a global upper-ocean DIC inventory that is generally increasing
across most of the global oceans, reflecting the ongoing sequestration of anthropogenic carbon
and its movement throughout the upper ocean (Figure 5a). Positive DIC tendencies (DIC gain)
are prominent across the Southern Ocean and the Eastern Equatorial Pacific, driven by the
vigorous upwelling of deep, DIC-rich waters and subsequent air-sea uptake in these regions. In
contrast, the Western Equatorial Pacific exhibits a negative tendency (DIC loss), primarily due to
the strong eastward transport of carbon via the Equatorial Undercurrent and horizontal advection
away from the pool of accumulating surface carbon. In the Subpolar North Atlantic, the tendency
is near zero; while this is a region of intense uptake, the "missing" carbon is rapidly exported to
the deep ocean through deep convection, preventing a large accumulation in the top 500 meters.

11
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The SSP1 scenario exhibits a similar spatial pattern to the Baseline, but with a significant

reduction in the magnitude of carbon gain (Figure 5b).

As shown in the ADIC tendency (SSP1 minus Baseline) map (Figure 5c), the mitigation pathway
results in a global declining signal, indicating that the rate of DIC accumulation is slower in
SSP1 Mitigation than in the historical Baseline run. This difference is due solely to the reduced

(Deleted: spatially

(Deleted: only

atmospheric concentration, which weakens the air-sea gradient and subsequently alters the
internal carbon budget through advection and diffusion. The SSP1 mitigation scenario induces a

(Deleted: the mechanisms of

rapid and widespread reduction in the DIC inventory tendency within the upper 500 meters
compared to the Baseline run (Figure 5¢). By the end of the simulation (2016-2021 time-mean),
the ADIC inventory tendency (SSP1 minus Baseline) peaks in the subtropical gyre regions, with
regional differences reaching as low as —1.8 x 10~ Pg C year™' in the Southern hemisphere
subtropics (Figure 5c). This negative tendency represents a significant slowdown in carbon
accumulation under the aggressive mitigation pathway represented in SSP1.

The decomposition of the DIC budget into its dominant terms (Figure 5d—f), illustrates that air-
sea flux is the primary driver of the global reduction in ADIC,_(Figure 5f). The change in the flux

(Deleted: .

component is negative across the entire globe, indicating that the ocean takes up less carbon (or
outgasses more) in the SSP1 scenario compared to the Baseline due to the lower atmospheric
CO; concentration (Figure 1, 5f). While this flux impacts the DIC budget in the same direction
across the globe, its magnitude varies spatially, with the strongest negative ADIC values (up to

(Deleted: reaching (—

—2.6 x 103 Pg C year™) jn high-latitude regions.

While atmospheric mitigation dictates the global carbon inventory, changes in horizontal and
vertical circulation determine the internal spatial reorganization of carbon in the upper-500 m.
Net advection emerges as the primary redistributive mechanism, characterized by intense dipole
patterns of both positive and negative ADIC (Figure 5d). Conversely. net diffusion is a minor

(Deleted: found
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(Deleted: Se).

contributor to the budget differences, appearing largely neutral (white) across most basins
(Figure 5¢). While the air-sea flux moves the DIC into the ocean, horizontal and vertical
advection reorganizes where that carbon resides. This advective signal is dominated by
horizontal transport across most of the globe (Figure 5g), particularly at current boundaries and
within the Southern Ocean. Vertical advection plays a more localized but critical role, with
prominent signals appearing in the Western Equatorial Pacific and at the convergence zones of
major currents in the Southern Ocean (Figure 5h).

Globally integrated over the 2016—2021 period, DIC tendency, circulation (net advection plus net
diffusion), and air-sea CO; flux are —1.43, 0.132, and —1.56 Pg C year!, demonstrating that 1)
DIC gain and loss from circulation largely compensates when integrated globally and 2) the
reduction in surface forcing (i.e., air-sea COz flux) is the dominant driver of upper-ocean DIC
variability when aggressive mitigation is applied.

12

Deleted: Net diffusion is a minor contributor to the budget
differences, appearing largely neutral (white) across most
basins (Figure 5d).
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Figure 5: DIC budget. Time-mean (2016-2021) vertically integrated DIC tendency for (a)
Baseline and (b) SSP1 Mitigation. Differences in ECCO-Darwin DIC budget terms (SSP1
Mitigation — Baseline) for surface-to-500 m vertically integrated 2016-2021 mean DIC
tendency: ¢) tendency, d) net diffusion, ¢) net advection, and f) air-sea CO; flux. Net advection is
further decomposed into g) horizontal and h) vertical components. A similar figure for SSP2
Mitigation is available in Figure S4.
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3.6 Chemical Sensitivity: Revelle Factor and pH

To further understand the spatial heterogeneity of the mitigation-forced DIC differences, we
examine the chemical capacity of the surface ocean to absorb carbon, quantified by the Revelle
factor. The Revelle factor is a dimensionless ratio that describes the ocean's resistance to
atmospheric CO; absorption. It is calculated as the fractional change in the partial pressure of
carbon dioxide divided by the fractional change in total DIC. A higher Revelle factor indicates

Jlower buffering capacity and greater sensitivity to change. In the context of this study, the [Deleted: a
Revelle factor is a particularly critical diagnostic because the ECCO-Darwin model does not [Deleted: a higher
allow the sea-surface temperature (SST) fields to deviate between the Baseline and Mitigation (Deleted: changes

simulations, (Figure S5). Consequently, any observed differences in carbon uptake and storage

(Deleted: .

AN AN

between the scenarios are strictly isolated to changes in ocean circulation and the chemical
buffering state, rather than thermal solubility effects.

As shown in Figure 6a, the difference in Revelle factor (SSP1 minus Baseline) map reveals a
global decline in the Revelle factor, signifying that the ocean surface becomes chemically
"younger" and more receptive to carbon under mitigation than it would have been under
sustained emissions. These changes are not uniform; while the subtropics remain relatively
stable, the high latitudes — and most notably the Southern Ocean — exhibit the most significant
reductions. This suggests that in these regions, the reduction in total DIC loading significantly
enhances the chemical buffering potential. By isolating these chemical shifts from thermal
feedback, something that is unique to the ECCO-Darwin model, a clearer attribution of the
resulting DIC inventory changes can be made: attributed to the interplay between this renewed
buffering capacity and the redistributive power of ocean circulation.

Complementing these buffering shifts, the difference in surface pH (Figure 6b) shows a global
increase under the SSP1 scenario relative to the Baseline. This positive anomaly indicates that
the mitigation pathway effectively slows the progression of ocean acidification, with the
Baseline ocean remaining significantly more acidic across all basins. Similar to the Revelle
factor, the most pronounced pH recovery occurs in the high latitudes, where differences reach
upwards of +0.05 to +0.06 units. These polar regions, particularly the Southern Ocean, are highly
sensitive to carbon loading due to their low background temperatures and naturally-higher DIC
concentrations; thus, the reduction in DIC under SSP1 yields a disproportionately large
mitigation benefit for pH. In contrast, the subtropics and equatorial regions exhibit more muted
pH anomalies, reflecting their greater inherent chemical stability.

When viewed alongside the Revelle factor, the changes we see in pH values with mitigation
highlight that the high latitudes are the primary beneficiaries of the chemical relief afforded by
reduced atmospheric CO;. The spatial coherence between the Revelle factor and pH, along with
the previously discussed DIC tendency maps, reveals a pronounced high latitude sensitivity. We
stress that because these pH gains are achieved without the influence of temperature-driven
solubility changes, they represent a pure chemical response to the altered carbon inventory and
the resulting shifts in the ocean's internal carbonate equilibrium.
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Figure 6: Change in a) Revelle factor and b) pH (SSP1 Mitigation minus Baseline). Differences
are time-averaged over 2016-2021. In a) negative ARevelle factor values signify that the ocean
surface is becoming chemically "younger" and more receptive to carbon under mitigation. In b)
positive ApH values indicate more acidic waters in the Baseline simulation.

4. Discussion
4.1 Global Ocean Carbon Sink Response to Mitigation

The global weakening of the ocean carbon sink under SSP1 and SSP2 Mitigation simulations,
(corresponding to SSP1-1.9 and SSP1-2.6 scenarios, respectively) shown here as the rapid onset
of divergence beginning in 2000, confirms previous findings that anthropogenic CO> emission
mitigation immediately reduces oceanic uptake on annual to decadal timescales (Lovenduski et
al. 2021). The prompt response of the air-sea flux (Figure 1) reflects the tight coupling between
atmospheric pCO; and surface-ocean carbonate chemistry: reductions in atmospheric CO:
diminish the air-sea gradient, reducing the flux into the ocean (McKinley et al. 2020).

The relationship between mitigation magnitude and sink reduction magnitude is not strictly _( Deleted: the magnitude of
linear (Figure 1). This modest non-linearity likely reflects a combination of buffer chemistry, o (De]eted: the magnitude of the

NN

physical circulation, and biogeochemical feedbacks. For example, the interplay between the
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biological pump, changes in export production, and ecosystem shifts js simultaneously occurring

along with the reduction in atmospheric CO; levels. Similar nonlinearity appears in CMIP6 Earth
system models, where studies have documented a breakdown in the proportionality between
atmospheric CO; and the ocean carbon sink under various mitigation scenarios (Terhaar, 2024,
Gooya et al., 2023). Our results utilizing the ECCO-Darwin model for this experiment therefore
align with the emerging understanding that emission mitigation will reduce the ocean carbon
sink in some regions, but that internal climate system dynamics can strongly modulate the degree
of change.

4.2 Regional Sensitivity and Mechanisms

The spatial structure of mitigation-driven changes in cumulative air-sea CO> flux (Figure 3)
highlights the dominant role of ocean circulation and ventilation in shaping the ocean carbon
sink's response to reduced atmospheric forcing (Ridge and McKinley, 2021, Tudicone et al.
2016). The concentration of CO> flux reduction in the Southern and North Atlantic Oceans are
consistent with their established role as primary gateways for anthropogenic carbon uptake
(Gruber et al., 2019, 2023). These regions are well known to dominate global anthropogenic
carbon uptake due to strong air-sea CO; exchange, deep mixed layers, and efficient ventilation
and overturning circulation pathways that transport carbon from the surface to the ocean interior
(Sabine et al., 2004; Khatiwala et al., 2009). In this experiment, the largest reductions in
cumulative CO; uptake occur in the Southern and North Atlantic Oceans, identifying these
regions as primary hotspots of mitigation sensitivity (Figure 3, 4). These regions are well known
to dominate global anthropogenic carbon uptake due to strong air-sea CO; exchange, deep mixed
layers, and efficient ventilation and overturning circulation pathways that transport carbon from
the surface to the ocean interior (Sabine et al., 2004; Khatiwala et al., 2009; DeVries, 2014;
Gruber et al., 2019; Lovenduski et al. 2021; Terhaar et al., 2022; Turner et al., 2023). The strong
response in these regions is consistent with previous observational and modeling studies showing
that changes in atmospheric CO> forcing are rapidly transmitted to the ocean interior where
ventilation is efficient (Williams et al. 2024).

| Deleted: are

[ Deleted: 2023

Western boundary current systems, including the Gulf Stream and Kuroshio Currents and their
respective extensions exhibit pronounced reductions in uptake under both mitigation scenarios.
These regions are characterized by intense mesoscale activity, strong vertical mixing, and rapid
subduction of surface waters along isopycnals, which collectively enhance the communication
between surface forcing and the thermocline (Cronin et al. 2010, Li et al. 2025). As a result,
changes in atmospheric CO; forcing are efficiently communicated to the interior ocean in these
regions, amplifying the local response of air-sea CO; flux. As shown by Carroll et al. (2022), in
the ECCO-Darwin model, western boundary currents play a central role in regional DIC budgets
by linking surface carbon uptake to interior storage pathways. In this sense, mitigation
preferentially weakens carbon uptake where the physical system is most effective at exporting
surface waters to depth (Williams et al. 2026, Li et al. 2022).

In contrast, much of the subtropical gyre interior exhibits comparatively weaker flux differences

(Figure 3d,e). At the end of the simulation, the North Pacific STSS biome, which encompasses
the Kuroshio region (Fay & McKinley 2014), the average reduction in air-sea CO: flux from
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Baseline to SSP1 Mitigation scenarios is 0.61 mol m yr'!, while in the nearby subtropical basin
(NP STPS biome) the average reduction in flux is 0.26 mol m= yr'!. A similar comparison exists
in the North Atlantic regions as well. This suggests a slower or more muted response to
mitigation on decadal timescales in the subtropical gyres. These regions are characterized by
shallower mixed layers, weaker vertical exchange, and longer ventilation timescales (Talley et al.
2011), which limit the rapid transmission of changes in atmospheric CO; to the ocean interior.
This spatial contrast underscores the importance of ventilation timescales in governing where
and when mitigation impacts emerge in the ocean carbon sink.

The spatial patterns identified here are broadly consistent with findings from CMIP5 and CMIP6
ESMs which consider mitigation scenarios. Broadly, previous multi-model analyses indicate that
the Southern and North Atlantic Ocean dominate both present-day and future anthropogenic
carbon uptake, but also exhibit the largest absolute changes in uptake under mitigation scenarios
(McKinley et al. 2023, Katavouta & Williams 2021, Frolicher et al. 2015). Time-of-emergence
studies using ESM output show that signals of changing carbon uptake appear earliest in these
regions, while subtropical and tropical regions often exhibit delayed or masked responses due to
internal variability and slower ventilation (McKinley et al. 2016, 2017, Schulenegger et al.
2020). These works show signals of changing ocean carbon uptake emerging in subpolar regions
carliest, specifically within 10-30 years post mitigation. In contrast, subtropical and tropical
regions display masked or delayed signals, often appearing after 50+ years, if at all, driven by
higher internal variability and slower ventilation. Nevertheless, CMIP6 models also display
substantial inter-model spread in the magnitude and spatial distribution of uptake changes,
reflecting uncertainties in Southern Ocean mixing, boundary current and freshwater
representation, and carbonate chemistry buffering (McKinley et al. 2023, Gooya et al. 2023,
Katavouta & Williams 2021).

4.3 Ventilation and DIC Penetration

Zonal mean diagnostics provide a mechanistic view of how mitigation alters carbon penetration
pathways over time, complementing the surface flux patterns shown earlier. In the North Atlantic
Ocean, reductions in DIC accumulation under mitigation mirror regions of active ventilation
(20-60°N), whereas in the Pacific and Indian basins (not shown), where thermocline ventilation
is slower and deeper, there are weaker and more gradually emerging differences. The
confinement of most mitigation DIC anomalies to the upper 500—-1000 m is consistent with
expected decadal ventilation timescales and indicates that deeper ocean sequestration is not
strongly altered by short-term mitigation. Similar latitude-depth analyses have been used to
diagnose ventilation and storage mechanisms in longer-term mitigation experiments (e.g., Ridge
& McKinley, 2021), though the shorter simulation period considered here emphasizes early-
stage adjustments rather than long-term equilibration.

Considering the drivers of ADIC (SSP1 Mitigation minus Baseline) at the end of the simulation
(20162021 mean), we find that net advection (horizontal plus vertical terms) and air-sea CO>
dominant the patterns of DIC gain and loss in the upper-500 m (Figure 5e,g,h). The DIC
tendency term shows a large-scale reduction in DIC across most of the global ocean, with small
DIC tendency values in the Arctic, Southern, and west Equatorial Pacific Oceans. This primarily
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results from DIC loss via a reduction in air-sea CO> flux that is compensated by a gain of DIC
from net advection. Net diffusion (Figure 5d, horizontal plus vertical terms) exhibits both gains
and losses of DIC, which are primarily concentrated in boundary current regions where vertical
mixing is substantial. As the ECCO-Darwin ecosystem is not carbon limited, changes in
biological uptake between runs are negligible and not shown here.

4.4 Sensitivity to Chemical Changes

The global distributions of the ARevelle Factor and ApH (SSP1 minus Baseline) illustrate the
immediate chemical relief provided by the mitigation pathway. Because the Revelle Factor is a
measure of the ocean's resistance to absorbing CO2, the predominantly negative anomalies,
peaking at approximately —0.8 to —1.0 in the high latitudes, indicate that the Revelle factor is
significantly higher in the Baseline run. This confirms that under sustained emissions, surface
waters exhibit a lower buffering capacity and are chemically resistant to change, whereas the
SSP1 scenario allows these waters to remain more receptive to ocean carbon absorption.
Similarly, the ApH map shows a global positive anomaly, meaning the Baseline ocean is more
acidic than the SSP1 ocean. The magnitude of this difference is greatest in the high latitudes
(reaching upwards of +0.05-0.06 pH units), a pattern that closely mirrors the Revelle factor
anomalies and is consistent with a previous study assessing the pH response to emissions
reductions (Lovenduski et al., 2021). The spatial coherence between these two chemical
parameters and the previously discussed DIC tendency maps is striking, with significant high
latitude sensitivity.

The largest changes in both pH and Revelle factor occur in the Southern Ocean and North
Atlantic. These regions are naturally characterized by low temperatures and high background
DIC, making their carbonate chemistry highly sensitive to even small changes in total carbon
loading. In the SSP1 scenario, the reduction in DIC (Figure 5c) slows the erosion of the buffering
system that occurs in the Baseline, leading to a larger pH margin compared to the tropics. In
contrast, the Equatorial Pacific shows a more muted change in pH (~0.02 units). While this
region is a major site of CO; outgassing and DIC transport, its naturally lower Revelle factor
(increased buffering) means that the difference in atmospheric CO2 between the two scenarios
does not shift the chemical equilibrium as drastically as it does in the cold, carbon-rich polar
waters. The regions where pH remains the most unchanged under mitigation are the same
regions where the air-sea CO; flux was the dominant driver of the DIC budget. This confirms
that the atmospheric signal is being translated into a chemical signal most efficiently in the high
latitudes, where the Revelle factor is most dynamic. This agrees with previous work that finds
that cold waters have a lower ratio of Alkalinity to DIC, making them the "canaries in the coal
mine" for mitigation impacts (Orr et al., 2005; Jiang et al., 2019).

Under the SSP1 mitigation pathway, the reduction in total DIC (Figure 5c¢) loading prevents this
chemical saturation. The resulting lower Revelle factor (Figure 6a) indicates that for any given
unit of atmospheric COz, the Southern Ocean surface waters are more chemically receptive to
carbon absorption. This means that, while the total magnitude of carbon uptake might be lower
due to the reduced atmospheric gradient, the efficiency per unit of pCOs is significantly higher
(Hauck et al., 2020). This chemical relationship is a critical feedback mechanism: by slowing the
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rise of the Revelle factor through mitigation, the ocean protects the solubility pump, which is
essential to regulate the global carbon cycle in a lower-carbon future (Fassbender et al., 2017).

4.5 Limitations

ECCO-Darwin’s physical circulation fields are constrained to observations and reanalysis
products and do not evolve dynamically under different climate states. Thus, our mitigation
experiments do not capture feedbacks associated with warming-induced changes in stratification
or wind stress that would occur in coupled climate models. Additionally, uncertainties in
biological export and alkalinity cycling could influence the magnitude of DIC responses, though
these are not considered in our analysis. Such changes would likely occur on the scale of 100
years. Additionally, while we anticipate that globally, the increase in CO2 uptake due to
increased primary production may be small, locally, particularly in low-productivity areas, the
impact could be significant. Despite these limitations, the ECCO-Darwin framework offers a
unique strength: its physically-constrained circulation enables robust diagnosis of mechanistic
responses, including ventilation pathways, regional recirculation, and upper-ocean storage of
carbon.

The ECCO-based results presented here benefit from a physically-constrained circulation model
that reproduces observed large-scale transport and ventilation pathways (Forget et al., 2015,
Zhang et al., 2018, Carroll et al., 2020, 2022). This allows clear attribution of spatial patterns to
specific mechanisms, such as boundary current subduction and high-latitude overturning. Our
results isolate the direct response of the ocean carbon sink to atmospheric CO; mitigation
without the confounding influence of climate-driven circulation and sea-ice changes that are
present in CMIP6 projections.

5. Conclusions

Our ECCO-Darwin-based mitigation simulations show an immediate, but spatially
heterogeneous weakening of the ocean carbon sink for anthropogenic carbon under reduced
atmospheric CO; forcing. Global air-sea carbon uptake decreases substantially over the first
several years of mitigation, with the magnitude scaling roughly with scenario strength. The bulk
of the mitigation signal is confined to the upper 500 m, reflecting dominant decadal-scale
ventilation pathways. The strongest reductions occur in subtropical thermocline regions, western
boundary currents, and the subpolar North Atlantic Ocean. This is consistent with regions of
intense ventilation and rapid air-sea equilibration. Mitigation-induced changes in ocean CO>
uptake and storage are concentrated in regions that currently dominate anthropogenic carbon
uptake and export to the interior (Sabine et al. 2004, Miiller et al. 2023, Davila et al. 2022). This
has important implications for both detection and projection of mitigation impacts. Observational
efforts aimed at tracking changes in the ocean carbon sink are likely to be most effective in high-
latitude ventilation regions and western boundary current systems, where signals are strongest
and emerge earliest. Moreover, the strong sensitivity of these regions highlights their importance
in determining how rapidly the ocean carbon sink adjusts to changes in anthropogenic forcing
under future mitigation pathways.
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In the context of a near-term and realistic physical ocean as portrayed by the ECCO-Darwin
model, impacts of mitigation scenarios are as expected. Results align with complementary
studies using CMIP models focused on longer-term responses (Ridge and McKinley 2021,
Williams et al. 2023) to mitigation, short-term responses to COVID-like perturbations
(Lovenduski et al. 2021), and ocean inversion estimates (Gruber et al. 2019, Khatiwala et al.
2009). The extent to which these projected changes would shape the observing system required
to detect future change in the ocean carbon sink is a topic worthy of future study.

Overall, these results suggest that near-term mitigation produces an immediate and discernible
weakening of ocean CO; uptake, particularly in regions of vigorous ventilation. This response
has implications for carbon budget accounting and underscores the importance of sustained
observations in tropical, subtropical, and high-latitude ventilation pathways to detect and
attribute changes in air-sea CO; exchange under future climate mitigation strategies.

Data Availability Statement
All ECCO-Darwin model output is available at the ECCO Data Portal:

http://data.nas.nasa.gov/ecco/. Model code and platform-independent instructions for running the
ECCO-Darwin simulations described in this study are available in Carroll et al. (2024a, 2024b).
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