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Key Points:

e The CMIP6 ensemble reproduces the magnitude and variability of anthropogenic
carbon transport across 26.5°N, in close agreement with observations during 2004-
2012.

¢ Despite AMOC decline through 2100 in CMIP6 models, northward anthropogenic
carbon transport strengthens due to rising upper ocean concentrations that follow
emission pathways.

e The forced signal in anthropogenic carbon transport emerges within 30 years; current
observations are approaching, but have not yet reached, robust detectability.
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Abstract

The North Atlantic is a major hotspot for the uptake, accumulation, and storage of an-
thropogenic carbon (Cgpnen), processes that are closely linked to the Atlantic Meridional
Overturning Circulation (AMOC). However, the role of ocean transport in driving this ac-
cumulation remains poorly constrained, leading to uncertainty in future carbon uptake and
circulation changes under climate forcing. CMIP6 models reasonably reproduce observed
Cantn transport at RAPID-MOCHA (26.5°N in the North Atlantic). Our results show that
northward Cg,,;, transport increases under SSP1-2.6, SSP2-4.5, and SSP5-8.5, despite a
concomitant weakening of AMOC-related volume transport. This strengthening occurs be-
cause increases in Cgp,n, concentration outweigh reductions in circulation strength. The
western boundary current serves as the primary pathway for northward Cg,¢, transport
and is particularly sensitive to future change. A time-of-emergence analysis indicates that
trends in Cg,¢p transport become detectable within approximately 25-35 years, with earlier
emergence under higher-emission scenarios. The RAPID observational record, that began
in 2004, is approaching the detectability threshold for C,,, transport trends, but it re-
mains too short to robustly resolve long-term changes in AMOC strength, whose emergence
timescale is substantially longer.

1 Plain Language Summary

The Atlantic Ocean plays a major role in storing carbon released by human activities. In
this study, we show that climate models successfully capture present-day carbon transport
observed by the RAPID-MOCHA array at 26.5°N, providing confidence in their ability
to assess how this transport may change in the future. We find that even though the
Atlantic overturning circulation is expected to weaken as the climate warms, the northward
movement of human-derived carbon will continue to increase. This happens because the
amount of carbon dissolved in seawater rises faster than the circulation slows, a process
we call circulation-concentration compensation. The western boundary current acts as the
main route carrying this carbon northward and is especially sensitive to future changes.
Detecting human-driven changes in anthropogenic carbon transport requires 25-35 years of
observations, which the RAPID array is approaching but has not yet reached.

2 Introduction

The global carbon cycle regulates atmospheric CO4 through exchanges among the atmo-
sphere, ocean, land, and biosphere, mediated by physical, chemical, and biological processes
(Friedlingstein et al., 2025; IPCC, 2021; IPCC, 2023). Since the Industrial Era, anthro-
pogenic emissions have increased atmospheric CO45 to roughly 1.5 times its pre-industrial
level (Friedlingstein et al., 2025). Approximately 29% of emitted carbon is currently ab-
sorbed by the ocean, making ocean uptake a primary regulator of long-term atmospheric
CO5 accumulation (Friedlingstein et al., 2025). The oceanic uptake of anthropogenic car-
bon (Cgupen) is currently due to physical and chemical mechanisms: air-sea COq exchange
imprints the anthropogenic signal at the surface, while ocean circulation redistributes this
signal laterally and vertically into the ocean interior (Khatiwala et al., 2013; McKinley et
al., 2020). As a result, the storage and redistribution of Cg,¢p, are tightly coupled to ocean
circulation.

The North Atlantic plays a disproportionately large role in this system. Although it
comprises only about 15% of the global ocean surface area, it accounts for roughly one
quarter of global oceanic CO5 uptake and contains the highest column inventories of Cgp,1p
worldwide (Sabine et al., 2004; Gruber et al., 2009, 2019). This efficiency is linked to
the Atlantic Meridional Overturning Circulation (AMOC), where surface waters equilibrate
atmospheric COs as warm surface waters move northward and cool. When these waters are
subducted to depth, Cgptp, is sequestered on centennial to millennial timescales (Macdonald
et al., 2003; DeVries, 2014; Khatiwala et al., 2009). From a basin-scale perspective, changes
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in North Atlantic anthropogenic carbon inventory reflect a balance between local air—sea
CO; fluxes and lateral transport across basin boundaries. Quantifying advective Cgpin
fluxes from observations and using these estimates to validate Earth system models provides
a valuable opportunity to assess how well models represent integrated carbon transport
processes, and to evaluate their credibility in projecting future climate states.

Under continued anthropogenic forcing, the AMOC is projected to weaken over the
twenty-first century (Weijer, Sijp, et al., 2020; IPCC, 2021), potentially altering the path-
ways and efficiency of C,p,p redistribution. A weaker overturning circulation could reduce
northward volume transport and limit deep sequestration. At the same time, rising atmo-
spheric CO; increases upper-ocean C,,:, concentrations, potentially enhancing advective
carbon fluxes even if circulation strength declines. These competing influences introduce
uncertainty regarding the future evolution of Cg,¢;, transport in the North Atlantic. Obser-
vational constraints from the RAPID-MOCHA array at 26.5°N provide valuable insight into
present-day transport and its variability (McCarthy et al., 2015, 2025; Brown et al., 2021).
Earth System Models allow for estimation of how circulation and concentration changes
may jointly shape future Cg,sp transport, provided that they can reproduce this observed
transport magnitude and variability.

Here, we evaluate CMIP6 simulations of C,,,, transport across the subtropical North
Atlantic by benchmarking model performance against RAPID-based estimates for 2004-2012
(Brown et al., 2021). We then assess projected changes under multiple SSP scenarios and
decompose transport into overturning and horizontal components to isolate the relative roles
of circulation strength and concentration increases. This process-based framework allows
us to examine whether and why anthropogenic carbon transport may strengthen despite a
weakening AMOC, and to clarify the evolving dynamical linkage between ocean circulation
and carbon sequestration in a warming climate.

3 Data and Methods
3.1 Observations: RAPID—Argo array

We use gridded 10-day observational products at 26.5° N from the RAPID-MOCHA-
WBTS array, together with Argo-based estimates of anthropogenic carbon (Cgypyp), for
20042012, following Brown et al. (2021). The RAPID gridded products optimally inter-
polate temperature and salinity observations from Argo profiling floats and moored sensors
onto a 0.25° longitude x 20dbar grid in the upper 1,760 dbar (Moat et al., 2026). Below
1,760 dbar, hydrographic properties were linearly interpolated between boundary moorings,
while abyssal layers beneath the deepest instruments were reconstructed by extrapolating
structures from repeat hydrographic sections.

Cantn concentrations were estimated by applying a back-calculation approach (Gruber
et al., 1996) to local hydrographic data from GLODAPv2.2023 (Lauvset et al., 2023). These
estimates were first detrended before regional, water-mass-specific regressions for Cg¢, were
constructed using temperature and salinity as predictors. The resulting regressions were
then mapped onto the 10-day gridded RAPID temperature and salinity fields, after which the
trends were reintroduced. Further details on the observational C,,¢j, reconstruction and data
treatment are provided in Brown et al. (2021), while additional information on the RAPID-
MOCHA-WBTS array is available from the RAPID project (https://rapid.ac.uk/).

3.2 Models: CMIP6 simulations

We analyze CMIP6 models that provide both the concentration of total DIC (Dissolved
inorganic carbon, DIC;4t,1) and natural DIC (DIC,,,4), allowing explicit calculation of Cgpep
as follows:

Canth = DICtotal - DICnat~ (1)
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In these experiments, DIC,,; is obtained by running an additional tracer in the models
that responds to a constant atmospheric pCOs (284 ppm), thus isolating the natural carbon
cycle (Goris et al., 2018). DIC;,y) is obtained by running the models under the historically
observed or future projected atmospheric pCOs. Only CanESM (Swart et al., 2019a,b; Sig-
mond et al., 2023) and CESM2 (Danabasoglu et al., 2020) provide these tracers together
for historical simulations and the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, representing
low-, intermediate-, and high-emission pathways, respectively. This model selection is there-
fore constrained by tracer availability rather than by AMOC characteristics. Nevertheless,
because the subsequent analysis examines the relationship between AMOC strength and
Cantn transport, we note that this relationship should be interpreted within the limited
model availability rather than as a constraint across the full CMIP6 ensemble. There are
35 members of CanESM with historical simulations, each with 45 vertical levels, and 20
members of CESM2 with 60 vertical levels. For the historical period (1850-2014), all 55 re-
alizations provide monthly outputs, which are regridded onto a common 1° x 1° horizontal
grid.

For consideration of future change in C,s, transport, we use SSP scenarios in CMIP6.
For the period 2015-2100, the monthly outputs required for C,,, concentrations are avail-
able from only a single CanESM realization (rlilp2fl). In contrast, yearly outputs of
DICiota1 and DIC,,,¢ are available from 13 (SSP1-2.6), 15 (SSP2-4.5), and 13 (SSP5-8.5) ex-
periments respectively.Velocity fields are available at monthly resolution, and after matching
tracer and velocity availability, 7, 14, and 7 ensemble members are retained for SSP1-2.6,
SSP2-4.5, and SSP5-8.5, respectively. Details of all datasets are provided in Supplementary
Table 1.

To ensure consistency between the historical period (2004-2014) and future projections
(2015-2100), yearly Cgpnen concentrations are linearly interpolated to monthly resolution
between adjacent years. This approach is justified by the weak seasonal variability and near-
linear evolution of C,,,;;, on interannual timescales (Fig. S1a). Cgpen transports derived from
direct monthly output agree closely with that reconstructed from yearly output at monthly
resolution (Fig. S1b), with relative errors generally below 0.1%. Therefore, although the
interpolation introduces a small approximation, it does not materially affect the calculation
of Cupntn transport.

3.3 Overturning and Horizontal C,,,;», Transports

We compute the meridional C,,, transport across the 26.5° N section of the model
fields with the same approach as has been applied to observations at RAPID (Brown et
al., 2021). Let x denote the longitude along the RAPID profile and z be the depth. The
instantaneous total flux is defined as the zonal-vertical integral of the product between
meridional velocity and concentration, with northward transport taken as positive.

Tiotal = //v(x,z) Canth (2, 2) dx dz, (2)

To diagnose the dynamical pathways, we decompose the flux into an overturning com-
ponent and a horizontal component following the RAPID convention. At each depth z,
define zonal means ¥(z) = L™! [vdz and Canen(2) = L' [ Canen dz, where L is the trans-
basin distance along RAPID, and deviations v/ = v — 7, C/,;, = Canth — Cantn. Zonal
integration of the product vCynsn then separates as

Ttotal = Tover + Thoriz»

Tover = /ﬁ(z) 6ﬂl’lth(2) dZa T’horiz = // 1}/(1‘, Z) Cénth(ma Z) dx dZ, (3)

because the cross terms f v C! . dr and f v' Canen d vanish in the zonal mean. Physically,
Tover isolates the large-scale meridional overturning contribution associated with zonally co-
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herent shear, while Ty, captures the covariance between lateral velocity and concentration
anomalies related to the gyre including the structure of the boundary-current.

3.4 Definition of AMOC strength

The AMOC strength is diagnosed from the meridional overturning streamfunction at
26.5°N. The streamfunction ¥(z) is computed as the zonally integrated cumulative merid-
ional volume transport from the ocean bottom to depth z:

U(z) = /H /xw o(@, #) de d, ()

where v is the meridional velocity, and x,, and x. denote the western and eastern bound-
aries of the basin. The negative sign accounts for the convention that northward transport
is positive and ensures consistency with the standard definition of the overturning stream-
function.The AMOC strength is defined as the maximum value of ¥(z) over depth:

AMOC = max U(z), (5)

This definition follows standard practices in both observational and modeling studies of the
AMOC (Cunningham et al., 2007; McCarthy et al., 2015; Smeed et al., 2018).

3.5 Definition of Western Boundary Current (WBC) at 26.5°N

Analysis of data from the RAPID-MOCHA arrayat 26.5°N and construction of the
AMOC timeseries uses transport estimates from the Florida Straits, the Antilles Current,
and the interior ocean. In observations, the Florida Straits component represents a narrow
and intense northward jet occurring between Bahamas and Florida that dominates the
western boundary transport. However, The coarse horizontal resolution of CMIP6 models
(1° x 1°) has bathymetry that is too coarse to represent the Bahamas, so there is no Florida
Straits in the models.

Accordingly, the WBC region defined here should be interpreted as a model-resolved
proxy that aggregates the western boundary contributions represented by the Florida Straits
and the Antilles Current in RAPID observations. While this broader definition does not iso-
late the Florida Straits transport explicitly, it captures the dominant northward boundary
flow that controls the western boundary contribution to meridional volume and C,.,sp, trans-
port in coarse-resolution climate models. This approach ensures consistency across models
while maintaining physical comparability with the RAPID observational framework.

We define the WBC region based on the time-mean, depth-integrated meridional vol-
ume transport across the RAPID section. Meridional velocity is vertically integrated from
the surface to the seafloor to obtain the column-integrated northward transport as a func-
tion of longitude, and then averaged over the 2004-2012 period. Longitudes where the
resulting depth-integrated transport is positive are classified as the WBC domain (Fig. 5b),
corresponding to approximately 80°W-70°W. Therefore, we define the WBC and non-WBC
regions, where the non-WBC region represents the ocean interior outside the WBC.

3.6 Decomposition of C,,;, Transport

To diagnose the parameters that govern projected future temporal variations in the
meridional Cg,, transport, we evaluate the time-dependent changes in both meridional
velocity and carbon concentration relative to a reference state (t = 0, mark as tg). Temporal
anomalies are defined as

Av(t) = v(t) — v(to), AC(t) = C(t) — C(to).
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Here, C represents Cgpin. The corresponding change in total transport (AT') can then be
written as

AT(t) = A(wC) = v(te) AC(E) + Clto) Av(t) + Av(t) AC(2), (6)

where v(tg) and C(ty) denote the reference-state velocity and anthropogenic carbon con-
centration at January 2015, the beginning of the CMIP6 projection timeframe. The three
terms on the right-hand side represent, respectively, the concentration-driven component
v(to) AC(t), the velocity-driven component C(tg) Av(t), and the nonlinear interaction term
Av(t) AC(t).

For spatial diagnosis, AT is integrated over distinct dynamic regions of the section: (1)
the western boundary current (WBC, 80°W - 70°W), (2) the Non-WBC upper ocean (0-700
m, 70°W-10°W), and (3) the Non-WBC deep ocean (700 m - bottom, 70°W-10°W).

Thogion = / /  [o(to) AC(1) + C(to) Av(t) + Av(t) AC(H)] da dz. (7)

This framework separates the effects of changes in velocity and concentration on total
transport and allows quantification of their relative roles in driving the long-term evolution
of rftotal .

3.7 Time of emergence

To quantify when anthropogenic changes in C,,s, transport become distinguishable
from internal variability, we compute the Time of Emergence (ToE) for each SSP scenario
using a trend-based signal-to-noise framework. The method follows established detectabil-
ity approaches in which the externally forced response is represented by the ensemble-mean
trend, and internal variability is quantified by the inter-member spread of trends (Schluneg-
ger et al., 2019; McKinley et al., 2016; Hawkins & Sutton, 2012, 2009; Deser et al., 2012,
2020; Tebaldi & Friedlingstein, 2013).

To ensure consistency between the historical (2004-2014) and SSP (2015-2100) periods,
we restrict the analysis to experiments that provide both tracer and velocity output across
the two periods. After matching data availability, 7, 14, and 7 ensemble members are
retained for SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively (Supplementary Table 1). For
each selected experiment, the corresponding historical simulation over 2004-2014 is paired
with its SSP continuation, and the two segments are concatenated to construct continuous
time series spanning 2004-2100. All diagnostics, including C,,; transport, AMOC strength,
and net volume transport, are expressed as annual means. They are computed from monthly
data (see Section 3.2) and subsequently averaged over year, thereby reducing the influence
of seasonal variability that can obscure long-term trends.

To estimate ToE, we apply an expanding time-window approach beginning in 2004. The
terminal year y is progressively extended in five-year increments with a start from 5-year
period (e.g., 2004-2009, 2004-2014, 2004-2019, ... 2004-2099). Within each window, linear
trends are computed for each ensemble member.The externally forced signal is defined as
the ensemble-mean trend across all members within a given window, thereby isolating the
response to external forcing. Internal variability is quantified as the inter-member standard
deviation of individual member trends relative to this ensemble mean (i.e., deviations of each
member trend from the forced signal) within the same window. The signal-to-noise ratio
(SNR) is then defined as the absolute value of the ensemble-mean trend divided by the inter-
member standard deviation of trends. The ToE is identified as the earliest terminal year for
which SNR > 2, corresponding approximately to a 95% confidence threshold under Gaussian
assumptions (McKinley et al., 2016, 2017). This definition evaluates the detectability of a
forced trend in Cg,4, transport relative to internal variability in trend space, rather than
instantaneous transport variability. The identified ToE therefore represents the minimum
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observational record length required for the externally forced transport trend to become
statistically distinguishable from background internal variability.

4 Results
4.1 Observed vs Simulated C,,;r, Transport

The CMIP6 ensemble well reproduces both the magnitude and variability of Cg,,p
transport across the RAPID section (Fig. 1). All 55 simulations consistently indicate that
the overturning circulation dominates total C,,s, transport during 2004-2012 (Fig. 1la).
The ensemble-mean transport over this period is 0.18 £0.02 PgC yr~! (mean 4 uncertainty
in the ensemble time-series mean), in close agreement with the observational estimate of
0.1940.03 PgC yr—! (Fig. 1b). Consistent with observations, the total transport is primarily
driven by the northward overturning component (0.30 + 0.02 PgC yr—!), which accounts
for approximately 71% of the total flux. This northward transport is partially offset by a
southward horizontal component (—0.12 4= 0.00 PgC yr—1), yielding a net northward Cqp¢p,
transport across the section (Fig. 1b). The uncertainty here is calculated by the uncertainty
among members and along the annual variability.

Beyond the mean state, CMIP6 simulations also capture the observed seasonal cycle
of Cypnip transport (Fig. 2). The models reproduce both the phase and overall structure of
the seasonal variability, with a maximum in July—August and a minimum in March—April.
Throughout the year, variability in total Cg,, transport is largely governed by changes in
the overturning component (Fig. 2a,c—d), consistent with observational analyses. The simu-
lated seasonal amplitude range from 0.15+0.04 PgC yr—! to 0.2340.05 PgC yr—! , somewhat
smaller than the observed amplitude of 0.234-0.05 PgC yr~—! to 0.2540.05 PgC yr—! (Fig. 2a).
This difference may be due to disparities in temporal sampling. RAPID observations are
based on 10-day estimates that are subsequently averaged to monthly means, whereas model
outputs represent averages over high-frequency internal time steps prior to archiving. As a
result, modeled monthly means may appear smoother than the observational estimates.

Despite the overall agreement with observations in both mean state and seasonal phase,
differences in the seasonal cycle across the CMIP6 ensemble primarily reflect structural
discrepancies between models rather than internal variability within individual ensembles
(Fig. 2b—d). Variability among ensemble members of a given model is relatively small, in-
dicating that internal variability plays a secondary role in shaping the seasonal amplitude
and structure. Instead, the dominant source of spread arises from inter-model differences,
particularly between CanESM and CESM2. The CanESM ensemble mean is quantitatively
closer to RAPID observations, both in terms of seasonal amplitude and the timing of ex-
trema (Fig. 2b). The two models also exhibit distinct seasonal structures: CanESM shows
two peaks of comparable magnitude in summer and winter, whereas CESM2 displays a
pronounced summer maximum that substantially exceeds its winter peak. These structural
differences are primarily associated with the overturning component (Fig. 2c—d), which, as
noted above, governs most of the seasonal variability in total C,, transport.

4.2 Future changes of C,,¢, transport in RAPID

The agreement between CMIP6 simulations and observations provides confidence in
using model projections to assess changes in Cg,,, transport at the RAPID section. Prior
to the emergence of observationally constrained anthropogenic carbon transport in the late
1950s, northward Cg,s, transport at 26.5°N increased only slowly, with a nearly negligi-
ble trend (Fig. 3a). This weak increase likely reflects the early stage of industrialization,
when atmospheric CO5 concentrations and oceanic anthropogenic carbon uptake were still
relatively low. From the mid-20th century onward (1950-2000), Cgpn transport began to

rise more rapidly, with a trend of approximately 0.02 PgC yr~! decade™!. The timing of
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this is consistent with the acceleration of anthropogenic emissions and the corresponding
intensification of ocean carbon uptake.

Entering the 21st century, C,ns, transport continues to increase under all scenarios,
but the rate of increase diverges across emission pathways. During 2000-2050, the trend
strengthens to 0.04 PgC yr=! decade™! under low-emission (SSP1-2.6), 0.05 PgC yr—!
decade™! under intermediate-emission (SSP2-4.5), and 0.06 PgC yr~! decade™! under high-
emission (SSP5-8.5). After mid-century, this scenario dependence becomes increasingly
pronounced. Under SSP5-8.5, the rapid increase persists throughout 2050-2100, with a
growth rate comparable to that in the first half of the century. In contrast, the trend under
SSP2-4.5 weakens to approximately 0.02 PgC yr—! decade™!, similar to late 20th-century
levels, while under SSP1-2.6 it declines further and approaches stabilization. Superimposed
on these long-term changes, interannual variability also increases toward the end of the
century (Fig. 3a).

Beyond interannual variability, the seasonal variability of Cg,¢, transport also inten-
sifies under future warming, in addition to the long-term mean increase (Fig. S2a). To
quantify this change, we compare the climatological seasonal cycles between the early and
late 21st century across SSP scenarios. During the early period (Fig. S2b), the seasonal
cycles are broadly similar across scenarios, with only modest differences in both mean state
and amplitude. In contrast, by the late century (Fig. S2¢), a clear separation emerges: while
the phase remains largely unchanged, both the mean transport and the amplitude of sea-
sonal variability increase substantially. The strongest amplification occurs under SSP5-8.5,
with the mean increasing by 81% and the variability by 35%.

The increase in Cg,p,p transport is consistent with changes in Cgjptp, concentration,
which in turn closely follow atmospheric COs trajectories (Fig. 3b). The area-weighted
mean oceanic Cgptp concentration at the RAPID section increases and accelerates over time.
During 20002050, the growth rates are 0.18 mmol m~2 yr~! under SSP1-2.6, 0.20 mmol
m~3 yr~! under SSP2-4.5, and 0.21 mmol m~3 yr~! under SSP5-8.5. After mid-century, the
divergence among scenarios becomes more pronounced. Under SSP5-8.5, the growth rate
further accelerates to approximately 1.7 times the early-century rate. In contrast, SSP2-4.5
remains relatively stable, whereas SSP1-2.6 shows a marked decline, with growth rates
reduced to about 60% of their earlier values.

On the contrary, the increase in Cg,,p, transport occurs alongside a systematic weaken-
ing of the overturning circulation. Across all SSP scenarios, both AMOC strength and net
volume transport decline under continued warming (Fig. 3c—d). We retain the net volume
transport here because it provides a transport-based quantity that is more directly compa-
rable to Cgpyp transport than AMOC strength alone. While AMOC strength characterizes
the large-scale overturning circulation, Cg,, transport depends directly on the product of
carbon concentration and the velocity field. The decline in net volume transport there-
fore provides useful context for interpreting why the increase in Cg,;, transport cannot be
attributed to an increase in circulation strength. During 2004-2050, the net volume trans-
port decreases at rates of —0.27 & 0.14 Sv decade™! (SSP1-2.6), —0.24 £ 0.15 Sv decade™!
(SSP2-4.5), and —0.33 £0.10 Sv decade™! (SSP5-8.5). This weakening persists into the late
century (2050-2100), with trends of —0.18 & 0.05 Sv decade™!, —0.39 & 0.09 Sv decade™!,
and —0.54 + 0.06 Sv decade™!, respectively (Fig. 3c). A comparable decline is observed
in AMOC strength (Fig. 3d), indicating a robust weakening of the overturning circulation
across all emission scenarios.

Thus, the continued strengthening of northward C,,, transport occurs despite a con-
current weakening of overturning circulation. This divergence between declining volume
transport and increasing C,,:, concentration is essential for understanding the mechanisms
governing future anthropogenic carbon redistribution at the RAPID section.
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4.3 Structure of C,,4p, transport

Because the increase in Cg,yp transport cannot be explained by changes in section-
integrated circulation strength alone, we next examine how carbon transport is distributed
across the RAPID section. The apparent decoupling between AMOC weakening and in-
creasing C,,¢, transport arises from strongly non-uniform spatial contributions across the
RAPID section (Fig. 4). Cgpnen transport is largest in the upper 0-700 m of the WBC, collo-
cated with the most intense northward flow (Fig. 4a,b). This spatial structure persists under
future emission scenarios, but with amplified magnitudes (Fig. 4d and g; Fig. S4d and g).
Outside the WBC, Cg,s, transport is predominantly southward, particularly in the upper
0-700 m, where southward currents coincide with enhanced Cg,¢, concentrations (Fig. 4i;
Fig. S4i). Overall, the interior southward export compensates for approximately two-thirds
of the northward C,, transport within the WBC (64-68% throughout the period; Fig. 5a).
This zonal compensation between the WBC and the basin interior represents a robust and
persistent structural feature of the RAPID section (Fig. 4).

Vertical integration further highlights that the WBC absolute magnitude changes sub-
stantially across all emission scenarios, even though the percentage of the total does not. The
Cantn transport in WBC is 0.88 PgC yr—! under SSP1-2.6, 1.02 PgC yr~! under SSP2-4.5,
and 1.22 PgC yr~! under SSP5-8.5 (Fig. 5a). In contrast, the WBC volume transport
weakens more substantially under higher-emission scenarios, decreasing from 22 Sv during
2004-2012 to 19.8 Sv under SSP1-2.6 and 17.8 Sv under SSP5-8.5 (Fig. 5b). Despite this
weakening, the fractional contribution of the WBC to total RAPID C,,+; transport remains
approximately 54% across all scenarios. In contrast to the transport response, the column-
integrated C,,¢, exhibits an opposite spatial pattern: the interior basin shows substantially
higher concentrations than the WBC region where with higher current speed (Fig. 5¢).

To further elucidate the vertical structure of C,ns, transport, we examine depth-
integrated transports across the RAPID section (Fig. 5d,e). For each longitude, Cgpntp
transport and volume transport are first vertically integrated from the surface to a given
depth, yielding cumulative water-column transports, which are then integrated zonally to
obtain the total RAPID-section transport as a function of depth. Both C,,s, transport and
volume transport increase rapidly from the surface to approximately 700 m, indicating that
the upper ocean dominates the northward export (Fig. 5d,e). Below 700 m, the cumulative
northward transport weakens with depth, reflecting increasing southward contributions from
deeper layers. The zonal-mean C,,;, concentration exhibits a markedly different vertical
structure: elevated concentrations are confined primarily to the upper 700 m, where the
separation among emission scenarios is most pronounced (Fig. 5f). Across all depths, Cgpnen
concentrations are largest under SSP5-8.5, followed by SSP2-4.5 and SSP1-2.6, and are
smallest during the historical period. The weak but nonzero Cg,;, signal below 700 m may
reflect deeper ventilation and storage pathways, particularly those associated with subpolar
North Atlantic water-mass formation, although a full diagnosis of these processes is beyond
the scope of this study.

4.4 Physical drivers of C,,;, transport change

To quantify the contributions to total Cgpep transport, we partition the RAPID sec-
tion into three regions (Fig. 6a): (1) the western boundary current (WBC), (2) the upper
interior (Non-WBC, 0-700 m), and (3) the deep interior (Non-WBC, 700 m to bottom).
The northward C,,¢, transport is primarily driven by the WBC, which exhibits a persis-
tent increase from 2015 to 2100 and dominates the net enhancement of total transport. In
contrast, the interior ocean is characterized by southward transport, with the upper interior
showing a strengthening export that partially offsets the WBC contribution. In magnitude,
the WBC transport is approximately 1.6-1.7 times larger than the opposing transport in the
interior, highlighting its dominant role in setting the net northward flux. The deep interior
contributes negligibly, accounting for only about 2-5% of the total interior transport, and
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shows little change over the century. These results indicate a strong spatial asymmetry in
Cantn transport, with boundary currents controlling the net flux while interior pathways act
primarily as a compensating return flow.

To isolate the underlying physical drivers, we decompose the total change in Cg,p,p
transport, A(CV), into three components (Eq. 6): V(tg)AC(t), representing the effect
of increasing C,pn, concentration under fixed velocity; C(to) AV (t), representing velocity
changes under fixed concentration; and AV (¢t)AC(t), the nonlinear interaction term. In
Fig. 6b, V(t9)AC(t) term exhibits a sustained and dominant positive trend throughout the
century, increasing steadily to approximately 0.5 PgC yr~! by 2100. In contrast, both the
C(to)AV (t) and AV (t)AC(t) terms remain persistently negative, with magnitudes of about
—0.15 and —0.1 PgC yr—!, respectively. These opposing contributions indicate that while
changes in circulation act to weaken the northward transport, they are outweighed by the
effect of increasing C,,¢, concentration.

Importantly, the roles of concentration and circulation differ across timescales. The
long-term increase in total Cg,¢, transport is primarily controlled by the accumulation of
Canth- In contrast, variability in the velocity field plays a key role in shaping the temporal
fluctuations of transport, including the seasonal cycle and its increasing amplitude. Region-
ally, the dominant role of the VHAC term is evident in both the WBC and the upper interior,
albeit with opposite signs (Fig. 6¢-d). This mechanism hierarchy is same under low-emission
and high-emission scenario (Fig. S6, Fig. S7). Across all scenarios, rising upper-ocean Cgpp,
concentration emerges as the primary driver of future transport intensification, particularly
within the WBC. As the primary northward upper branch of the AMOC at the RAPID
section, the WBC continues to efficiently export elevated upper-ocean Cg,p signals under
future warming despite AMOC weakening, indicating that concentration increases increas-
ingly outweigh the effects of reduced circulation strength.

Together, these results demonstrate that future changes in Cgpy, transport arise from
a concentration-driven intensification of the mean state, modulated by circulation-driven
variability. This is consistent with Brown et al. (2021), which highlighted the importance of
Cantn concentration in controlling transport variability, and further extends it by showing
that concentration changes increasingly dominate the long-term trend under future warming.

4.5 Time of emergence and detectability of C,,;n transport trends

On centennial timescales, Cg,¢, transport is expected to increase in response to the
sustained rise in oceanic anthropogenic carbon inventories (Sabine et al., 2004; Gruber et
al., 2019; Miller et al., 2023). However, over short observational periods, internally driven
ocean variability can strongly modulate interannual-to-decadal fluctuations in transport and
may obscure, or even temporarily reverse, the apparent forced trend. For example, RAPID-
based estimates over 2004-2012 report no trend in Cgpep transport (Brown et al., 2021), in
contrast to the long-term increase. This discrepancy highlights the difficulty of detecting
forced signals in the presence of substantial internal variability.

To quantify detectability, we define the ToE as the first year when the forced signal ex-
ceeds twice the standard deviation of internal variability (McKinley et al., 2016; Schlunegger
et al., 2020). Across all scenarios, Cgpip, transport exhibits relatively early emergence, on
the order of two to three decades (Fig. 7a). Specifically, ToE occurs in 2033 under SSP1-2.6,
2028 under SSP2-4.5, and 2023 under SSP5-8.5, indicating that stronger forcing leads to
earlier detectability through an enhanced signal-to-noise ratio.

In comparison, circulation-based metrics exhibit substantially delayed emergence. AMOC
strength emerges in 2042 under SSP1-2.6, 2038 under SSP2-4.5, and 2033 under SSP5-8.5,
approximately a decade later than Cgep, transport (Fig. 7b). Net volume transport emerges
even later, with ToE occurring in 2078 under SSP1-2.6, 2063 under SSP2-4.5, and 2053 under
SSP5-8.5 (Fig. 7¢), corresponding to delays of about 25-45 years relative to Cyp¢p, transport.
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These differences in emergence time may arise from distinct signal-to-noise structures
in carbon and circulation fields. As shown in Section 4.4, Cgns, transport is primarily
controlled by upper-ocean Cg,t, concentration, whose changes closely follow external at-
mospheric COs forcing. Because these concentration increases are spatially coherent and
largely confined to the upper ocean, they amplify the forced signal relative to internal vari-
ability, enabling earlier detectability. By comparison, volume transport depends on both
circulation variability and deep-ocean adjustment, which involve slower dynamical processes
and larger intrinsic variability, thereby delaying its emergence.

5 Discussion and Conclusions

The CMIP6 ensemble reproduces both the mean magnitude and seasonal cycle of Cg,ep,
transport across 26.5°N in close agreement with RAPID observations (Brown et al., 2021),
providing confidence in the model-based projections. Across all scenarios, Cgyp¢p transport
continues to increase beyond the point at which AMOC magnitude begins to decline. This
apparent divergence reflects a compensation between circulation and concentration effects:
rising upper-ocean Cg,,tp concentrations increasingly outweigh reductions in northward flow,
resulting in a net enhancement of C,,;, flux. By extending observational partitioning
approaches (Brown et al., 2021) into the future, we demonstrate that long-term changes
in Cgpen transport are progressively dominated by concentration-driven mechanisms rather
than by overturning variability (Fig.1a).

The spatial structure of this response is set primarily by the upper ocean and WBC.
Scenario-dependent increases in Cg,, are concentrated within the upper 700 m, where
ocean carbon responds most directly to atmospheric COs forcing. Strong northward veloc-
ities within the WBC efficiently export this amplified surface signal, allowing concentration
increases to dominate over modest reductions in transport volume (Fig.6). Enhanced south-
ward flow in the basin interior partially compensates this signal but does not offset it. These
results are consistent with studies emphasizing western boundary advection as a key reg-
ulator of anthropogenic carbon redistribution and downstream subpolar uptake (Ridge &
McKinley, 2020; Nickford et al., 2022).

A key result of this study is the estimated hierarchy in the time of emergence among dif-
ferent RAPID-based diagnostics, which has direct implications for observational detectabil-
ity. The relatively early emergence of Cg,¢, transport arises from its strong dependence on
Canth concentration changes, which respond rapidly to atmospheric CO5 forcing through
air-sea exchange. As a result, the current RAPID observational record (2004-2025), span-
ning approximately two decades, is already approaching the emergence timescale of Cgptp
transport, particularly under intermediate-emission scenarios. In contrast, circulation-based
metrics such as AMOC strength and net volume transport reflect slower dynamical adjust-
ments and larger intrinsic variability, which delay their detectability. Detecting a robust
trend in AMOC strength will likely require at least two additional decades of sustained
observations, whereas full-depth volume transport may not emerge for another three to five
decades. These results suggest that anthropogenic carbon transport may provide an earlier
and more robust observational indicator of climate-driven ocean change than circulation-
based metrics. Moreover, continued observations at the RAPID array remain necessary, as
detecting robust changes in AMOC and large-scale circulation will likely require at least one
to three additional decades of sustained measurements.

Several sources of uncertainty should be noted. The ToE estimates are derived from
a single-model large ensemble (CanESM), which may underestimate structural uncertainty
across models. In addition, CanESM exhibits relatively weak AMOC variability compared
to other models such as CESM (Weijer, Cheng, et al., 2020), potentially leading to earlier
simulated emergence. These factors suggest that the actual emergence of circulation signals
may occur later than estimated here, further highlighting the value of sustained observations
at the RAPID section for resolving the ocean response to climate change. In addition, part
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of the apparent divergence between AMOC weakening and increasing C,¢, transport may
reflect the section-based nature of the RAPID diagnostics. The RAPID array captures
transports across 26.5°N rather than the full basin-scale Atlantic overturning circulation,
and local compensation between the WBC and basin interior may make the relationship
between AMOC variability and Cgpyp, transport harder to identify at this section. Thus, the
inferred AMOC-C,,,;, relationship should be interpreted as a RAPID-section perspective
rather than a complete constraint on the basin-scale overturning-carbon transport balance.

Taken together, our results highlight a fundamental distinction between carbon-cycle
and circulation responses in the North Atlantic. While anthropogenic carbon signals respond
rapidly to atmospheric forcing and become detectable on decadal timescales, circulation
changes emerge more slowly due to their dynamical complexity and intrinsic variability.
Continued operation of the RAPID observational program will therefore provide important
constraints on both the early evolution of carbon transport and the longer-term adjustment
of ocean circulation under sustained anthropogenic forcing.
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Figure 1. Observed vs. CMIP6 simulated anthropogenic carbon transport (Cgnip) across the
RAPID 26.5° N section. (a) Time series of total Canen transport (black) and its components of
overturning (blue) and horizontal (red) terms during 2004-2012. Thick lines denote observations,
and light-colored lines show the individual results of 55 CMIP6 experiments during the same period
(gray for total, light blue for overturning, and light red for horizontal). Positive values indicate
northward transport, and negative values indicate southward transport. (b) Time-series mean (£ 1
seasonal standard deviation) of the observed results and the ensemble mean of the 55 CMIP6
simulations during 2004-2012. For CMIP6, the shaded range represents the ensemble spread of
the member-wise seasonal standard deviations: we first compute the seasonal standard deviation

within each member, and then take the standard deviation across members.
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Figure 2. Seasonal cycle of Cgnen transport across the RAPID 26.5° N section. (a) Monthly
climatology of total (black), overturning (blue), and horizontal (red) components of Cqn¢p trans-
port for the period 2004-2012 in observations, with shading indicating one standard deviation of
monthly variability. Positive values denote northward transport. Monthly climatology of total
(orange), overturning (green), and horizontal (purple) components of Cupnep transport of CMIP6
ensemble means. (b-d) Seasonal climatologies of total (b), overturning (c), and horizontal (d) Cann
transport from individual CMIP6 experiments. The gray, blue, and red shading respectively de-
note total, overturning, and horizontal components, consistent with panel (a) and representing one
standard deviation. Black, blue, and red solid circles mark the CMIP6 ensemble mean seasonal
cycle. Highlighted solid lines represent the ensemble means of CanESM and CESM, while lighter

lines show individual results from the 55 CMIP6 experiments.
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Canth Transport at 26N: annual mean SSP comparison
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Figure 3. Evolution of Cgne, transport and volume transport at the RAPID 26°N section
based on CMIP6 dataset. (a) Time series of Canen transport for the historical period (1850-
2014) and three future scenarios (2015-2100): SSP1-2.6 (orange), SSP2-4.5 (green), and SSP5-8.5
(purple). Solid lines denote the ensemble mean and shaded regions indicate the inter-member spread
(%1 standard deviation). The in-panel table summarizes linear trends for different periods (1850-
1950, 1950-2000, 2004-2050, and 2050-2100), with text colors corresponding to each SSP curve.
Uncertainties represent the inter-member spread of the trend estimates. Positive values indicate
northward transport. (b) Area-weighted mean Cgnen concentration at the RAPID section. The
inset shows the corresponding atmospheric CO2 trajectories under each SSP scenario, representing
low- (SSP1-2.6, orange), intermediate- (SSP2-4.5, green), and high- (SSP5-8.5, purple) emission
pathways. Trend values for each period are annotated as in panel (a). (c) Net volume transport
across the RAPID section at 26°N. Positive values indicate northward transport. Lines and shading
follow the same convention as in panel (a), and the in-panel table shows period-specific trends and
their inter-member spread. (d) AMOC strengtjgat 26°N. Solid lines denote the ensemble mean
and shading represents the inter-member spread. The in-panel table shows phase-dependent trends
and their spread across ensemble members. All trends are derived from linear regression over
the specified periods. Details of the CMIP6 experiments used for each scenario are provided in

Supplementary Table 1.
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Figure 4. Spatial structure of Cgpyp transport and its drivers across the RAPID 26.5°N section

under historical and future scenarios. (a-c) Time-mean zonal-vertical sections of Cgn¢n transport,
meridional velocity, and Cganen for the historical period (2004-2012). positive values (red) indicates
northward Cgnen transport. (d-f) Same as (a-c), but for the SSP5-8.5 scenario during 2015-2100.
Results for SSP1-2.6 and SSP2-4.5 are shown in Fig. S4. (g-i) Differences between SSP5-8.5
(d-f) and the historical period (a-c), showing changes in Cgnip transport, velocity, and Cantn
concentration, respectively. Red shading (positive values) indicates an increase in SSP5-8.5 relative
to the historical period. Results for SSP1-2.6 and SSP2-4.5 are shown in Fig. S4.
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Figure 5. Spatial and vertical structure of Cgpnep transport at the RAPID 26°N section under
historical and future climate conditions. Results are shown for the historical period 2004-2014
(black) and for the end of this century 2090-2100: SSP1-2.6 (orange), SSP2-4.5 (green), and SSP5-
8.5 (purple). (a) Longitudinal distribution of depth-integrated Cansn transport. (b) Longitudinal
distribution of depth-integrated net volume transport. (c) Longitudinal distribution of vertically
integrated Cantn concentration. In (a—c), the vertical dashed black line indicates the boundary be-
tween the western boundary current (WBC) and the non-WBC region (approximately 80°W—-70"W),
defined based on the longitude where the depth-integrated volume transport changes sign from pos-
itive to non-positive. (d) Vertically cumulative Cgnip transport integrated from the surface down
to each depth, shown as zonal means. (e) Vertically cumulative volume transport integrated from
the surface down to each depth, shown as zonal means. (f) Vertical profile of zonal-mean Cgnip
concentration. In (d-f), the horizontal dashed black line marks 700 m, corresponding to the depth

at which the cumulative Cgypntn transport and cumulative volume transport reach their maxima.
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a Regional Decomposition of Canth Transport (SSP2-4.5, monthly)
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Figure 6. Decomposition of Cgpnep transport at the RAPID 26°N section under the SSP2-4.5
scenario. (a) is the regional decomposition of total Cansn transport (balck line) into contributions
from the western boundary current (WBC; red), the upper interior ocean (0-700 m; dark blue), and
the deep interior ocean (700 m-bottom; grey). Shaded regions indicate the inter-member spread
(1 standard deviation) across the ensemble. (b) Contributor-based decomposition of total Cantn
transport into four terms: AC(y) x V(4 (black), Vizo) - ACy (purple), Co) - AV(y (orange), and
AV - AC() (light blue), where to denotes the initial reference state (JAN 2004) and A indicates
anomalies relative to tg. (c) Same decomposition as in (b), but restricted to the WBC region. (d)
Same decomposition as in (b), but for the interior upper ocean (Non-WBC, 0-700 m). Results for
SSP1-2.6 and SSP5-8.5 are shown in Figures S6 and S7, respectively.
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Figure 7. Time of emergence (ToE) of anthropogenic signals at the RAPID 26.5°N section. The
ToE is defined as the earliest year at which the forced signal exceeds two standard deviations of
internal variability for at least five consecutive years, indicating a robust detection of the anthro-
pogenic signal. Solid lines represent the ensemble mean under SSP1-2.6 (orange), SSP2-4.5 (green),
and SSP5-8.5 (purple), with shading indicating the inter-member spread (&1 standard deviation).
(a) Cantn transport integrated over RAPID. Vertical dashed lines mark the estimated ToE years of
2033 (SSP1-2.6), 2028 (SSP2-4.5), and 2023 (SSP5-8.5). The inset shows the corresponding atmo-
spheric CO; trajectories under each SSP scenario. Same as (a), (b) represent AMOC strength at
RAPID. Vertical dashed lines indicate the corresponding ToE estimates (2042 for SSP1-2.6, 2038
for SSP2-4.5, and 2033 for SSP5-8.5). (c) represent the net volume transport across the RAPID
section and their ToE year (2078 for SSP1-2.6, 2063 for SSP2-4.5, and 2053 for SSP5-8.5).
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Figure S1.

Comparison between monthly and reconstructed monthly results based on yearly

outputs from the CanESM experiment (rlilp2fl). (a) Comparison of the direct monthly output
of area-weighted mean Cxanth concentration (solid line) and monthly dataset interpolated from
yearly output (dashed lines) under SSP1-2.6 (orange), SSP2-4.5 (green), and SSP5-8.5 (purple).
(b) Same as (a), but for Cxanth transport. The two estimates are practically indistinguishable.



a Canth Transport at 26N: monthly SSP comparison
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Figure S2. Monthly variability and seasonal structure of Cxanth transport at the RAPID 26°N
section under different emission scenarios. (a) Time series of monthly Cxanth transport under
SSP1-2.6 (orange), SSP2-4.5 (green), and SSP5-8.5 (purple) for 2015-2100. Solid lines represent
the ensemble mean, and shaded regions denote the inter-member spread (+1 standard deviation).
(b) Monthly climatology of Cg,,, transport for the early period (2015-2034). Solid lines indicate the
climatological mean for each scenario, and dashed lines represent the corresponding inter-member
spread (£1 standard deviation). (c¢) Same as (b), but for the late period (2081-2100).
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Figure S3. Decomposition of Cxanth transport into overturning and horizontal components across
the RAPID 26.5°N section under future emission scenarios. (a) Annual mean Cxanth transport
at the RAPID section for SSP1-2.6 (orange), SSP2-4.5 (green), and SSP5-8.5 (purple). Solid lines
denote the overturning component, while dashed lines represent the horizontal component. Shading
indicates the inter-member standard deviation. (b) Monthly C,,, transport and its decomposition
for the same scenarios.
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Figure S4. Spatial structure of Cxanth transport and its drivers across the RAPID 26.5°N
section under SSP1-2.6 and SSP2-4.5 scenarios. (a—c) Time-mean zonal-vertical sections of Cxanth
transport, meridional velocity (v), and Cgp, concentration for SSP1-2.6 (2015-2100). (d-f) Same
as (a—c), but for SSP2-4.5 (2015-2100). Red shading indicates positive values. Results for SSP5-8.5

are shown in Figure 4 of the main text.



a Canth Transport diff (SSP126 and 2004-2012) b Velocity diff (SSP126 and 2004-2012) € Canth concentration diff (SSP126 and 2004-2012)

1000

2000

Depth (m)
w
8
8
8

4000

5000

80°W  70°W  60°W  50°W  40°W 30°W 20°W 10°W 80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W 80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W
Longitude Longitude Longitude
d Canth Transport diff (SSP245 and 2004-2012) e Velocity diff (SSP245 and 2004-2012) Canth concentration diff (SSP245 and 2004-2012)

-

1000

2000

3000

Depth (m)

4000

5000

80°W  70°W  60°W  50°W  40°W  30°W 20°W 10°W 80°W 70°W 60°W 50°W 40°W  30°W 20°W 10°W 80°W 70°W 60°W 50°W  40°W 30°W 20°W 10°W

Longitude Longitude Longitude
-4 -2 0 2 4 ~0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 0.100 -0.04  —0.02 0.00 0.02 0.04
(PgC yrt m=2) le-10 (m/s) (mol/m?)

Figure S5. Changes in Cxanth transport and its drivers between historical and future scenarios.
(a—c) Differences between SSP1-2.6 and the historical period (2004-2012) for Cxanth transport,
velocity, and Cgp, concentration. (d-f) Same as (a—c), but for SSP2-4.5. Red shading indicates
an increase in the future scenarios relative to the historical mean. Results for SSP5-8.5 are shown
in Figure 4 of the main text.



a Regional Decomposition of Canth Transport (SSP1-2.6, monthly)
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Figure S6. Decomposition of C,,; transport changes under the SSP1-2.6 scenario.
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Figure S7. Decomposition of Cg,, transport changes under the SSP5-8.5 scenario.
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Figure 6, but for SSP5-8.5 during 2015-2100 and with different vertical scales.
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Supplementary Table



Table S1. Data availability and ensemble selection for CMIP6 simulations.

This table summarizes the availability of velocity (vo), dissolved inorganic carbon (dissic),
and natural dissolved inorganic carbon (dissicnat) across the historical and SSP experiments,
including their temporal resolutions (monthly, Omon; yearly, Oyr) and ensemble members.
Because the overlap of monthly carbon variables across ensemble members is limited, annual
dissic and dissicnat outputs are used to reconstruct anthropogenic carbon (Cypep), which is
then temporally interpolated to monthly resolution. The final ensemble used in this study is
defined based on the intersection of available velocity and carbon fields, ensuring consistency
across variables and experiments.

Experiment | Variable Temporal resolution Matching experiments
Historical Vo Omon (55)
Omon (55)

Historical dissic & dissicnat | Omon (55)
SSP1-2.6 A Omon (10) )

— — Omon (by Oyr interp, 7)
SSP1-2.6 dissic & dissicnat | Omon (1), Oyr (13)
SSP2-4.5 VO Omon (19) )

R — Omon (by Oyr interp, 14)
SSP2-4.5 dissic & dissicnat | Omon (1), Oyr (15)
SSP5-8.5 Vo Omon (10)

Omon (by Oyr interp, 7)

SSP5-8.5 dissic & dissicnat | Omon (1), Oyr (13)
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