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Abstract Inrecent decades, the ocean CO, uptake has increased in response to rising atmospheric CO,. Yet,
physical climate change also affects the ocean CO, uptake, but magnitude and driving processes are poorly
understood. Using a global ocean biogeochemistry model, we find that without climate change, the mean carbon
uptake 2000-2019 would have been 13% higher and the trend 1958-2019 would have been 27% higher.
Changes in wind are the dominant driver of the climate effect on CO, uptake as they affect advective carbon
transport and mixing, but the effect of warming increases over time. Roughly half of the globally integrated
wind-driven trend stems from the subpolar Southern Ocean and polar oceans in both hemispheres. Warming
reduces the solubility of CO, and acts rather homogeneously over the world oceans. However, the warming
effect on pCO, is dampened by limited exchange of surface and deep waters.

Plain Language Summary At the ocean surface, the greenhouse gas CO, is exchanged between
atmosphere and ocean. Because the concentration of CO, in the atmosphere has increased through man-made
CO, emissions, the ocean has taken up an increasing amount of CO, (about 25% of the emissions). Beside the
atmospheric CO, concentration, other climate variables affect the oceanic CO, uptake: Firstly, winds set the
ocean in motion, drive ocean currents and thus control the transport of dissolved forms of CO, with ocean
circulation. In particular, winds drive the exchange between the surface ocean and the deep ocean, where the
bigger part of the ocean's carbon is stored. Secondly, global warming affects the oceanic CO, uptake because the
solubility of CO, in water is temperature-dependent. In recent decades, changes in winds and global warming
have reduced the capacity of the ocean to remove CO, from the atmosphere. Yet, this climate effect is not well
understood. Here, we use computer simulations from 1958 to 2019 to quantify the climate effect and find that
climate change reduced the oceanic CO, uptake of the last two decades by 13%, with winds having more of an
effect than sea surface warming. The effect of warming increases over time.

1. Introduction

Besides rising atmospheric CO, concentrations, physical climate change also affects the oceanic CO, uptake
(Friedlingstein et al., 2022; Sabine et al., 2004). These climate-change effects on oceanic CO, uptake have been a
topic of intense research (Fung et al., 2005; Sarmiento et al., 1998) and it is now recognized that climate change
affects the ocean carbon sink particularly through wind changes and warming (Canadell et al., 2021). Specifically,
warming reduces the solubility of CO, in seawater and increases the stratification of the surface mixed layer,
whereas changes in spatio-temporal wind patterns alter upper ocean mixing. In addition, warming and wind
changes affect the large-scale overturning circulation (Canadell et al., 2021) and also affect the biological carbon
pump (Henson et al., 2022).

As it is difficult to disentangle the past anthropogenic climate change signal and natural variability (McKinley
et al., 2011), studies often turned to future scenarios (Fung et al., 2005; Sarmiento et al., 1998). For the recent
ocean carbon sink, physical drivers have been mostly described in regional studies and from a “temporal vari-
ability” lens, often in relation to variability in climate indices, for example for the North Atlantic (Macovei
et al., 2020; McKinley et al., 2011; Pérez et al., 2013) and the Southern Ocean (Hauck et al., 2013; Keppler &
Landschiitzer, 2019; Le Quéré et al., 2007; Mayot et al., 2023). On a global scale, the climate effect was found to
dampen the ocean carbon sink by around 5% (2012-2021) in a global ocean biogeochemistry model ensemble, but
with no further process attribution (Friedlingstein et al., 2022). Many studies have investigated the “hiatus” in the
ocean carbon sink in the 1990s, which was followed by a return to expected sink strength (“reinvigoration”) since
the early 2000s. The mechanisms behind this decadal variability are still unresolved (Gruber et al., 2023), with
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hypotheses for the hiatus ranging from a Southern Ocean wind intensification (Le Quéré et al., 2007), through the
global overturning circulation (DeVries et al., 2017) to a response to the eruption of Mount Pinatubo in
conjunction with a lower atmospheric CO, growth rate (McKinley et al., 2020). A back-of-the-envelope
calculation of the climate effect on the CO, flux based on CO, observations resulted in a rather large estimate
(> 15% reduction of the net flux, Gruber et al., 2019), though this could be explained by the sensitivity of the
underlying methodology to sparse data (Gloege et al., 2021; Hauck et al., 2023).

Modeling studies have the advantage of covering the whole planet and all seasons. Nevertheless, there are sur-
prisingly few recent studies on climate drivers of the global ocean carbon sink. Doney et al. (2009) identified
ocean physics as a dominant factor of interannual air-sea CO, flux variability, and Le Quéré et al. (2010)
highlighted the dominance of winds over warming particularly for the climate-driven trend. The time period
1981-2007 investigated by Le Quéré et al. (2010) is, however, centered on the strong decadal shifts from the
hiatus to the reinvigoration period. Thus, we revisit the question of the relative roles of the two dominant climate
drivers, wind and warming (Canadell et al., 2021), on the long-term trend (1958-2019) and recent mean state
(2000-2019) of the ocean carbon sink.

2. Methods

2.1. Ocean Biogeochemistry Model Setup and Simulations

We use the Finite Element Sea Ice-Ocean Model 1.4 (FESOM-1.4, Wang et al., 2014) coupled to the Regulated
Ecosystem Model 2 (REcoM2; see Text S1 in Supporting Information S1, Hauck et al., 2013; Hauck et al., 2020;
Schourup-Kristensen et al., 2014) on the CORE mesh (126,859 surface nodes; roughly equivalent to a 1° X 1°
resolution). Model simulations are initialized with alkalinity and preindustrial dissolved inorganic carbon (DIC)
from GLODAPv2 (Lauvset et al., 2016) and nutrients from WOA2013 (Garcia et al., 2013). The model is spun up
from rest for 107 years, annually repeating the atmospheric forcing for the year 1961 and using either constant
(278 ppm) or increasing atmospheric CO, levels for the period 1850-1957 (Joos & Spahni, 2008). For the
physical atmospheric forcing, we use a reanalysis product designed to drive ocean-sea-ice models (JRA55-do;
Tsujino et al., 2018). Although JRA55-do is the most suitable of the available products (Tsujino et al., 2020), it
must be acknowledged that, especially in the pre-satellite era, biases in the physical forcing are a significant
source of inaccuracies in the modeled CO, flux (Le Quéré et al., 2010). The model is forced with atmospheric CO,
from Dlugokencky and Tans (2020) as in Friedlingstein et al. (2020).

We perform six simulations (A-F, 1958-2019, Table S1 in Supporting Information S1) to disentangle the impact
of climate and atmospheric CO, (atmCO,). The total climate response is separated into the effects of wind
changes, warming and a residual. Here, the effect of warming originates in the thermal surface forcing: air
temperature at 10 m, specific humidity, longwave and shortwave radiation. These atmospheric forcings generate a
warming signal of 0.08 °C dec™! in the global mean sea surface temperature (SST) (1958-2019, Figure S1 in
Supporting Information S1). Any effect of atmospheric pressure and precipitation changes on the CO, flux is
attributed to the residual climate effect. In simulation A, climate and atmospheric CO, evolve from 1958 to 2019
(“historical forcing”):

A = atmCO, + climate (0

historical historical

In the control simulation B, the atmospheric CO, level is kept constant (278 ppm), and we annually repeat the year
1961 as climate forcing (“repeat-year forcing”):

B = atmCO, + climate 2)

constant repeated

In simulations C and D, either the climate forcing (C) or atmospheric CO, level (D) is repeat-year or held
constant, respectively:

C = atmCO, + climate 3)

historical repeated
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Figure 1. (a) The globally integrated CO, flux which arises as the sum of atmospheric CO, and climate effects (“total”, simulation A-B) and the isolated CO, flux
components which are driven by atmospheric CO, alone (“atmCO,”), all physical drivers together (“climate”), and winds and warming separately (“wind”, “warming”)
based on the set of simulations (b and c) The total air-sea CO, flux trend (1958-2019) and mean (2000-2019) and the effects of different drivers on the CO, flux trend
and mean, respectively.

D = atmCO, + climate 4)

constant historical

In simulation E, the atmospheric forcing is configured to remove the imprint of atmospheric warming on oceanic
temperatures:

E = atmCO, + thermal + winds + residual climate (5)

historical repeated historical historical
In simulation F, all forcing fields vary except for the winds:

F = atmCO, + thermal + winds + residual climate (6)

historical historical repeated historical

Although the atmospheric forcing in simulations E and F is not internally consistent, the non-linearity appears to
be small in the global mean as warming and wind effects add up linearly to the total climate effect (Figure 1c¢).

2.2. Data Analysis

We disentangle and quantify the impact of atmospheric CO,, winds, warming and the combined climate effect
firstly on the mean air-sea CO, flux over the two most recent decades (2000-2019) and secondly on the trend in
the CO, flux from 1958 to 2019. In order to do this, we derive the effects of the drivers from differences between
two simulations with either annually repeated forcing of the year 1961 or historically varying forcing (see Text S2
in Supporting Information S1). For example, the climate effect is quantified as simulation A minus C. Addi-
tionally, we use the different simulations to separate the climate effect on the natural CO, flux, that is the flux at
preindustrial atmospheric CO,; and on the anthropogenic CO, flux, that is the flux driven by the direct effect of
increasing atmospheric CO, (Crisp et al., 2022; Hauck et al., 2020). By design, the primary effects of changes in
the ocean's buffer factor are included in the simulations forced with increasing atmospheric CO,.

In order to further separate the direct effect of drivers (e.g., temperature effect on CO, solubility) from indirect
effects (e.g., circulation response), we approximate the direct effects of the following variables on the CO, flux
analytically (Lovenduski et al., 2007): wind velocity, SST, sea-ice concentration, salinity-normalized alkalinity
(sAlk), salinity and freshwater fluxes (S + FW) and salinity-normalized DIC (sDIC). Although further re-
finements of the method of Lovenduski et al. (2007) exist (Liao et al., 2020; Roobaert et al., 2022), we consider
here this method to be sufficiently robust, capitalizing on the full representation of non-linear dependencies in the
simulations (Section 2.1). Effects of changes in biological production and circulation appear in the sDIC term in
this methodology. We isolate them by attributing the trend of the mixed-layer sDIC rate-of-change offline to
trends in (a) biological export fluxes, (b) air-sea CO, fluxes or (c) circulation, advection and mixing (the latter is
calculated as the residual and includes changes in the large scale overturning circulation as well as upwelling and
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mixing across the base of the mixed layer; Lovenduski et al., 2007; Bunsen, 2021). An extended description of the
offline attribution can be found in Text S3, Text S4 in Supporting Information S1 and Bunsen (2021).

3. Results and Discussion
3.1. Drivers of the Global CO, Flux

With a globally integrated oceanic CO, sink of —1.74 PgC yr~' 1990-1999 in the bias-corrected historical
simulation (A-B), FESOM1.4-REcoM2 falls within the constraints of the [PCC estimate (—2.2 + 0.7 PgC yr™",
Ciais et al., 2013). Based on the set of simulations, rising atmospheric CO, dominates the contemporary mean
CO, flux (2000-2019), generating an uptake of —2.25 PgC yr~' (113% of the net flux, C-B, Figures 1a and 1c).
Climate change and variability reduce the mean CO, uptake by 0.25 PgC yr™' (A-C), which is 13% of the net flux.
The climate impact can be explained by the response of natural carbon (0.26 PgC yr~', D-B, Table S2 in Sup-
porting Information S1) with little compensation by anthropogenic carbon (—0.01 PgC yr™"). Of all climate
' or 67% of the climate effect,
Figure 1c). Its impact is largely indirect through changes in circulation and mixing, as revealed by the comparison

forcings, wind has the largest control on the mean CO, flux (0.17 PgC yr~

with the offline attribution, which shows direct impacts on the gas-transfer velocity to be small (Text S5, Figure
S2 and S3 in Supporting Information S1). Overall, the wind signal is larger than the contribution of global
warming (0.09 PgC yr~" or 35%).

Corresponding to an increase of the mean ocean uptake from —1.0 PgC yr~! 1960-1979 to —2.0 PgC yr™' 2000—
2019, we diagnose a trend toward more uptake of —0.24 PgC yr~' dec™' 1958-2019 in the historical simulation
(A-B). As for the mean flux, the trend is largely driven by atmospheric CO, (—0.30 PgC yr~" dec™", 128% of the
net trend, C-B, Figure 1). Despite an increase in the global mean buffer factor by approximately 20% from 1958 to
2019, we see no slow-down in the atmCO,-driven increase of oceanic CO, uptake, implying that there is no
detectable buffer factor effect on the global air-sea CO, flux in our data. However, climate change and variability
reduce the 1958-2019 trend in the CO, uptake by 6.5 X 107> PgC yr~' dec™" (A-C), which corresponds to 27% of
the net trend. Here, the wind effect marginally outweighs the effect of warming (2.9 x 1072 PgC yr~' dec™" or

45% of the climate effect vs. 2.3 X 1072 PgC yr~' dec™" or 35% of the climate effect).

Other ocean-only models also show a reduction of the recent mean ocean carbon sink through climate change
(4.3%—-10.3% of the net flux, 2013-2022, Friedlingstein et al., 2023, see also DeVries et al., 2023). The temporal
evolution of FESOM1.4-REcoM2 and the models in Friedlingstein et al. (2023) is in qualitative agreement with
atmospheric inversions that ingest atmospheric CO, observations from around the world. Multiple lines of
observation-based evidence support climate-change effects on the ocean carbon sink (Keppler et al., 2023;
Mignot et al., 2022; Miiller et al., 2023) in addition to theoretical understanding (Canadell et al., 2021), but we
acknowledge that studies based on ocean observations are sensitive to sparse sampling (Gloege et al., 2021;
Hauck et al., 2023) and interannual and decadal variability (Ballantyne et al., 2012). Indeed, interannual vari-
ability masks any continuous trend of the ocean-borne fraction of global CO, emissions attributable to climate
change in the historical simulation of FESOM1.4-REcoM2. Nevertheless, our set of simulations demonstrates
that the historical ocean-borne fraction is below the value it would have had without climate change and vari-
ability since 1985 (Figure S4 in Supporting Information S1). As our model simulations cover the period 1958—
2019, the impact of interannual and decadal variability on the reported long-term climate-change trends is likely
small, whereas shorter periods are sensitive to temporal variability and thus also to chosen start and end years. We
also note the simulated increase in the relative importance of warming over time in our model simulations.
Looking at different time periods for the mean flux, the contribution of warming has recently increased from
about 10% of the climate effect (1981-2007, 1994-2007) to 35% (20002019, Table S2 in Supporting Infor-
mation S1). Yet, as wind dominates the mean flux relative to warming for all assessed time windows, this finding
is in agreement with Le Quéré et al. (2010).

Interestingly, the warming-driven CO, flux trend based on the set of simulations is substantially smaller than the
linear offline approximation of the temperature effect (0.19 PgC yr~' dec™"; Text S6 and Figure S3 in Supporting
Information S1), which we attribute to a negative feedback involving sDIC (Figure 2a). The solubility effect of
warming captured by the offline approximation is an outgassing of natural CO, at the surface. However, the set of
simulations additionally accounts for the decrease in the surface concentration of natural sDIC as a result of
outgassing. This decrease, in turn, attenuates the outgassing. The strength of this dampening feedback depends on
how fast surface waters warmed by climate change and with low natural sDIC are replaced by waters from below
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Figure 2. (a) A negative feedback between the air-sea CO, flux and the mixed layer salinity-normalized dissolved inorganic carbon (sDIC) concentration dampens the
warming-driven outgassing of natural CO,. However, this feedback is weakened through net-upward transport of natural sDIC through circulation, advection and
mixing. (b) The mean mixed layer sDIC concentration 1958-2019 in the historical simulation A and the mean supply rates of sDIC through the air-sea CO, flux (Jg,¢),
export production (J,;,) and circulation, advection and mixing (J ;..); all are calculated at the local mixed-layer depth and then averaged globally. (c) The trend in mixed
layer sDIC concentration 1958-2019 due to trends in J ., J ;.. and J,;, separated into CO, and climate effects.

surf> Ycirc

through upwelling and mixing, which have not yet been affected as much by warming. The more water is
transported to the surface and subsequently warms, the less important is the feedback and the stronger is the
thermally driven outgassing (see e.g. equatorial regions in Figure 3f).

Compared over the same time periods, the response of the CO, flux to climate-change in FESOM1.4-REcoM?2 is
in line with recent model estimates (Friedlingstein et al., 2023), but is smaller than the previous estimates of the
mean or trend by Le Quéré et al. (2010) and Gruber et al. (2019) (see Table S2 in Supporting Information S1).
Specifically, both the effect of rising atmospheric CO, and the back-of-the-envelope climate-effect on natural
carbon are larger in the observation-based estimate of Gruber et al. (2019). The FESOM1.4-REcoM?2 estimates
are also lower than the CO,-, warming- and wind-effects in Le Quéré et al. (2010). The smaller air-sea flux driven
by atmospheric CO, in FESOM1.4-REcoM2 suggests that the removal of anthropogenic sDIC from the mixed
layer into the intermediate and deep ocean through advection and mixing is less efficient (DeVries et al., 2017;
Goris et al., 2018), while the smaller effect of warming on the CO, flux in FESOM1.4-REcoM2 suggests that the
upward transport of cool waters with potential for thermal outgassing is smaller. All in all, the transport of sDIC in
FESOM1.4-REcoM?2 is slower. Differences in the model physics are known to give rise to considerable inter-
model spread in the biogeochemical fields (Doney et al., 2004; Terhaar et al., 2023) as the strength of over-
turning varies by 20%-30% between models (Huber & Zanna, 2017). With a maximum streamfunction of 12.2 Sv
at 26N, the Atlantic Meridional Overturning Circulation in our historical simulation falls within the lower range
of other ocean circulation models and observations (11-19 Sv, Hirschi et al., 2020), which is an indication for less
sDIC transport and thus supports our interpretation.

3.2. Attribution of Global Trends in sDIC to the Variability in Air-Sea CO, flux, Biology and Circulation

As demonstrated by the air-sea CO, flux-sDIC feedback (Figure 2a), changes in the air-sea carbon exchange can
be cause and result of variability in mixed-layer sDIC. Circulation, advection and mixing as well as biology are
also part of this interplay. On a global scale, the sinking of particulate organic carbon through the base of the
mixed layer (Ji;,) constitutes a sink for mixed layer sDIC in the long-term (1958-2019; Figure 2b). The net supply
of sDIC through vertical advection and mixing (J;,.) constitutes a source for the mixed layer and is of the same
order of magnitude as J,;,, illustrating that (a) upwelling of sDIC-rich deep waters outweighs the downward
transport of low-DIC waters, and (b) that J,;, and J;,. nearly balance. The air-sea CO, flux works to reduce the
small imbalance between J,;, and J ;... Thus, even small changes of the supply rates can lead to an impactful trend
in the surface CO, flux.

As expected from the analysis in Section 3.1, the net trend in the global mean mixed-layer sDIC concentration is
positive, largely due to the increasing atmospheric CO, (Figure 2c). In fact, the mixed-layer sDIC would increase
much faster without the compensating effect toward enhanced downward transport of anthropogenic sDIC (by
40.0 mmolC m ™2 dec™" instead of 7.7 mmolC m™ dec™"). Even though much smaller in magnitude, the reduced
solubility of CO, in the mixed layer due to global warming drives a negative component in the trend
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Figure 3. (a) The mean air-sea CO, flux density and (b) trend in the CO, flux density 19582019 in the historical simulation
(simulation A) (c—f) The effects of the rising atmospheric CO, concentration and climate change on the trend in the CO, flux
density obtained as the difference between two simulations with and without interannual variability and trends in the
respective variable(s): (c) Atmospheric CO, concentration, (d) full climate variability and trends, (e) winds and (f) global
warming. Positive values denote a trend toward more oceanic outgassing or less oceanic uptake, respectively. Hatched areas
in (b—f) indicate a low significance of the trend (p-value > 0.05 applying a two-sided Wald Test with t-distribution).

(=0.7 mmolC m™ dec™"; not shown). This component is dampened by the wind signal and wind- and warming-

driven interactions to result in a climate-driven negative sDIC signal of —0.2 mmolC m™> dec™".

With the mixed-layer budget, we can demonstrate that climate change leads to higher sDIC input to the mixed-
layer. This is due to wind-driven changes in circulation and mixing and through reduced biological carbon export,
although the biological signal is smaller than the physical one (Figure 2¢). The higher sDIC input and the warming
of the surface ocean then trigger the climate-induced loss of CO, to the atmosphere and the negative feedback that
was identified in section Section 3.1 (see also Figure 2a). Overall, this analysis demonstrates how the interplay of
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Figure 4. (a—c) Trends in the CO, flux density between 1958 and 2019 due to (a) net climate effects, (b) winds and (c) global
warming (d—f) Trends in (d) mixed layer depth, (e) net primary productivity and (f) sea-ice concentration. Hatched areas
indicate a low significance of the trend (p-values > 0.05). The blue framed area indicates the North Atlantic biomes defined
by Fay and McKinley (2014) (Figure S6 in Supporting Information S1).

changes in atmospheric CO,, ocean circulation, mixing and surface warming shapes the air-sea flux trend, while
the role of biological processes is minor (see also Lovenduski et al., 2007).

3.3. Regional Processes

Regionally, the relative role of different drivers in controlling CO, flux trends varies. Particularly strong trends in
the CO, flux density toward more uptake driven by the increase in atmospheric CO, are found in the high-uptake
regions (northern North Atlantic and approx. 30-40°N/S, Figures 3a—3c). In addition, strong trends toward less
outgassing occur in the Southern Ocean around 60°S. Spatial patterns of climate-change effects on the mean and
trend are largely consistent (Figure 3 and Figure S5 in Supporting Information S1). The warming-driven trend in
the CO, flux density is rather uniform globally (Figure 3f), with the large subtropical and tropical oceans
dominating the globally integrated flux trend (Figure S6 in Supporting Information S1). In contrast, the wind-
driven trend in the CO, flux density is more heterogeneous (Figure 3e), with roughly half of the globally inte-
grated flux trend stemming from the subpolar Southern Ocean and polar oceans in both hemispheres (Figure S6 in
Supporting Information S1). As a result, the global climate effect results from a mosaic of different regional and
interacting processes.

The northern North Atlantic is exposed to regional climate change that, collectively, promotes greater oceanic
CO, uptake (—4.9 TgC yr~ ! dec™!, Figure 4). The reasons are twofold: firstly, the intensification of westerly
winds, mixed layer deepening and increasing net primary productivity (NPP) in the western North Atlantic lead to
more CO, uptake (Figure 4, region 1). Secondly, the retreat of sea-ice due to warming drives increased CO,
uptake and increased NPP east of Greenland (Figure 4, region 2). For this region, our offline approximation
confirms that the retreat of Arctic sea-ice is by far the most important climate driver of the increase in CO, uptake
(offline analysis not shown, Yasunaka et al., 2023). Additionally, there is observational evidence for the loss of
sea-ice (Meredith et al., 2019) driving increased NPP (Kahru et al., 2016). In contrast, in the subtropical North
Atlantic, weaker winds and a more negative wind stress curl constitute more favorable conditions for subduction
and lead to less CO, uptake, which is driven by decreased NPP and export production in that area (Figure 4, region
3). While a decrease in NPP has been observed, it was attributed to warming (Siemer et al., 2021). Climate-driven
changes of the North Pacific CO, flux exhibit similar features and we attribute them to similar changes in winds
(Text S7 and Figure S7 in Supporting Information S1).
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In the subtropics and tropics, climate change leads to greater outgassing of CO, in total (45 TgC yr~' dec™",
Figure S8 in Supporting Information S1). Both warming and winds play equally important roles in driving this
effect. Among others, there are extensive areas in the northern Indian Ocean where increased outgassing is found
due to a combination of warming, weakening winds, and a shallower mixed layer. In particular in the Arabian Sea,
the primary driver of increased outgassing is a decrease in biological productivity caused by stronger stratification
and warming, which is also evident from observations (Dalpadado et al., 2021; Roxy et al., 2016). Furthermore,
an intensification of upwelling-favorable winds, as observed by Sydeman et al. (2014) and Varela et al. (2015),
drives increased outgassing in the California, Humboldt, Benguela and south-west Australian Boundary Up-
welling Systems.

In the Southern Ocean, the net effect of climate is to promote increased outgassing of CO,
(25 TgC yr~' dec™, Figure S9 in Supporting Information S1), and this effect is dominated by changes in
winds. Specifically, the strengthening of westerly winds leads to more upwelling of natural carbon and
subsequent outgassing of CO, (Hauck et al., 2013; Le Quéré et al., 2007; Lovenduski et al., 2007). In the
Indian sector, both positive and negative effects of climate change exist, with more upwelling of DIC in the
Antarctic ocean and at the Polar Front complemented by more subduction equatorward (Panassa, 2018). This,
in combination with a deepening of the mixed layer and an increase in NPP in the sub-Antarctic, promotes a
greater uptake of CO, locally.

4. Conclusion

It is unambiguous that the ocean carbon sink has increased over recent decades in line with increasing atmospheric
CO, levels as its primary driver (Ballantyne et al., 2012; DeVries et al., 2023; Gruber et al., 2023; Miiller
et al., 2023). However, our model simulations show that the trend of the global CO, flux 1958-2019 would be
27% (6.5 x 1072 PgC yr~" dec™") higher without climate change and variability; and correspondingly, the mean
flux 2000-2019 would be 13% higher (0.25 PgC yr~', Figure 1). Wind-driven changes in mixing and advective
transport of sDIC lead to less CO, uptake and constitute the most important climatic driver globally. Warming is
the second most important driver of climate-induced changes in ocean carbon uptake. Warming-induced changes
of the CO, flux are regulated through a feedback between warming, air-sea CO, flux, surface sDIC concentration
and vertical sDIC transport. In FESOM1.4-REcoM, the climate-related outgassing of natural CO, is weaker than
in previous studies, calling for a dedicated multi-model analysis on the climate-change effects on the ocean CO,
uptake. If anthropogenic CO, emissions abate in the future, the anthropogenic component of the air-sea CO, flux
directed into the ocean is expected to stop growing. In contrast, the trend in the air-sea CO, flux toward more
outgassing of natural CO, driven by climate change is expected to persist longer (Solomon et al., 2009).
Therefore, understanding and realistically simulating the CO,-driven and climate-driven components of the CO,
flux is highly relevant for projections of the atmospheric CO, evolution.

Data Availability Statement

The data used in this manuscript was created with the General Ocean Circulation and Sea-Ice Model FESOM1.4
(Wang et al., 2014) coupled to the biogeochemistry model REcoM2 (Schourup-Kristensen et al., 2014), using
ESM tools (Barbi et al., 2021). FESOM and REcoM continue to be further developed and are publicly available
under a GNU GPL licence. The source code version and set-up used for this study can be found at: 10.5281/
zenodo.10201713. Processed model output underlying the figures of this manuscript is available at: 10.5281/
zenodo.6908190. We used pyfesom (Koldunov et al., 2016) to work with model output on the unstructured mesh.
For the offline analysis of model data, we used xarray v0.16.2 (Hoyer et al., 2020; Hoyer & Hamman, 2017),
pandas v1.2.0 (McKinney, 2010; Reback et al., 2020), scipy 1.6.0 (Virtanen, Gommers, Burovski, et al., 2020;
Virtanen, Gommers, Oliphant, et al., 2020) and python-seawater (Fernandes, 2014). Figures were created with
matplotlib v3.3.3 (Caswell et al., 2020; Hunter, 2007) and cartopy v0.15.0 (Met Office, 2015).
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