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Abstract About a quarter of the total anthropogenic CO, emissions during the industrial era has been

absorbed by the ocean. The rate limiting step for this uptake is the transport of the anthropogenic carbon (C )

from the ocean mixed layer where it is absorbed to the interior ocean where it is stored. While it is generally
known that deep water formation sites are important for vertical carbon transport, the exact magnitude of the
fluxes across the base of the mixed layer in different regions is uncertain. Here, we determine where, when, and

how much C__has been injected across the mixed-layer base and into the interior ocean since the start of the

ant
industrialized era. We do this by combining a transport matrix derived from observations with a time-evolving

boundary condition obtained from already published estimates of ocean C_ . Our results show that most of the

ant®

C,,, stored below the mixed layer are injected in the subtropics (40.1%) and the Southern Ocean (36.0%), while
the Subpolar North Atlantic has the largest fluxes. The Subpolar North Atlantic is also the most important

region for injecting C_,, into the deep ocean with 81.6% of the C_, reaching depths greater than 1,000 m. The

ant

subtropics, on the other hand, have been the most efficient in transporting C,_ across the mixed-layer base per

ant

volume of water ventilated. This study shows how the oceanic C_ uptake relies on vertical transports in a few

ant

oceanic regions and sheds light on the pathways that fill the ocean C,, reservoir.

1. Introduction

Since the beginning of the industrial era, humankind has emitted large quantities of CO, to the atmosphere. This
has changed its radiative properties and resulted in global warming. The increased atmospheric CO, concentra-

tion also drives ocean anthropogenic carbon (C,,,) uptake, which mitigates the atmospheric CO, rise and conse-

ant

quently global warming. Although oceanic C_ is chemically indistinguishable from the large natural carbon

ant
pool of 38 000 Pg C (Sarmiento & Gruber, 2002), the total C_, inventory in the ocean has been constrained to
within 15%. Various methods, based on the reconstruction of preindustrial ocean carbon concentrations, transient
tracers, and optimized circulation models agree that the global ocean has absorbed one fourth of the total anthro-
pogenic emissions from fossil fuel combustion, cement manufacturing, and land use change (DeVries, 2014;
Khatiwala et al., 2009; McNeil et al., 2003; Sabine et al., 2004), that is, 160 + 20 Pg C out of 655 + 55 Pg C

(Friedlingstein et al., 2020). These estimates of ocean C_ . content and distribution are valuable for understand-

ant
ing climate sensitivity to CO, emissions, vulnerability of ocean carbon uptake for further climate change, for
quantifying the extent of ocean acidification (Lauvset et al., 2020), as an independent check on estimates of the
terrestrial sink of CO, (e.g., DeVries, 2014; Khatiwala et al., 2009), and for evaluation of Earth System Models

(e.g., Liddicoat et al., 2021).

Ocean C,, uptake is regulated by an interaction of physical and chemical processes (Maier-Reimer &
Hasselmann, 1987). The chemical processes control the mass of C_, that can be absorbed into the well-mixed
upper ocean for a given rise in atmospheric CO, before equilibrium is reached. It is dependent on the water's
buffer capacity, formally quantified as the Revelle factor, which expresses the relationship between changes in
CO, partial pressure (pCO,) and Dissolved Inorganic Carbon (DIC) (Middelburg et al., 2020). A high Revelle
factor means low buffer capacity and relatively low capacity for C,,, uptake and vice versa for low Revelle factor.
The physical processes control the extent to which waters that have absorbed C_,, from the atmosphere are trans-
ported away from the well-ventilated upper ocean mixed layer to the deep ocean (Graven et al., 2012; Sarmiento
et al., 1992) and replaced with older waters through upwelling. These older waters have not been exposed to the
present atmosphere and thus provide the surface ocean with further capacity for C_,, uptake. The ocean circula-
tion thus ensures the ongoing absorption of C,,, by the subduction of C,,, across the mixed layer.
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Some features of the C, subduction across the mixed-layer base are evident from the distribution of C_ in the

ant ant

ocean, in particular, the large column inventories within and immediately downstream of deep and mode water

formation regions. These include the North Atlantic, reflecting the C,  transport by the North Atlantic Deep

ant
Water (NADW), and the Antarctic convergence and regions to the north of this, reflecting the C,,, transport by
Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW) (Sabine et al., 2004). AAIW and
SAMW are collectively referred to as MIW (Mode/Intermediate Water) in the reminder of this contribution.
However, inventory estimates do not provide explicit information about these C,,, fluxes across the mixed-layer
base. Instead, such anthropogenic carbon transports have been determined by combining C,,. estimates with
geostrophic flow fields (e.g., Alvarez et al., 2003; Holfort et al., 1998; Lundberg & Haugan, 1996; Macdonald
et al., 2003; Ros6n et al., 2003) and by using data-based inverse methods (Mikaloff-Fletcher et al., 2006). These
studies show that the C,, that is taken up in the deep water formation regions in the Subpolar North Atlantic (i.e.,
Labrador and Nordic Seas) is transported southward by entrainment into the NADW. In the Southern Ocean,
about half of the C_,, that is absorbed are transported equatorward mostly as a consequence of the spreading of the
MIW (Mikaloff-Fletcher et al., 2006). The C

gyres, resulting in the high-column inventories observed there.

' transported along these pathways is stored below the subtropical

More sophisticated methods, such as transport matrices (offline ocean circulation models in the form of a
matrix), have been used to provide the first 3D estimates of C_,, distribution (Khatiwala et al., 2009) and transport
(DeVries, 2014; Khatiwala et al., 2013). Khatiwala et al. (2013) and DeVries (2014) used observationally opti-

mized transport matrices to determine ocean C_  uptake, transport, and storage. Their findings largely agree with

ant
those determined using the inverse methods described above; the large storage rates in the midlatitude oceans
are a consequence of the equatorward flows of C,, rich waters subducted in the Southern Ocean and Subpo-
lar North Atlantic. The results provided by these methods are part of the cornerstones of oceanic C,,, studies;
however, fluxes across the mixed-layer base were not estimated. Such fluxes across the base of the mixed layer
and their spatial distribution have only been explored in models. Bopp et al. (2015) used the NEMO-PISCES
model (Aumont & Bopp, 2006; Madec, 2008; Timmerman et al., 2005) to show that global subduction is domi-
nated by the Southern Ocean and the subtropics. The subduction in the Southern Ocean was found to be a result
of vertical mixing, while in the subtropics, it is a result of the interplay between the sloping mixed-layer base
(horizontal mixed-layer base depth gradients) and lateral advection, including Ekman pumping. At high northern
latitudes, vertical mixing was found to drive most of the subduction. Pathways of C_, to the interior ocean were
also explored by Iudicone et al. (2016) who applied a thermodynamic water-mass framework to output from the
ORCA2-LIM-PISCES model (Aumont & Bopp, 2006; Madec et al., 1998; Timmerman et al., 2005) to identify
the importance of various processes, in particular water mass transformation and diffusion, in transporting C,,, to
the different density levels of the global ocean.

The overall aim here is to provide an observation-based estimate of the fluxes across the base of the mixed layer
and the subsequent movement in the interior by identifying the oceanic regions that filled the ocean with C_,, over
the time period 1780-2012. We do this by combining the Total Matrix Intercomparison (TMI) transport matrix
(Gebbie & Huybers, 2012) with estimates of C
Unlike other transport matrices, the TMI matrix is constrained almost entirely from observations without relying

e Srowth rates in the mixed layer, obtained from DeVries (2014).
on information from General Circulation Models (Khatiwala et al., 2013) or dynamical constraints (DeVries &
Primeau, 2011). By combining a boundary Green's function derived from the TMI transport matrix with the time
evolving C, boundary concentration, we estimate the total amount of C_,, injected across the mixed-layer base
and into the interior ocean. We also apply a particular focus on deep regions (>1,000 m) both where and when
the deep ocean C,,, was injected at surface.

2. Methods

C,, behaves as a conservative tracer (Sarmiento et al., 1992), and thus with a representation of ocean circu-
lation and a boundary condition, the ocean transport of C_,
the advective-diffusive pathways that connect the ocean surface with the interior and they have been widely
used to assess the distribution of C,, in the ocean (e.g., Khatiwala et al., 2009; Waugh et al., 2006). Here,
we determine the subduction of C_,, across the ocean's mixed layer using the boundary Green's function from

can be quantified. Green's functions reproduce

Gebbie and Huybers (2012) that encapsulates the ocean circulation and a C_,, boundary condition obtained from
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DeVries (2014). The cumulative fluxes in each of the mixed-layer patches, F(s, 7) (in mol), into the interior ocean
locations, i, are given by

233 N

F(s,t) = ZZg(s,i,T)c(s,t—r) @))]

7=0 i=0

where g(s, i, 7) represents the boundary propagator from the mixed-layer patch s to each of N = 57,514 interior
locations below the mixed layer and is here expressed in terms of volume (i.e., in m?). Overall, the ocean is
discretized into a grid with a horizontal resolution of 4° by 4° and 33 vertical levels. The depth of the mixed layer
varies regionally, such that the number of vertical levels in the mixed-layer patches (i.e., mixed-layer) also varies
regionally. There are altogether 74,064 grid cells with 2,806 mixed-layer patches that contain 16,550 grid cells
within the mixed layer (which is completely homogeneous). The boundary propagator g runs with a lag, 7, up to
233 years. The volume that leaves the mixed-layer patch s is combined with the mixed-layer C_  time histories ¢

(in mol m~3) for times t = 1780-2012.

ant

The C,,
Model (OCIM) by DeVries (2014), which provides an appropriate representation of the C_,
by coupling an interactive atmosphere and an ocean transport matrix based on observational and dynamical

boundary condition was obtained from the C ,, distribution estimated with the Ocean Circulation Inverse
concentrations

constrains.

2.1. Boundary Green's Function

Here, we use the boundary Green's function determined by Gebbie and Huybers (2012). This contains the surface
pattern of contributions (g(s, i, 7) in Equation 1) to ocean's interior volume that arrive with a lag of = time steps. It
was determined from modern-day tracer observations by constraining ocean-mixing pathways with the TMI and
ventilation rates with *C. The TMI is a water decomposition method based on the inversion of tracer conserva-
tion equations for six ocean properties (potential temperature (6), salinity, %0, , POi‘, NOj3, and O,) (Gebbie
& Huybers, 2010). In essence, by identifying mixtures of water properties, the TMI diagnoses the pathways that
connect 57,514 inner ocean boxes with 2,806 mixed-layer patches as explained above. For the ventilation rates,
lags up to 2,000 years permit more than 99.9% of ocean's memory to be captured (Gebbie, 2012; Gebbie &
Huybers, 2012). The TMI ocean circulation model is also used here as a forward model to estimate the distribu-
tion and inventory of C_,, in the ocean, which is used to examine model consistency (Section 2.3).

2.2. Mixed-Layer C, Time History

ant

The time history of C_,, in the mixed layer used as boundary condition ¢ was extracted from the time and space
resolving the global ocean C,,, (control “inversion” (CTL)) estimate published by DeVries (2014), which is based
on the OCIM. Briefly, the OCIM is data-constrained dynamical circulation model, optimized by assimilating
observations of @, salinity, '*C and CFC-11, as well as estimates of mean sea surface height and sea surface
heat, and freshwater fluxes (DeVries, 2014; DeVries & Primeau, 2011). DeVries (2014) estimated the C_, ocean
distribution as the difference in ocean DIC between a time-varying run where the atmospheric pCO, increases
according to observations and a preindustrial run under a constant preindustrial atmospheric concentration of
280 ppm. He assumed that ocean biology and circulation remained constant since the preindustrial era. The
OCIM C,,
4°) to enable us to use it as a boundary condition.

distribution was supplied on a resolution of 2° by 2° and was interpolated onto the TMI grid (4° by

2.3. Model Evaluation

To evaluate our approach, we propagate the OCIM mixed-layer C,, concentration throughout the ocean interior.
We derive a surface boundary flux f, equivalent to the yearly growth rate of the OCIM mixed-layer C,, time
history (¢ in Equation 1), and then force the TMI ocean circulation model (Section 2.1) according to the equation:

dCant

= LCuu + B 2
I «+Bf @
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where B is the matrix corresponding to the mixed layer that imposes the surface boundary flux f into the inte-
rior ocean transport matrix L (Gebbie & Huybers, 2012). The equation is solved by the timestepping algorithm
“odel5s” in MATLAB. The boundary Green's function, the collection of g's in Equation 1, is self-consistently
produced with this method (see Appendix A in Gebbie, 2012). Thus, the extent to which the C,, distribution and

inventory determined using Equation 2 align with existing assessments provides insight on the fidelity of our
results.

The total ocean C,, inventory determined from the TMI for 2010 is 178 Pg C (Figure 1a). This is close to
the recent inventory estimates by Khatiwala et al. (2013) and DeVries (2014) who estimated 155 + 31 and
155-160 Pg C, respectively. In this study, we focus on the fluxes across the base of the mixed layer, and the repro-
duction of the inventory provides an insight of the suitability of the circulation model for that purpose. Given

that the true size of the ocean carbon inventory is not known, and that our C_ . concentration in the mixed layer is

ant

not independently constrained, our approach cannot be used to provide an independent estimate of the inventory.

Differences between the TMI column inventory distribution (Figure 1b) and the one presented by DeVries (2014)
(Figure Ic) are solely due to differences in circulation. In general, the distribution of C_, derived from the TMI
aligns with other estimates (DeVries, 2014; Khatiwala et al., 2013). The Labrador and Nordic Seas contain large

amounts of C_up to 90 mol m~2, while the smallest column inventories are found in the Southern Ocean, south

ant
of the Polar Front. This region is dominated by upwelling of old waters from the Antarctic Circumpolar Current
with low concentrations of C_,,. In the Subpolar and Subtropical North Atlantic, the TMI-derived estimates are
about 66% and 69% of the OCIM-derived ones, respectively. Specifically, while the OCIM results show large
inventories in the west associated with the Deep Western Boundary Current, this feature is much less strong in
the TMI results, indicating more diffusive transports in the latter. The largest disagreement in terms of total inven-
tory occurs in the tropical Pacific, where, when integrated over the large volume of the basin, the slightly higher
concentrations in the TMI amount to a difference of 10.8 Pg C (Figure 1d). The column inventories in the Arctic
are slightly higher likely as a consequence of poor constraints on its circulation rates due to the dearth of '“C data

from this region at the time the TMI analyses were carried out (Gebbie & Huybers, 2012).

The zonally integrated cross sections (Figure 2) shed light on which water masses contribute most to these differ-
ences. The deepest penetration of C,,, comes from the NADW in the North Atlantic due to the contributions of
the Labrador Sea Water (LSW; ~1,000 m north of 40°N) and the deep convection in the Nordic Seas (north of
60°N) that transport C_ concentrations of ~30 pmol kg~!. In the Atlantic, Pacific, and Indian Ocean basins, the
Southern Hemisphere MIW propagates C_,, down to 1,000 m and northward, resulting in high concentrations in
the main thermocline below the subtropical gyres. The largest disagreement with the OCIM, up to 20 pmol kg~!
less, appears throughout the North Atlantic water column between 30 and 50°N and is the deep expression of the
differences in the Deep Western Boundary Current discussed above. Further, concentrations in the deep Nordic
Seas are at least 15 pmol kg=! larger in the TMI than in the OCIM. We note, however, that the TMI-derived
Nordic Seas inventory of ~70 mol m~2 and ~1.3 Pg C for 2002 (not shown) agrees with previous estimates of
~70 mol m~2 and 0.9-1.4 Pg C (Olsen et al., 2010) for the same year, whereas the OCIM estimate is ~60 mol
m~2 and about 1.2 Pg C, which renders confidence to the TMI approach here. In the equatorial thermocline in all

ant

ocean basins, the concentrations are about 20 pmol kg~! higher in the TMI-derived estimates.

The difference between the TMI and OCIM C,_,, inventory results from the differences in the circulation field
partially due to the different set of ocean tracers used to constrain the mixing pathways and ventilation rates in the
OCIM and TML. First, the rates in the OCIM are constrained by CFC-11 and *C, while the TMI only uses “C.
Due to its long half-life (5,730 years), '*C data are suitable to resolve ventilation rates on a long timescale,
whereas CFCs, being much more modern, resolve decadal to multidecadal timescales (England & Maier-Re-
imer, 2001). This long half-life likely results in the concentration differences in the North Atlantic, which we
believe are more trustworthy in the OCIM. The Deep Western Boundary Current is sharp in the OCIM, while
it appears more diffuse in the TMI likely due to the dependency of the *C alone that might not be sufficient to
resolve the near-present circulation in the latter. Second, the additional nutrient and oxygen tracers in the TMI
could constrain uncertain biogeochemical fluxes (DeVries & Primeau, 2011; Schlitzer, 2004). In the equato-
than the OCIM: about 10 pmol kg~! in the thermocline. POi' is
among the tracers used to derive the pathways in the TMI, and the TMI corrects for remineralization under
the assumption that the Anderson and Sarmiento (1994) stoichiometric ratios, 1:-170 P:O,, apply. Recently,
Carter et al. (2021) determined that this ratio is likely smaller, 1:-141 + 12. The fixed stoichiometric ratios or

rial regions, the TMI accumulates more C

ant
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Figure 2. Vertical distribution of C_,, zonally averaged, for (a) Atlantic, (b) Pacific, and (c) Indian Ocean for 2010. Black contours indicate the differences with

ant’

Ocean Circulation Inverse Model (OCIM) for 2010 calculated as Total Matrix Intercomparison (TMI) minus OCIM, where solid lines mean higher and dashed lines
lower concentrations in the TMI. The missing Greenland-Scotland Ridge in the Atlantic (60°N) is an artifact of the longitudinal averaging across the entire basin. Note
difference in y axis (depth) scaling between 0—1,000 m and 1,000-5,000 m.

Figure 1. (a) C,,, inventory evolution produced by the Total Matrix Intercomparison (TMI) for 1780-2012 and estimates from the C* method by Sabine et al. (2004),
Green's Function by Khatiwala et al. (2009), AC* by Gruber et al. (2019), and Ocean Circulation Inverse Model (OCIM) by DeVries (2014). (b) C,,, column inventory
produced by the TMI for 2010. (c) C,,, column inventory produced by the OCIM control “inversion” for 2010 (DeVries, 2014). (d) Differences between the OCIM and
the TMI column inventory estimates for 2010 calculated as TMI minus OCIM; blue colors indicate lower and red higher inventories in the TMI. The OCIM field was
interpolated onto the TMI grid. Dashed lines represent the outcrop areas of different water masses according to Gebbie and Huybers (2010). The values within each
region indicate the total mass of C,,,.
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define the various regions mentioned in the text and in Table 1, while the numbers indicate the total mass of C

logarithmic.

fluxes across the mixed-layer base for 1780-2012 from the boundary Green's function and C

;:;:(jntzl Injection and Inventory Below the Mixed Layer for 2012 in Pg C
Region Injection Inventory
Arctic Ocean 2.3 4.2 (4.3)
Atlantic Ocean 49.8 41.9 (52.5)
Labrador Sea 7.1 4.1(5.2)
Nordic Seas 11.1 1.3 (1.6)
North Subtropical Atlantic 10.6 14.6 (16.4)
South Subtropical Atlantic 8.5 8.9 (10.1)
Tropical Atlantic 1.6 14.0 (14.9)
Subantarctic Atlantic 10.9 3.4 4.3)
Pacific Ocean 71.7 80.6 (91.8)
Subpolar North Pacific 6.2 3.9 (4.6)
North Subtropical Pacific 12.2 11.2 (12.8)
South Subtropical Pacific 15.7 20.1 (22.7)
Tropical Pacific 5.7 29.5(32.1)
Subantarctic Pacific 37.9 15.9 (19.6)
Indian Ocean 25.5 30.1 (34.3)
Subtropical Indian 15.3 15.3 (17.1)
Tropical Indian 1.3 10.3 (11.4)
Subantarctic Indian 8.9 4.5 (5.8)
Mediterranean Sea 1.1 0.3 (0.4)
Antarctic Marginal Seas 2.1 2.4 3.3)
Weddell Sea 0.7 0.5 (0.8)
Ross Sea 0.9 0.9 (1.3)
Adélie Region 0.5 1.0 (1.2)

Note. The numbers in parenthesis correspond to the regional inventory
when the mixed layer is included. Regions in bold represent the sum of the
sub-regions listed below. Rounding errors account for the mismatch between

the estimates in the text.

180°

120°W 60°W

. DOundary condition. Black-dashed lines
injected within each region, in Pg C. The color scale is

ant

the inclusion of oxygen to further constrain the circulation in the TMI could
contribute to the differences in C_,, concentration in the equatorial regions.
In particular, a deeper ventilation of those regions could be translated to a
higher C,,, concentration in the TMI relative to that in OCIM.

Although there are some regional differences among the OCIM and TMI
circulation fields, the two matrices are broadly consistent. Carter et al. (2021)
compared the surface contributions to a point at the base of the Northern
Pacific Subtropical gyre thermocline for the TMI and OCIM in addition to the
2.8° transport matrix from Khatiwala (2007). Despite regional differences,
the three matrices show a similar pattern (Figure 1 in Carter et al., 2021). We
also note here that the OCIM and the TMI provide similar age estimates for
deep and bottom waters (>2,000 m) (DeVries & Primeau, 2011; Gebbie &
Huybers, 2012).

3. Results

3.1. C_ Injection

ant

The accumulated flux of C_, across the mixed-layer base in each grid cell
from the industrial revolution through 2012 was calculated using Equation 1
(Figure 3). Table 1 summarizes the total injection and inventory in the set of
ocean areas defined by Gebbie and Huybers (2010) with additional separa-
tion into tropical and subtropical regions at 18° north and south. Of the total
ocean inventory of 184.5 Pg C in 2012, 24.3 Pg C remains within the mixed
layer, while 160.2 Pg has been injected across the base of the mixed layer.
The accumulated injection is largest in deep water formation areas with the
strongest flux in the Subpolar North Atlantic (NADW formation region) and
Southern Ocean (MIW formation region). Despite its relatively small area
(4.2% of the global ocean), the total mass of carbon injected in the Subpolar
North Atlantic is 18.2 Pg C (11.3% out of the 160.2 Pg C global total below
the mixed layer). 7.1 Pg C (4.4%) of this was injected in the Labrador Sea
(including the Irminger Sea and Canadian Archipelago) and 11.1 Pg C (6.9%)
in the Nordic Seas. On the other hand, despite being important deep water
formation regions with intense fluxes (Figure 3), the Ross and Weddell Seas
have contributed with only 1.6 Pg C (1.0%) to the interior ocean inventory.
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values reflect a divergence in the ocean interior. The values indicate the net balance of C,,, per region in Pg C. (b) Effective C,,, end-member concentration, Cor (8,0,
for the waters now residing in the interior ocean, calculated from Equation 3.

The fluxes are also substantial in subtropical regions as a consequence of Subtropical Mode Water (STMW)
formation in the subtropical gyres. The fluxes are lowest in tropical regions because of strong stratification and/or
upwelling; only 8.6 Pg C (5.4%) has been injected in such regions when summed over the three oceans. Integrated
over regions, most of the carbon have been injected in the subtropics (64.3 Pg C or 40.1% of the total injection
across the mixed layer) and in the subantarctic region of the Southern Ocean (57.7 Pg C or 36.0%).

The difference between the regional injection and the regional inventory below the mixed layer (Table 1 and
Figure 4a) reflects the interior oceanic transport of C . The areas where the amount of injected C,, is higher than

divergence, whereas the areas where the inventory is larger than the

ant
the inventory correspond to regions of C,,,
. convergence. The Nordic Seas is the region that exports most carbon relative to the
injected amount (88.3%). Other areas of strong divergence are the subantarctic region (58.6%), the Labrador Sea
(42.3%), as well as the Subpolar North Pacific (38.7%). The C

the tropics, where about one third of the ocean interior C

injection are regions of C

exported from these regions ends up mostly in

ant

reservoir is found. Here, the C,, that is imported from

ant

other regions is 5.3 times the amount injected locally.

The relative importance of high-latitude deep water formation areas for filling the inner ocean C_, reservoir
has been much smaller than what one would expect from their importance for water volume itself. For instance,
while the ratio of water volume injected in the subpolar North Atlantic to the volume injected in the subtropical
and tropical Atlantic is approximately 25:3 (Gebbie & Huybers, 2010), the same ratio for C,,, is closer to 1:1
(18.2:20.7, Figure 3). This can be understood when considering that most of the waters from the subtropics and
tropics now present in the ocean are much younger and had higher concentrations of C,,, when they were injected
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than most of the waters from the high-latitude north Atlantic or Southern Ocean as their resurfacing timescales
are much shorter (Primeau & Holzer, 2006). This resurfacing is not explicitly modeled with our approach, but
its impacts are included via the age associated with the different water masses. Deep waters from high latitudes
remain in the interior ocean on millennial timescales (Primeau & Holzer, 2006) and therefore have higher overall
ages. This means they brought with them lower C_,, per volume of water formed compared to water injected in the
subtropics and tropics, which have much shorter residence times in the interior ocean as they resurface faster and

are overall younger. We illustrate this effect by calculating effective C,,, end-member concentrations:

F(s,1)
233 N
Y Y g(s,i,7) @

=0 i=0

Cerr(s, 1) =

where the denominator is in effect the total volume of water injected from the mixed-layer patch s over the indus-
trial era (last 233 years) that has not yet been recycled to the mixed layer, and the numerator is the total mass
of C,,, injected as calculated by Equation 1. C_; is on average 2.3 times higher in the subtropics and subtropics
than at high latitudes and up to 4 times higher in individual grid cells (Figure 4b). From the Revelle factor alone,
one expects a much smaller concentration gradient and the surface C_,, saturation concentration is only 1.2 times
higher in the tropics and subtropics than at high latitudes (Figure S1 in Supporting Information S1). The larger
C,,, undersaturation at high latitudes, likely caused by deep mixing that brings low C,,, waters to the surface,
increases this to 1.5 (Figure S1 in Supporting Information S1). Thus, most of the regional differences in C,;
explained by the young ages of waters injected in the tropics and subtropics compared to the high latitudes, which
made the injection of C

are

. PEr cubic meter more efficient. The spatial pattern of effective C,,, boundary condition
is broadly opposite to the cumulative flux pattern (Figure 3). The largest cumulative fluxes are, however, asso-
ciated with deep and mode water formation areas, suggesting that the ventilation and mean residence time of the

waters in the ocean interior are the rate limiting factor for the ocean carbon uptake.

3.2. Deep Injection

Ocean-based Carbon Dioxide Removal strategies, such as injection of CO, in the ocean by various means, have
been proposed to achieve negative emissions, and 1,000 m has been previously used as an approximation for the
depth at which C_,, can be sequestered for centennial timescales (Passow & Carlson, 2012), and while this is
approximately correct, the actual sequestration timescale varies regionally (Primeau, 2005; Siegel et al., 2021).
Here, we therefore set a uniform boundary at 1,000 m to separate the intermediate ocean reservoirs of C,,, of
142.2 Pg C (77.1%) and the deep reservoir of 42.3 Pg C (22.9%) for 2012. Our results provide broad insight into
which surface regions contribute to the C_, stored below 1,000 m and therefore, a large part of the C_,, stored for
approximately centennial timescales.

Not every region has the same role in filling the deep ocean. By modifying the selection of interior points i in
Equation 1, we can determine where C_, stored in any particular part of the global ocean was subducted out of
the mixed layer (Figure 5). The largest of such fluxes are found in the Subpolar North Atlantic, where altogether
14.9 Pg C has been injected deeper than 1,000 m, as associated with the formation of NADW. This is 81.9% of
the C,,, injected across the mixed-layer base in this region, meaning that most of the carbon injected there end up
at more than 1,000 m depth. The subantarctic region is the other main injection region where, by the formation
of MIW, 19.4 Pg C are injected (45.9% of the total injection to levels deeper than 1,000 m). The STMW in the
subtropical gyres contributes to only 6.2 Pg C to the deep ocean, a much smaller fraction (14.7%) of the total
injection below 1,000 m. In the Mediterranean Sea, 0.8 Pg C are injected below 1,000 m, almost three quarters of
the total C_, injected in this region, by means of the Mediterranean Overflow waters that enter the North Atlantic
at ~1,000 m depth (Aldama-Campino & DOOs, 2020).

The C,, stored in the deep Atlantic and Arctic (Atlantic-Arctic), Pacific, Indian, and Southern oceans mostly orig-
inates from high latitudes (Figures 6b—6e). The deep Atlantic (Figure 6b) has accumulated 18.1 Pg C, and most
of it was injected in the Nordic Seas (8.5 Pg C) and the Labrador Sea (4.5 Pg C). The deep Pacific (Figure 6c¢)
stores 12.3 Pg C_, and a large part (8.2 Pg C) was injected in the subantarctic region with the MIW formed there.
Some (0.6 Pg C) has also been injected in the North Pacific with the formation of North Pacific Intermediate
Water. In addition, both the Subpolar North Atlantic and the Arctic contribute to the deep Pacific C,,, inventory
(0.3 and 0.2 Pg C). The deep Indian (Figure 6d) ocean C,, reservoir has been filled similarly. It stores 4.5 Pg C
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Figure 5. Same as Figure 3 but for (a) C,,, fluxes into the deep ocean (>1,000 m) and (b—e) the deep reservoirs of major oceanic regions. For (b—e): The solid black
line marks the horizontal limit of the respective deep reservoir and the number in black indicates the total mass of C,,, stored within the reservoir in Pg C. Colors show
the fluxes across the mixed layer, where gray-dashed lines delimit the surface injection regions and gray numbers give the total mass of C_  injected within each of these
regions (in Pg C). The color scales are logarithmic. Numbers for total mass are consistent with each other within rounding errors.
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Figure 6. Age distribution of C,,, below 1,000 m for 2012 in the major ocean regions considered here, showing where and when the C_,, stored in the deep (a)
Atlantic (including the Arctic), (b) Pacific, (c) Indian, and (d) Antarctic was injected across the mixed layer. The different colors refer to the region of injection: ANT
(Antarctic), SPNATL (Subpolar North Atlantic), SUBANT (Subantarctic), NPAC (North Pacific), and ARC (Arctic). Gray stars indicate the water-age distribution as
volume percentage of the entire reservoir for each age class for the last 233 years. The age distribution was binned every 10 years.

of which a third (1.6 Pg C) was injected locally but the main fraction has been transported from the subantarctic
region through the subduction with MIW (2.2 Pg C). The Subpolar North Atlantic also contributes to the deep
Indian Ocean C,, reservoir (0.3 Pg C). The deep Subantarctic-Antarctic (Figure 6¢) stores 9.1 Pg C of which
most (7.1 Pg C) were injected north of the Polar Front by the MIW. Antarctic Bottom Water (AABW) from the
Ross and Weddell Seas have relatively minor contributions to the deep C,,, stored in this reservoir, 0.4 and 0.3 Pg
C, respectively. The Subpolar North Atlantic contributes also with 0.7 Pg C through the southward transport of
NADW. Overall, these results highlight how the deep, long-term, C_,, storage in the ocean relies on a few key
regions.

For each of the pathways that connect a subduction region to a long-term reservoir, there is an associated water-
age distribution, which is equivalent to the boundary Green's function. How long it takes for each of the deep
reservoirs to be filled is, essentially, the age distribution of C,,, below 1,000 m in the oceanic region in question
(Figure 6). This distribution results from the convolution of the water-age distribution and the C_,, concentration
at the time of subduction (i.e., the boundary condition). The C_ -age distribution is calculated by removing the

temporal summation in Equation 1 and selecting the interior points i within the deep reservoir R:

ant

2806 N

F(t,7) = Z Z g(s,i,7t)c(s,t —7) where i€ R. (@3]

s=0 i=0
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The C_,
amount of C

-age distributions (Figures 6a—6d) show that young C_predominates in all deep reservoirs. The lower

ant

at the tail end of the distribution reflects the smaller C__ concentration in waters ventilated at the

ant ant

beginning of the industrial era. In the deep Atlantic-Arctic, the C_,, is older than in the rest of the deep reservoirs.
This is a consequence of the presence of large fractions of water at older ages in the Atlantic-Arctic region;
about 50% of the reservoir has been ventilated during the industrial period up to ~2.5% for each 10-year interval
shown (Figure 6a). Such large ventilated water volume, combined with the appreciable amount of C,,, present

in the atmosphere at the time they were ventilated, leads to quite high concentrations of C_(not shown). Even

ant
if the volume fraction of waters at ages 40 to ~100 years is large, these waters contribute less to the C_,, inven-

tory because of their smaller C_ concentrations. In the deep Pacific, Indian, and Subantarctic-Antarctic oceans,

ant
waters ventilated in the industrial era constitute only a small part of the total volume (10.6%, 12.9%, and 28.7%,
respectively) (see longer age spectra in Figure S2 in Supporting Information S1). The volume fraction of waters
younger than 10 years is relatively large, likely resulting from the vigorous ventilation of the MIW. The combi-

nation of large volume fraction and high C__concentrations in these recent waters results in a strong peak of C

ant ant

for the 10-year age class. For the rest of the industrial period, the various age classes in the Pacific and Indian
contribute quite equally to volume, about 0.5% for each 10-year interval. Counterintuitively, the smaller amount
of C,,, present in the deep Pacific and Indian oceans is thus younger than the large amounts present in the deep
Atlantic-Arctic. In the Pacific and Indian oceans, C,,, has entered primarily from ventilation of the thermocline in
the subtropics (SUBTROP contribution in Figure 6) and with MIW from the subantarctic (SUBANT).

4. Discussion
4.1. Comparison With Other Estimates

The C,,, injection calculated here represents the cumulative fluxes across the mixed-layer base and is comparable
to the annual fluxes determined by Bopp et al. (2015). Their modeling approach and the observationally derived
Green's function approach presented here provide consistent results. Overall, the studies agree that substantial
amounts of C,,, are injected in the subtropical gyres and in the Southern Ocean, while they disagree in the

Subpolar North Atlantic. In both studies, the subtropics inject the highest amount of C_ . The injection across the

ant*
mixed-layer base in the Southern Ocean as derived from the Green's function is 31.3% (57.7 Pg C) of the total
ocean inventory of 184.5 Pg C, whereas in Bopp et al. (2015), 0.74 Pg C yr~! are injected, corresponding to 32.5%
of their annual mean global uptake over 1998-2007. The injection north of 49°N is, in our case, substantially
higher than the 5.7% of the yearly uptake from Bopp et al. (2015) at 14.3% (26.4 Pg C) of the total inventory, and

the difference is mainly associated with the Labrador and Nordic Seas.

Bopp et al. (2015) pointed out that their modeled inventory in the North Atlantic was slightly underestimated and
therefore, it is possible that the vertical transports were also underestimated. Some models struggle to represent
the small-scale processes involved in deep water formation in the Subpolar North Atlantic (Heuzé, 2017, 2021),
such that weak mixing and ventilation results in a lower C_, uptake (Wang et al., 2012). The NEMO-PISCES
model used by Bopp et al. (2015) is based on the OPA ocean circulation model (Madec, 2008) and the LIM?2 ice
model (Timmerman et al., 2005). These are shared by the ocean/sea-ice model used at NOCS (National Ocean-
ography Centre Southampton), which showed one of the shallowest March mean mixed-layer depths among
the models compared by Danabasoglu et al. (2014). Shallower mixed-layer depths were correlated with a weak
Atlantic Meridional Overturning Circulation (AMOC) (Danabasoglu et al., 2014), which translates into smaller
transport of C_,, to depths below 1,000 m (Goris et al., 2018). Furthermore, the NEMO-PISCES model has been

shown to misrepresent the Nordic Seas Overflow and underestimate its C_ transport (Racapé et al., 2018). In

ant
general, there is an ongoing discussion on how accurately the models represent the deep water formation in
the North Atlantic (Menary et al., 2020) and thus the C,,, transports. Our approach, based on the TMI model,
provides a validation data set by empirically fitting modern observations. As a result, the TMI better captures the
higher C,,, concentrations in NADW compared to some coarse-resolution models; yet, these are lower than in

other observation-based models (DeVries, 2014; Gruber et al., 2019).

Our results suggest that the downward transports of C_,, in the Nordic Seas are 1.6 times larger than in the Labra-
dor Sea (Table 1). Such a dominant role of the Nordic Seas agrees with recent observations of the contribution
of these regions to the lower limb of the AMOC across the OSNAP (Overturning in the Subpolar North Atlantic
Program) current meter array located in the Subpolar North Atlantic and presented by Lozier et al. (2019). Specif-
ically, they found that the contribution from the Labrador Sea (through the OSNAP-West array) to the overturning
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circulation (2.1 + 0.3 Sv) was substantially smaller than the contribution from the Nordic Seas, Irminger Sea,
and Iceland basin (15.6 & 0.8 Sv through the OSNAP-East array) over late 2014 through spring 2016. For a more
specific comparison, we estimated the subduction rates of volume north of OSNAP-West and north of OSNAP-
East by integrating volume contributions from the Green's function over time as in Primeau and Holzer (2006).
Our calculated subduction rates of 2.6 Sv north of OSNAP-West and 12.6 Sv north of OSNAP-East agree well
with the direct current measurements presented by Lozier et al. (2019). This renders confidence to our results and
further suggests that a dominance of northeastern sources to the lower limb is a persistent feature of the AMOC
as the TMI analyses were conducted using climatological data and the assumption of a statistical steady state.
We further determined the contribution from the Nordic Seas across the Greenland-Scotland Ridge to 8.1 Sv
in the Green's function, which is in excellent agreement with the transport estimate by @sterhus et al. (2019) of
7.8 £ 1.9 Sv and by Chafik and Rossby (2019) of 6.87 Sv. A more direct evaluation of our estimated C,,, export
from the Nordic Seas is possible by comparing to the C
0.09 PgCyr1of C
in 2002. This transport represents 4.5% of the global air-sea CO, flux for 2002, which agrees extremely well with

budget from Jeansson et al. (2011). They reported that

ant

e Were transported southward by the overflow waters across the Greenland-Scotland Ridge

the 4.2% (7.8 Pg C) export relative to the global C,,, inventory found in our study.

Our results show that the Southern Ocean has injected 31.3% of the total inventory of C,, across the mixed

layer, consistent with its widely recognized key role for the downward transports of C_ . In comparison, Sallée

ant®
et al. (2012) suggested in their observation-based regional study that these fluxes are about 20% (south of 35°S)
of the global annual air-sea C,,, flux of 2.0 + 0.6 Pg C (Friedlingstein et al., 2020). One can also consider the

regional air-sea flux of C_ as the upper limit for the injection across the mixed layer in the Southern Ocean,

ant
given the limited advection of C_,, with surface waters into this region. Several studies agree that the Southern
Ocean C,, uptake corresponds to 30%-40% of the global uptake (DeVries, 2014; Frolicher et al., 2015; Gruber
et al., 2018; Khatiwala et al., 2013; Mikaloff-Fletcher et al., 2006; Sallée et al., 2012). Because of the large
volumes of MIW and AABW water that is formed, one can expect that most of the transport in the Southern
Ocean occur below the mixed layer and therefore the injection estimates do not fall far from the uptake. Thus, our
estimate (31.3%) falls between the upper limit determined by the air-sea C_,, fluxes and the observed 20% (Sallée

et al., 2012). We finally note that our estimate is fully consistent with the 32.5% modeled by Bopp et al. (2015).

The agreement with other estimates strengthens our confidence in the results and we believe that the differences
in the ocean circulation between the TMI and OCIM, which result in differences in total inventory (Figure 1d),
have a small impact on the general pattern of the fluxes through the mixed layer. In the North Atlantic, differences
resulting from circulation (Section 2.3) suggest that the injection estimates as derived from the Green's function
are lower in the Subpolar North Atlantic than in the OCIM. Similarly, the positive differences in the equatorial
thermocline suggest a slightly higher injection in the subtropics in the Green's function estimates. Another aspect
to bear in mind is that the ocean circulation and biogeochemistry are considered steady state (i.e., time invar-
iant), which is a common assumption in transport matrices. Model simulations show that the global impact of
these assumptions is small. Changes in circulation lead to an uncertainty in the total inventory of less than 1% or
4% when also accounting for variations in biogeochemistry (Wang et al., 2012). Regionally, however, errors in
C,,, estimates derived from steady-state transport matrices associated with lack of representation of circulation
changes are of the same order of magnitude as errors in data-based estimates (Khatiwala et al., 2013). Recent
observational studies indicate that decadal changes in circulation do occur and that this affects both the transport
and distribution of C_ (DeVries et al., 2017; Gruber et al., 2019), which would impact both the pattern and
intensity of C_ injection. Therefore, the results presented in this study should be considered and interpreted in

ant

ant
a climatological sense.

4.2. Climate Sensitivity Timescales

Because each of the pathways that connect a subduction region to a long-term reservoir has an associated transit
time (Figure 6), we are able to infer where and over what timescales a change in surface anthropogenic carbon
uptake will be detectable in the deep (>1,000 m) reservoirs. We refer to this as climate sensitivity timescales. The
transit times vary spatially; thus, the climate sensitivity timescales are specific to each of the injection regions.

For example, under current atmospheric CO, growth rates, the response in C_,, storage for a change in the surface

ant
forcing in the Subpolar North Atlantic will be strongest after 20 years in the Atlantic-Arctic reservoir (Orange

bars in Figure 6a), but the signal would be weakened and lost by the time it reaches the rest of the reservoirs as a
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consequence of extensive diffusion along the way (Primeau, 2005). On the other hand, a change in the forcing in
the subantarctic region would strongly impact the C,,, storage in the deep Pacific, Indian, and Subantarctic-Arctic
reservoirs within a decade, given that the C_ -age distribution is biased young and the small size of the inventory
there. We note, however, that the relative importance of the short-term signal might decrease as these reservoirs

fill. The region contaminated with C_ , or ventilated during the industrial era, amounts to a very small fraction

ant’
of the entire reservoirs (Figure 6) as the waters deeper than 1,000 m in North Pacific are mostly ventilated by the

AABW at millennial timescales (Holzer et al., 2021).

5. Summary

The TMI and its derived Green's function, built using observations of ocean tracers, have allowed us to investigate
how the ocean anthropogenic carbon reservoir has been filled. By following the mixing pathways that connect

any ocean interior point with the surface, we determined where and when C,, was injected across the mixed-layer

ant
base and into the interior ocean from the beginning of the industrial era through 2012.

Most of the C,,
tion regions and in the subtropics. The Southern Ocean is the main injection region, where about one third of
the C_,, stored in the interior ocean crossed the mixed layer carried by the MIW (Mode and Intermediate Waters:
SAMW and AAIW). Other important injection regions are the subtropics through the STMW formation and the
Subpolar North Atlantic by means of NADW formation. Most of the C,,, injected in these regions are transported

currently stored in the ocean interior were injected in high-latitude mode and deep water forma-

away, mostly into the tropics where the reservoir size is five times larger than the amount of C_ injected locally.

ant
Here, we highlight the Nordic Seas, where very little of the injected C,,, remains in the region. At the same time,
the Subpolar North Atlantic has been one of the most inefficient regions in terms of C_,, injected per unit volume,
a pattern shown to be common for high latitudes and related to the low buffer capacity of these waters, the rapid
ventilation of surface waters by vigorous mixing, and the longer residence time of these waters in the interior

ocean. On the contrary, subtropical regions have been the most efficient injecting C,,, per unit of volume.

At least one fifth of the total C_, injected since preindustrial times has now reached depths greater than 1,000 m,

which constitutes the deep, long-term reservoir where most of the C_ . are stored for centennial timescales.

ant
Although the deep injection pattern is similar to the total injection, the relative importance of each of the regions
differs. A relatively small proportion of the C,,, injected in the subtropics ends up in the deep ocean, while this
proportion is much higher in the Southern Ocean and the Nordic Seas, which are the most important regions in

transporting C_ into the deep ocean.

ant

The source region and timescale at which the deep reservoir is filled vary regionally. The deep Pacific, Indian,
and Subantarctic-Arctic reservoirs have been only recently filled with C_, subducted in the Southern Ocean, and
the age of the C
transit times, which allowed those regions to be filled at earlier times.

is therefore young. The C_  in the deep Atlantic-Arctic and Antarctic is older due to the shorter

ant ant

Future work is needed to constrain the fluxes of C,,, from tracers. The TMI offers the advantage of being derived
mostly from observations; however, the ventilation rates are dependent on the '“C observations, which are sparse
in many regions (e.g., the Arctic). New '“C measurements in combination with other ocean tracers, such as CFCs
and SF6 gases, would provide a better constraint on the ventilation rates in the TMI and similar methods.

Data Availability Statement

The Total Matrix Intercomparison transport matrix used in this study to produce the anthropogenic carbon fields
as well as the Green's functions is published by Gebbie & Huybers (2012) and is available in GitHub (https://
github.com/ggebbie/TMI.mat). The anthropogenic carbon boundary condition is published by DeVries (2014)
and GLODAP mapped climatology by Lauvset et al. (2016).
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