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The ocean will ultimately store most of the CO, emitted to the atmosphere by
human activities. Despite its importance, estimates of the 2000-2022 trend in
the ocean CO, sink differ by a factor of two between observation-based pro-
ducts and process-based models. Here we address this discrepancy using a
hybrid approach that preserves the consistency of known processes but
constrains the outcome using observations. We show that the hybrid approach
reproduces the stagnation of the ocean CO, sink in the 1990s and its reinvi-
goration in the 2000s suggested by observation-based products and matches
their amplitude. It suggests that process-based models underestimate the
amplitude of the decadal variability in the ocean CO, sink, but that
observation-based products on average overestimate the decadal trend in the
2010s. The hybrid approach constrains the 2000-2022 trend in the ocean CO,
sink to 0.42 + 0.06 Pg C yr decade™, and by inference the total land CO, sink

to 0.28 +0.13 Pg Cyr* decade™.

The ocean plays a crucial role in the global carbon cycle and climate.
Every year, it absorbs, on average, 25% of the anthropogenic CO,
emitted to the atmosphere from burning fossil fuels and land-use
change'’. The ocean will be the main storage for most of the CO,
emitted to the atmosphere from human activities, absorbing more
than half of the cumulative emissions on a timescale of 1000 years, and
between 60% and 85% on timescales of 10,000 years or longer’. The
ocean CO, sink responds mainly to the increase in atmospheric CO,
and is the result of processes taking place on different timescales: the
dissolution of anthropogenic CO, at the surface, its buffering by car-
bonate chemistry, and its transport to the intermediate and deep
ocean by ocean circulation®. This uptake is modulated by the variable
growth rate in atmospheric CO,’. Furthermore, the ocean carbon
reservoir is also sensitive to climate variability and climate change®”’,
which modulates the response of the ocean CO, sink to anthropogenic
CO, emissions, generates variability, and can alter both the decadal
rate of change and long-term storage of carbon in the ocean. An
accurate estimate of the trends and variability in the ocean CO, sink is
needed to better understand how the ocean carbon cycle responds to
the various drivers of change and to predict its evolution and its long-
term fate. An accurate assessment of the ocean CO, sink and its

variability also provides an independent constraint on the other terms
of the global carbon budget, in particular the trend and variability of
the CO, sink by the terrestrial biosphere®.

Over the last two decades, considerable progress has been made
in improving our quantitative assessment of the ocean CO, sink and its
trend and variability. The IPCC Fourth Assessment Report’ assessed a
mean ocean CO, sink for the 1990s based on observations of
2.2+ 0.4 Pg Cyr, which has stood the test of time'?. The first estimates
of the ocean CO, sink were based on ocean general circulation
models', followed by estimates inferred from O,/N, observations™"
and broader geochemical data'>”. Later, the development of global
ocean biogeochemical models (GOBMs) provided the first estimates of
the ocean CO, sink variability in response to climate variations and
long-term increases in atmospheric CO, concentration'*”. These
models simulate the processes that regulate the full carbon cycle in the
ocean (both natural and anthropogenic) and respond to changes in
climate, weather, and variations in CO, levels in the atmosphere.
Results from such process-based ocean models have suggested that
the ocean CO, sink is sensitive to climate change and variability but
that this variability is much smaller than the trend induced by the rising
atmospheric CO,".
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More recently, observation-based estimates of the ocean CO, sink
have become available from multiple data products. This has been
made possible by the annual release of quality-controlled observations
of CO, fugacity (fCO,) at the sea surface—analogous to the partial
pressure of CO,—compiled within the Surface Ocean CO, Atlas
(SOCAT) since 2015"*¢, and the emergence of machine learning and
other advanced numerical approaches to extrapolate these relatively
sparse space-time observations of fCO,. Estimates from these
observation-based products (fCO,-products), which all used the
SOCAT database as a starting point, confirmed some aspects of the
ocean CO, sink simulated by the GOBMs, including the mean ocean
CO, sink within observational uncertainties, the presence of a hiatus in
its growth rate in the 1990s'%°, and of variability much smaller than its
long-term trend It should be noted that these fCO,-products only
assess the air-sea CO, flux, and not where anthropogenic CO; is ulti-
mately stored in the ocean, which would require additional measure-
ments of carbon in the water column, as well as more assumptions® >,

Despite recent progress, the two types of estimates used within
the global carbon budget annual update by the carbon research
community diverge over the last two decades (2000-2022)***%, with
the fCO,-product ensemble suggesting a decadal rate of growth of the
ocean CO, sink almost twice as high as that simulated by the GOBMs
ensemble (Table 1)>%. The systematic nature of this discrepancy sug-
gests a structural error in one or both methodologies used. In addition,
the fCO,-products suggest a higher amplitude of decadal variability on
average than that simulated by the GOBMs over the period 1990-2022
(Table 1, Supplementary Fig. S1)>. Results from models using data
assimilation®* also suggest an underestimated decadal variability in
GOBMs air-sea CO, flux***’, This lack of consistency between the fCO,-
products and the GOBMs ensemble originates in the mid- and high-
latitude regions of both hemispheres (poleward of 30°N and 30°S)°.

We focus here on understanding the factor-of-two inconsistency
in estimates of the 2000-2022 trend in the ocean CO, sink between
fCO,-products and GOBMs, which occurs despite the increasing
number of fCO, observations (i.e., from ~4500 gridded observational
data points a year in the 1990s, to 10,000 in the 2000s, and 15,000 in
the 2010s). We introduce and use a hybrid approach that uses, as a
starting point, the NEMO-PlankTOM12.1 GOBM forced with meteor-
ological and climate reanalysis data from the National Centres for
Environmental Prediction (NCEP*°) and observed atmospheric CO,
concentration. The hybrid approach then constrains the model out-
come on a yearly basis using SOCAT observations to provide an annual
estimate of the ocean CO, sink (see methods). NEMO-PlankTOM12.1 is
the latest update of an established GOBM that was used from the onset
in the annual updates of the global carbon budget analysis and which
was designed for the study of the ocean CO, sink variability™. Its overall
performance in simulating ocean physics and biogeochemistry is
comparable to that of other GOBMs in the global carbon budget ana-
lysis (see methods, Table 1, Supplementary Figs. S2 and S3)>¥.

The hybrid approach preserves the coherence of the physical and
biogeochemical processes represented in NEMO-PlankTOM12.1 and

goes beyond the traditional model evaluation by constraining the
model output fields of fCO, against the observed fCO, data provided
by SOCAT. A similar hybrid approach was recently published®, but
with a machine learning algorithm used to derive the factors influen-
cing the fCO, variability. Here, the mechanism as represented in the
NEMO-PlankTOM12.1 model, including the mixed-layer dynamics and
the large-scale circulation, the carbonate chemistry, and the organic
carbon transfer to depth resulting from biological processes (see
methods for a description of the model) remained unchanged and thus
also constrained the results. The hybrid approach used here thus
provides an estimate of the ocean CO, sink that is based on both
observations and on current theoretical understanding of the
response of the ocean CO, sink to climate change and variability. Note
that the hybrid approach used here, which optimises a target variable
using multiple model simulations and a cost function, has been used in
previous studies to constrain global ocean primary production® and
air-sea fluxes of N,O** and CCl,*.

Results

Constraints on the decadal variability of the global ocean

CO, sink

In order to use observations to constrain the annual global ocean CO,
sink simulated by NEMO-PlankTOM12.1 standard model simulation,
perturbed simulations were deliberately produced. This was obtained
by perturbing model parameters. Perturbed simulations provided a
range of possible values for the ocean CO, sink around the estimate
from the standard model simulation, and covered the expected range
suggested by the global carbon budget analysis. We show here results
obtained with the perturbation of the half-saturation constant of
bacterial remineralization, which is more homogeneous and, there-
fore, more robust (see methods and the Supplementary information
for details of the sensitivity analyses). Then, for each year, the optimal
CO, sink was found within this range of possibilities by optimising the
calculated mean square error (MSE) between the simulated fCO, and
the SOCAT observations. The hybrid approach also provides a quan-
titative estimate of uncertainty (see methods).

The hybrid approach increases the decadal variability of the ocean
CO, sink simulated by the NEMO-PlankTOM12.1 process-based ocean
model (see methods for the definition of decadal variability). Origin-
ally, over the period 1990-2022, NEMO-PlankTOMI12.1 simulated
amplitudes of decadal variability for the ocean CO, sink of
0.11Pg Cyr™. This value is at the high end of the decadal variability
simulated by the other GOBMs used in the global carbon budget
analysis (Table 1). The hybrid approach further increases this simulated
decadal variability by 18% to 0.13 + 0.02 Pg C yr™, to a value close to the
decadal variability estimated by the fCO,-products
(0.14 £ 0.06 Pg C yrY).

We tested the robustness of the decadal variability produced by
the hybrid approach with respect to (i) the choice in the selected
model’s configuration and parameter perturbed, and (ii) the annual
availability and distribution of the SOCAT data. To do this, we first

Table 1 | Temporal variability of the ocean CO, sink estimated using different methods

Methods Amplitude of decadal variability (Pg C yr™") Decadal trends (Pg C yr' decade™)
1990-2022 1990s 2000s 2010s 2000-2022

Process-based models

GCB’'s GOBMs 0.08+0.02 0.11+0.16 0.40+0.10 0.34+0.08 0.28+0.05

NEMO-PlankTOM12.1 on 0.02 0.27 0.53 0.33
Observation-based products

GCB's fCO,-products 0.14+0.06 -0.12+0.35 0.71£0.38 0.68+0.19 0.54+0.13
Hybrid approach

This study 0.13+0.02 -0.19+0.17 0.80+0.21 0.44+0.15 0.42+0.06
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Fig. 1| Ocean CO, sink constrained at global scale and by latitude bands
between 1990 and 2022. Positive values denote a sink for CO,. a The global ocean
is divided into three latitudinal bands: b North (>30°N), ¢ Tropics (30°N-30°S), and
d South (<30°S). The thick black line represents NEMO-PlankTOM12.1 standard
simulation, the thin black lines represent the perturbed simulations, and the red
dots represent the estimate using the hybrid approach with +1o (68%) confidence

2020
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interval. On the x axis, the years highlighted in red have an unconstrained ocean
CO, sink. Empty red dots are years with an ocean CO, sink value constrained but
outside the bounds of the perturbation experiments (i.e., uncertain values, see
methods). The perturbed simulations are produced by varying the half-saturation
constant of bacterial remineralisation (from 5x10°mol L™ to 18 x10° mol LY.

applied the hybrid approach to a total of six different model setups
(see methods). This first sensitivity analysis suggested a comparable
increase in decadal variability (0.16 +0.05PgC yr™, Supplementary
Table 3). Secondly, the hybrid approach was applied by considering
observations from three consecutive years (see methods). This second
sensitivity analysis also suggested a comparable increase in the dec-
adal variability (to 0.14 + 0.02 Pg C yr, Supplementary Fig. S1). Over-
all, these two sensitivity analyses confirmed the robustness of the
amplitude of the decadal variability suggested by the hybrid approach
(Table 1). In contrast, the amplitude of the year-to-year variability was
less robust because of insufficient data to constrain the hybrid
approach on a yearly basis, especially in the 1990s (see Supplementary
information).

Constraints on the regional ocean CO, sink

The regional ocean CO, sinks were constrained by applying the same
hybrid approach but separately for three latitude bands, using only the
observations in the North (>30°N), Tropics (30°S to 30°N), or South
(<30°S) to constrain the regional ocean CO, sink simulated by NEMO-
PlankTOM12.1 (Fig. 1b-d). The hybrid approach substantially modified
the simulated ocean CO, sink in the mid- and high-latitude regions,
particularly in the South, but with the Tropics remaining similar to the
original NEMO-PlankTOM12.1 results. The hybrid approach increased
the decadal variability simulated by NEMO-PlankTOM12.1 in the North
and South regions (Supplementary Table 2).

In the North, where there are more SOCAT observations, the
hybrid approach barely modified the mean ocean CO, sink simulated
by NEMO-PlankTOM12.1. However, in the South, where there are fewer
observations, the hybrid approach increased the mean ocean CO, sink
simulated by NEMO-PlankTOM12.1 by 44% in the period 2000-2022.
The hybrid approach applied at every 5° of latitude to constrain the
mean climatological ocean CO, sink during 2000-2022 (rather than its
annual values) shows that the mismatch between the model and the
fCO, observations in the 40-60°S band could be the main cause of the
underestimation of the ocean CO, sink in the South (Fig. 2). Note that it
is the Southern region that has the most influence on the global ocean
CO, sink.

T T T T

NEMO-PlankTOM12.1 | {
Perturbed simulations
O  Hybrid approach

CO, flux (PgC yr‘1 degree‘w)
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-0.06 I I I I I I I I I I I I I
-80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90

Latitude (°N)

Fig. 2 | Latitudinal mean ocean CO, sink averaged between 2000 and 2022.
Positive values denote a sink for CO,. The thick black line represents NEMO-
PlankTOMI12.1 standard simulation, the thin black lines represent the perturbed
simulations, and the red dots represent the hybrid approach with +1o (68%) con-
fidence interval. On the x axis, latitudes highlighted in red have an unconstrained
ocean CO; sink. Empty red dots are latitudes with an uncertain constrained ocean
CO, sink (see methods).

Decadal trends of the global ocean CO, sink
In the 1990s and 2000s, the hybrid approach enhanced the decadal
trends simulated by NEMO-PlankTOM12.1, bringing the trends closer
to those suggested by the fCO,-products. In the 1990s, the hybrid
approach decreased the NEMO-PlankTOMI12.1 simulated trend from
0.02t0—-0.19 + 0.17 Pg C yr ' decade™, to a value with the same sign and
within the range of the fCO,-product ensemble trend of
-0.12+0.35Pg Cyr? decade™. In the 2000s, the hybrid approach
increased the simulated trend from 0.27 to 0.80+0.21PgCyr™
decade™, to a value also closer to and within the range of the fCO,-
product ensemble of 0.71+0.38 Pg C yr decade™ (Fig. 3, Table 1).

In the 2010s, the hybrid approach decreased the simulated trend
by NEMO-PlankTOM12.1 from 0.53 to 0.44 +0.15PgCyr? decade™,
which is below the strong decadal trend of 0.68+0.19PgCyr?

Nature Communications | (2024)15:8429
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Fig. 3 | Anomalies of the ocean CO, sink constrained at global scale and by
latitude bands between 1990 and 2022. a The global ocean is divided into three
latitudinal bands: b North (>30°N), ¢ Tropics (30°N-30°S), and d South (<30°S).
The black line represents NEMO-PlankTOM12.1 standard simulation, the red line
with the dots represents the hybrid approach, and the blue line represents the
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fCO,-products. The fCO,-product estimate is shown with + 1o. For each time series,
the long-term mean between 1990 and 1999 was removed to focus on the variability
of the ocean CO, sink. fCO,-product data credit: Global Carbon Budget 2023,
licensed under Creative Commons Attribution 4.0 International (https://
creativecommons.org/licenses/by/4.0/deed.en), no changes were made.

decade™ suggested by the fCO,-product ensemble, but above the
decadal trend of 0.34+0.08PgCyr! decade™ suggested by the
GOBMs ensemble. As a consequence, the trend between 2000 and
2022 from the hybrid approach (0.42+0.06 PgCyr™ decade™) lies
between the trend simulated by NEMO-PlankTOM12.1 and the GOBM
ensemble (0.28 +0.05Pg Cyr™ decade™), and that suggested by the
fCO,-product ensemble (0.54+0.13PgCyr? decade™). However,
unlike the GOBM and fCO,-product ensembles where the growth is
similar between the two decades, the trend in the hybrid approach is
made of a decade of strong growth (in the 2000s) followed by a dec-
ade of weak growth (the 2010s). The distinct decadal trend variations
between the 2000s and the 2010s suggested by the hybrid approach
are robust to different configurations of the original model and to the
choice of perturbed parameters (see methods). In comparison, only
two out of seven fCO,-products suggest that the trend in the 2000s
should be higher than the trend in the 2010s over the global ocean.

Origin of the discrepancy among estimates

The differences in the decadal trends for the 2010s among the hybrid
approach, the NEMO-PlankTOMI12.1 and the fCO,-products were
mostly associated with the mid- and high-latitude regions (Fig. 3).
Further investigation to determine the origin of the discrepancy was
conducted, first by scrutinising estimates in the North where the
density of SOCAT observations was the highest. This region encom-
passes 17% of the global ocean area. Because of the higher density of
observations in the North compared with other latitudes, it is possible
in this region to compare the trends in ocean CO, flux in areas that are
generally well-sampled to those in areas that are poorly sampled. A
similar analysis cannot be done for the South because of the insuffi-
cient data coverage. In the North, the hybrid approach and average
GOBMs produce lower trends compared to the average of the fCO,-
products (Fig. 3b).

The SOCAT observations, by themselves, do not confirm the
existence of a strong decadal trend in the 2010s in the North. The
strong decadal trend in the ocean CO, flux estimated by the fCO,-
products is primarily driven by diverging trends between the CO,
fugacity at the surface of the ocean compared to that in the atmo-
sphere (AfCO,)*. The SOCAT observations converted into AfCO, in

the North region between 2000 and 2019 show a positive and higher
trend in the 2000s compared to the 2010s (Fig. 4). Similar temporal
patterns were visible in the AfCO, data from the fCO,-products sub-
sampled to SOCAT sampling points, with a decadal trend in AfCO, in
the 2000s significantly higher than in the 2010s (Kruskal-Wallis test, p
value < 0.01), as expected. However, when not subsampled, the fCO,-
products suggested a decadal trend in AfCO, in the 2000s that is not
significantly higher than in the 2010s (Kruskal-Wallis test, p value =
0.14), with an overlap in the estimated uncertainties in the two dec-
ades, explaining the small differences in the CO, sink trend between
the 2000s and 2010s. This is induced by the fact that three of the seven
fCO,-products suggested a greater trend in the 2010s compared to the
2000s, and a fourth fCO,-product suggested a strong trend in both
decades. In comparison, when subsampled or not subsampled, the
GOBMs suggested a decadal trend in AfCO, in the 2000s significantly
higher than in the 2010s (Kruskal-Wallis tests, p value <0.001). In
addition, the decadal trend in AfCO, in the North during the 2010s is
significantly higher in the fCO,-product ensemble than in the GOBMs
ensemble (Kruskal-Wallis test, p value<0.01). The differences
between the subsampled and not subsampled results suggest that
different extrapolation methods outside of data-rich regions could
account for the higher decadal trend in ocean CO, sink in the North
over the 2010s in the fCO,-products ensemble compared to the
GOBMs ensemble and the hybrid approach (Fig. 3b, Supplementary
Table 2).

Within the four fCO,-products that suggested a strong positive
decadal trend in AfCO, in the 2010s in the North, the ocean area
associated with the highest trend values overlaps the northern Pacific
Ocean (Fig. 5a) which was undersampled in the 2010s (white areas in
Fig. 5b). In quantitative terms, these four fCO,-products suggested that
the Pacific Ocean contributed 0.04 PgCyr™ decade™ of the 2010s
trend in the North, while the other three fCO,-products (below the
fCO,-product average) suggested that the Pacific Ocean had a negative
trend in the 2010s (-0.01 Pg C yr' decade™), as simulated by the GOBM
average.

In addition to the extrapolation problems in the undersampled
northern regions mentioned above, on a global scale, the estimate of
the positive trend in the 2010s from the fCO,-product ensemble has

Nature Communications | (2024)15:8429
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been revised downwards in successive publications of the global car-
bon budget analysis between 2021 and 2023, while their trends for the
1990s and 2000s have remained relatively similar (Fig. 6). For each of
the global carbon budget analyses published between 2021 and 2023,
the fCO,-product ensemble average has always been produced from
seven estimates. However, two of the seven fCO,-products were
introduced, replacing previously submitted products that were not
updated, and five were slightly updated. Among these five fCO,-pro-
ducts, on average, the 2010 trend between the 2021 and 2023 pub-
lications decreased by —0.05 Pg C yr* decade™. Thus, it was mainly the
turnover in the last two fCO, products between 2021 and 2023 that led
to a visible decrease in the ensemble average of -0.25PgCyr?
decade™ for the 2010 trend. Consequently, the downward revision
observed for the observation-based estimate was mainly due to a
change in two fCO,-product methodologies and, to a lesser extent, to
the annual updates of the SOCAT database and fCO,-product
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20 r 8
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Fig. 4 | Decadal trends in AfCO, in the North (>30°N, excluding the Arctic
Ocean). Comparison of the measured decadal trend in AfCO, from SOCAT (green
dots) with that of the fCO,-product ensemble (blue box-plots and dots) and of the
GOBM ensemble (grey box-plots and dots). The box-plots display: the median, the
lower and upper quartiles, and the minimum and maximum values that are not
outliers. The trends are calculated from median annual values for the North region.
On the left, fCO,-products and GOBMs were subsampled at SOCAT locations, while
on the right, they were not subsampled, and the value for the North region as a
whole is shown. fCO,-product and GOBM data credit: Global Carbon Budget 2023,
licensed under Creative Commons Attribution 4.0 International (https://
creativecommons.org/licenses/by/4.0/deed.en), no changes were made.
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Fig. 5| Spatial distribution of anomalies in decadal trends of the ocean CO, sink
estimated by four fCO,-products in the North, and location of observations, for
the period 2010-2019. a The anomalies represent the difference between the

average estimate from the four fCO,-products with the highest trends during this
decade, and the average of all seven fCO,-products. b Median number of months

methods, suggesting that the trend of the 2010s estimated with the
fCO,-products is not robust at this stage.

Discussion

Over the 1990s and 2000s, the ocean CO, sink experienced a well-
documented stagnation in the 1990s'*'*?°*! and a reinvigoration trend
in the 2000s*, but the amplitude of these decadal trends is uncertain.
Several studies have shown that the trends were present in many
GOBM s but with amplitude much lower than in the fCO,-products’®*.
Results from the hybrid approach presented here confirm that the
amplitude of decadal trends in the ocean CO, sink is underestimated
by NEMO-PlankTOMI12.1 and the other GOBMs and suggest decadal
trend values close to those estimated using fCO,-products for these
two decades (Table 1).

For the 2010 decade, the hybrid approach suggests a lower dec-
adal trend in the ocean CO, sink compared to the 2000s, with a value
closer to that simulated by most GOBMs and lower than that suggested
by the fCO,-products ensemble. However, both GOBMs and fCO,-
products ensembles suggest similar trends between 2000s and 2010s,
while the hybrid approach (including the sensitivity analyses, Supple-
mentary Table 3) consistently produced a higher trend in the 2000s
compared to the 2010s.

Our results suggest that the estimate of the ocean CO, sink trend
in the 2010s by the fCO,-product ensemble is overestimated and
sensitive to the availability and distribution of fCO, observations. Over
the last three annual updates of global carbon budgets>***°, the 2010s
trend estimated from the ensemble of available products has
decreased by 14% each year (Fig. 6). This supports our finding of an
overestimated trend in the 2010s ocean CO, sink from the fCO,-pro-
ducts ensemble, which is adjusted downwards as new data become
available. In addition, the replacement of two members of the fCO,-
product ensemble by a hybrid approach along the same lines as pre-
sented here*>*° and by a revised fCO,-product aimed at improving the
retrieval of the ocean CO, sink trend* have led to this downward
revision of the 2010s trend in the latest ensemble.

The tlo uncertainty provided for the hybrid results reflects the
capacity of the hybrid approach to constrain the annual ocean CO, sink
given the availability and distribution of the fCO, observations. The
annual uncertainty is then propagated to the decadal trend. The trend
for the period 2000-2022 is better constrained than the individual
ten-year trends, since the longer period naturally filters out short-term
variability. Nevertheless, sensitivity tests suggest that additional
uncertainty to the model set up influences the exact value of the
trends, but not the overall patterns, and in particular the trend in the
2010s which is systematically lower than the trend in the 2000s in all
sensitivity tests performed, and also systematically lower than the

(b) SOCAT observations in the 2010s

O = NWHOGLON®

Nb. of months with observations each year

with SOCAT observations available each year between 2010 and 2019. fCO,-pro-

duct data credit: Global Carbon Budget 2023, licensed under Creative Commons
Attribution 4.0 International (https://creativecommons.org/licenses/by/4.0/deed.
en), no changes were made.
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Fig. 6 | Changes in fCO,-product estimates over the last three updates of the
global carbon budget analysis. The last update of the fCO,-product estimate was
in 2023 (black line and grey shade). The previous two estimates were in 2022
(orange) and 2021 (blue). The left y axis represents the global CO, flux anomaly (for
each time series the long-term mean between 1990 and 2020 was removed). GOBM
estimates for the same three global carbon budget updates are also shown in
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dotted lines. The bar chart at the bottom represents the number of annual obser-
vations in the SOCAT database, for each annual version of SOCAT (v2021, v2022,
and v2023; using the same colour code as for the line). fCO,-product and GOBM
data credit: Global Carbon Budget 2023, licensed under Creative Commons Attri-
bution 4.0 International (https://creativecommons.org/licenses/by/4.0/deed.en),
no changes were made.

fCO,-products ensemble for that decade. Our analysis demonstrates
the importance of regular updates and efforts to collect fCO, obser-
vations as part of SOCATY, as well as regular evaluations of data pro-
ducts, including fCO,-products and new hybrid methodologies*>**.

Differences between NEMO-PlankTOM12.1, the hybrid approach,
and the fCO,-products ensemble for the 2010s decadal trend are
mostly visible in the mid- and high-latitude regions of both hemi-
spheres (Fig. 3). Our results suggest that some fCO,-products over-
estimate the decadal trend of the 2010s in northern regions where
there are few observations. In the northern latitudes, where the avail-
ability of measurements is highest, the fCO,-product ensemble gives a
decadal trend in the 2000s not significantly different from that of the
2010s (Fig. 4). Four fCO,-products suggest a growing or strong trend
during the 2010s, contrary to the fCO, observations alone, which is
explained here by their strong trends in areas that were undersampled
during the 2010s (Fig. 5). Hence, we hypothesise that methodological
issues in some fCO,-products could lead to an unrealistic amplification
of the ocean CO, sink trend in the 2010s. In addition, the ocean CO,
sink in the northern region is also more influenced by coastal pro-
cesses than the southern region, which despite their importance
remain uncertain***%, Consequently, in the northern region, the way in
which coastal fCO, observations are considered by the various fCO,-
products could induce some of the discrepancies among fCO,-pro-
ducts. This would partly explain the lack of coherence between the
GOBMs and the fCO,-products over this recent decade***>>,

In the Southern Ocean, our hybrid approach suggests that exist-
ing fCO, measurements could corroborate a strong and positive dec-
adal trend in this region in the 2010s, and more generally between
2000-2022. However, the paucity of fCO, measurements in the
Southern Ocean impedes our ability to evaluate the decadal trend in
this region using observations only*2, Nevertheless, our estimate of the
decadal trend of the Southern Ocean CO, sink in the period
2000-2022 is within the range of the fCO,-product ensemble (Sup-
plementary Table 2). But the uncertainties associated with our hybrid
approach are the largest in the Southern Ocean. Moreover, recent
studies showed that undersampling could be responsible for strong
biases in fCO, products in that region®.

The hybrid approach presented here suggests that GOBMs
underestimate the amplitude of the decadal variability of the ocean
CO, sink over the past three decades by about 38 + 8%, and that the
value should be within the range suggested by fCO,-products (Table 1).
Although our hybrid approach always suggests an underestimation of
the decadal variability by GOBMs, the exact value is sensitive to the
specific model configuration (Supplementary Table 3). The under-
estimation of the decadal variability by GOBMs was mostly reported in
the North and South regions®>”. These deficiencies in the mid- and
high-latitude regions have been related to the coarse resolution of the
ocean circulation models?, the generally poor representation of the
seasonality of fCO, in these regions**~, and / or insufficient variability
in simulated mode-water formation®. A possible overestimation of the
decadal variability by fCO,-products by 30% has been postulated
before*? because of undersampling of surface ocean fCO,, mostly in
the Southern Ocean******, Results from our hybrid approach also show
there are remaining issues in CO, flux estimates of undersampled
regions by fCO,-products, but suggest that the amplitude of decadal
variability is nevertheless greater than that estimated by GOBMs.

Finally, for the mean ocean CO, sink, the hybrid approach returns
a higher mean CO, sink than NEMO-PlankTOM12.1 in the Southern
Ocean because it corrects a consistent bias of overestimation of the
surface ocean fCO, (Supplementary Fig. S2). Studies based on emer-
gent constraint properties™’, and thorough assessments of the ability
of GOBM s to simulate the Southern Ocean CO, sink®®, have also sug-
gested that the current generation of models underestimates the
global ocean CO, sink due to a deficient representation of ocean cir-
culation in the Southern Ocean. The CO, outgassing from river fluxes,
which is not included in NEMO-PlankTOM12.1 and the other GOBM
simulations, could also explain the bias. River outgassing in the
Southern Ocean has been estimated at 0.32 Pg C yr™ but with a high
degree of uncertainty>*’. This bias would not affect the estimates of
variability and trends, which are mainly driven by perturbation of
surface ocean dynamics and atmospheric CO, concentration resulting
from climate trends and variability (particularly winds) and by the
evolution of atmospheric CO,*'*®°, However, this means that our
hybrid approach is less robust in estimating the mean ocean CO, sink
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than the variability and trend of this sink, because the mean ocean CO,
sink also depends on mixing between the surface ocean and the deep
ocean'’, a process that is weakly constrained when only using surface
fCO, observations, as is the case in the hybrid approach. Further work,
in particular the use and/or assimilation of ocean interior carbon
data*****, would be better suited to constrain the mean ocean
CO, sink.

Our hybrid approach has shown that estimates of the temporal
evolution of the ocean CO, sink can be reconciled, providing a well-
constrained estimate of a significant growth in the ocean CO, sink
between 2000 and 2022 of 0.42+0.06PgCyr! decade™, corre-
sponding to a growth of 1.0 Pg C yr™* over those 23 years. Results from
our hybrid approach show similarities and discrepancies with the CO,
sink estimates from both GOBMs and fCO,-products. Therefore, our
analysis validates the global carbon budget approach to evaluate the
ocean CO, sink by combining the data-based and process-model
estimates’. Moreover, it confirms the importance of high-density fCO,
observations, which are notably lacking in the Southern Ocean, for
informing the fCO,-products and our hybrid approach. It suggests that
fCO,-products could be further improved by scrutinizing the extra-
polation of observations in the 2010s, which are evolving over the
different versions released, in order to understand differences among
fCO,-products and then help improve the products.

Within the limits of the hybrid approach, a trend of
0.28 +0.13 Pg Cyr" decade™ in the total land CO; sink (including nat-
ural fluxes and emissions from land-use changes) can be inferred based
on our estimate of the trend in the ocean CO, sink for 2000-2022,
corresponding to a growth of 0.6 Pg Cyr! over those 23 years. This
result was obtained by adding to and subtracting from our estimate of
the ocean CO; sink, global carbon budget estimates for the growth rate
of atmospheric CO, and CO, emissions from fossil fuels (taking into
account cement carbonation, detailed in the Supplementary
information)’. Our estimated trend in the total land CO, sink lies
between the 0.43+0.20PgCyr! decade™ trend estimated by the
global carbon budget analysis® and the trend of 0.07 +0.14 Pg C yr!
decade™ that would be obtained with the ocean CO, sink estimate
from the fCO,-products alone. Therefore, the land trend inferred from
fCO, observations suggests either an overestimation of the increasing
trend in the simulated land CO, sink by Dynamic Global Vegetation
Models, an overestimation of the decreasing trend in CO, emissions
from land-use changes by bookkeeping approaches used in the global
carbon budget analysis (which might be increasing), or both’. The
latter includes the possibility that emissions from land-use changes
were stable or even increased during 2000-2022, which is plausible
given the large uncertainty in land-cover change data and in manage-
ment processes®. Our results demonstrate that ocean observations can
constrain trends in land CO, fluxes, and that results are limited by the
availability of fCO, observations.

Methods
Amplitude of the decadal variability and decadal trend
estimates
The amplitude of the decadal variability was estimated as the standard
deviation of the decadal component of the annual ocean CO, sink time
series. The decadal components were extracted from the time series
using the following signal decomposition methodology** (i) the linear
trend and long-term mean were removed to isolate the temporal
variability, (ii) the decadal component of this detrended time series
was obtained by filtering this time series with a 10-year Hanning win-
dow. The Hanning window is a filtering function with a ‘bell-shaped’
curve used to smooth the signal by emphasizing the feature near the
center of the window. All uncertainty ranges are reported here with
a+10 (68%) confidence interval, as in global carbon budget analysis®.
The decadal trends of ocean CO, sink and AfCO, were estimated
with the Theil-Sen slope estimator® . To calculate AfCO,, the

atmospheric CO, mole fraction (xCO,) used in the global carbon
budget analysis (data from the U.S. National Oceanic and Atmospheric
Administration, Global Monitoring Laboratory®) is first converted to
pCO; taking into account the atmospheric surface pressure corrected
for the vapour pressure of seawater (P,.), and then to fCO, with a
fugacity coefficient estimated as follows®*,

@

(B+(1-xC0,)? - 26)
R-T) )

fCO, =pCO, - exp (Patm .

where T is the sea surface temperature (in Kelvin, from OISST1.2), B
and & are the virial coefficients for carbon dioxide®® and R is the gas
constant®. The necessary sea surface salinity data come from EN4
(EN.4.2.2.g10%), and the surface atmospheric pressure data come from
ERA5%,

For the GOBM and fCO,-product ensembles (from the global
carbon budget analysis), the amplitude of the decadal variability, and
the decadal trends were calculated for each member of the ensemble.
The mean ensemble values are reported with their standard deviation.
For the hybrid approach, the amplitude of the decadal variability, and
decadal trends were calculated with the annual constrained values. An
estimate of the standard deviation around these values was obtained
by re-calculating 10,000 times these estimates with annual ocean CO,
sink values that had been randomly selected (from a uniform dis-
tribution) within the estimated confidence intervals of the annual
constrained value.

Description and evaluation of the NEMO-PlankTOM12.1 model
The NEMO-PlankTOM12.1 model consists of a global ocean general
circulation model, NEMO v3.6, with an embedded biogeochemical
model, PlankTOM12.1, forced by atmospheric meteorological data
from the NCEP reanalysis product™.

NEMO-PlankTOMI2.1 used the NEMO model® in its global con-
figuration on the ORCA tripolar grid, with a longitudinal resolution of
2° and an average latitudinal resolution of 1.5°, the latter being
enhanced up to 0.3° in the tropics and at high latitudes, and a temporal
resolution of 96 min. This physical ocean model comprises a total of 31
vertical z levels with a vertical resolution of 10 m for the first 100 m,
decreasing progressively to a resolution of 500 m at a depth of 5km.
The NEMO model is based on the Navier-Stokes equations and a non-
linear equation of state. It explicitly calculates vertical mixing using a
turbulent closure model. Subgrid-scale eddy-induced mixing is
represented with a parameterisation’>. NEMO is coupled to the
Louvain-La-Neuve sea ice model (LIM").

The PlankTOMI2.1 biogeochemical model simulates the full mar-
ine cycles of carbon, oxygen, phosphorus and silicon, and simplified
cycles for iron and nitrogen. This biogeochemical model was obtained
by merging two versions of the PlankTOM model series, which had
been developed in parallel, one focused on the role of jellyfish’?, and
one focused on the role of pteropods’. This version has been used in
the global carbon budget analysis 2022°° and 2023 Its ecosystem
component is based on the representation of 12 Plankton Functional
Types (PFTs), including six phytoplankton, five zooplankton and one
bacteria. Spatiotemporal variations in PFT concentrations are induced
by the simulated response of each PFT to environmental conditions,
including temperature, nutrient availability, light, and interactions
between PFTs. PlankTOMI2.1 explicitly represents dissolved organic
carbon and two size classes of particulate organic carbon, one small
and one large. These components are influenced by the particle
aggregation process, and the large particles are also influenced by
the effect of mineral ballasting. Simulated dissolved inorganic car-
bon and alkalinity are influenced by air-sea exchanges of CO,, calci-
fication (production and dissolution), primary production, and
remineralisation of organic matter (grazing by zooplankton and
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remineralisation by bacteria). The alkalinity is also influenced by
denitrification. A full description of PlankTOMI12.1 biogeochemistry
has been published*. Model simulations are too short to fully
represent the input of river fluxes and their subsequent outgassing of
CO, in the open ocean. Instead, constant river fluxes of dissolved and
organic carbon and nutrients are prescribed as input at the location
of river mouth, and corresponding fluxes are removed from the
bottom sediments to conserve mass. The version of the NEMO-
PlankTOMI2.1 code used here is the same as that used in the latest
global carbon budget analysis, forced with NCEP reanalysis. For this,
the model was spun up first from 1750 to 1947 with a 30 years
(1948-1977) climatological annual cycle of atmospheric forcing from
the NCEP reanalysis product, followed by the use of annual forcing
from 1948 until 2022.

The validation of this model version was first carried out by
ensuring that the simulated surface chlorophyll-a concentration, pri-
mary production, and nutrient distributions were reasonably simu-
lated, as in previous model versions’. Second, we examined the RMSE
relative to the SOCAT gridded fCO, observations and the temporal
variability of the ocean CO, sink between 1990-2022. These two
variables are used to evaluate GOBMs in the global carbon budget
analysis. The RMSE value associated with NEMO-PlankTOMI12.1
(38.5 patm) is within the range of GOBMs used in the global carbon
budget analysis (31.3 patm-45.0 patm). The interannual and decadal
variabilities of the ocean CO, sink from NEMO-PlankTOM12.1 are also
comparable to the other GOBMs of the global carbon budget (Sup-
plementary Table 1), and the simulated mean ocean CO, sink in the
1990s (1.91PgCyr?) falls within the observational range (1.5 to
2.9Pg Cyr).

Finally, the performance of NEMO-PlankTOMI12.1 was evaluated
with the metrics adopted by the global carbon budget in 2023: the
simulated Atlantic Meridional Overturning Circulation, Southern
Ocean sea surface salinity, the Southern Ocean stratification index, and
surface ocean Revelle factor. The values simulated by NEMO-
PlankTOM12.1 are within the range of the values simulated by the
other GOBMs and are close to the observed values, with the exception
of the Southern Ocean stratification index for which NEMO-
PlankTOMI2.1 has the lowest value but remains within comparable
range (Supplementary Fig. S3).

Hybrid approach

A hybrid approach is developed to constrain the annual ocean CO, sink
simulated by the NEMO-PlankTOMI12.1 model on the basis of the
model-observation mismatch for surface fCO,. This approach is not
implemented to significantly improve the model-observation mis-
match, but to correct for annual biases in the simulated ocean CO,
sink, after the standard simulation is done, thus providing an adjusted
annual estimate with uncertainty. This methodology has been pre-
viously used to constrain the climatological ocean primary
production® and air-sea fluxes of N,O** and CCI,*. Because there are
more observations available for surface fCO, observations than for
N,O or CCly, this hybrid approach can be performed annually.

The surface fCO, observations used here are the ones compiled
within the SOCAT v2023 database”. This database is a gridded product
(1° x1°) with a monthly temporal resolution. All monthly model out-
puts used here were regridded to the same spatial resolution
as SOCAT.

First, to perform this hybrid approach, four perturbed simula-
tions of NEMO-PlankTOMI2.1 are produced with higher average
MSEs (between the model and SOCAT observations, with equal
weight given to each gridded observational data) over the simulated
period, and lower or higher annual ocean CO, sink. These perturbed
simulations range from 1.3 Pg C yr to 3.2 Pg C yr! on average during
2000-2022, and span the expected range suggested by the global
carbon budget analysis (i.e., 2.6+0.4PgCyr' on average, with

individual years ranging from 1.8 PgC yr™ to 3.0 Pg Cyr™). They are
obtained by perturbing model parameters, changing the half-
saturation constant for bacteria remineralisation of organic carbon
from 5x10°mol L™ to 18 x10® mol L. This parameter was chosen
because of its strong influence on the ocean CO, sink that is relatively
uniform over the entire ocean. Second, for each year, a plot of the
annual MSE values (on the y axis) against the annual ocean CO, sink
(x axis) associated with the four model simulations (the optimal
simulation and the four perturbed simulations) is produced and a
cubic function is fitted through these data points. Third, the con-
strained annual ocean CO, sink is estimated by finding the local
minimum (turning point) associated with the concave upward sec-
tion of the fitted cubic function. This local minimum corresponds to
a theoretical model simulation with an annual ocean CO, sink that
presents the smallest MSE (MSE ;). Note that if the fit did not have a
local minimum the ocean CO, sink from this year is not constrained.
Years with a constrained ocean CO, sink not within the range of the
ocean CO, sink from the perturbed simulations are kept but con-
sidered uncertain values.

Finally, the + 10 (68%) confidence interval associated with the
determined MSE i, value is estimated with this formula®,

MSE ¢g4
MSE in

n 2(2n — 2) n
048t (nn) s @
where n is the number of gridded observational data points, and
MSE¢gy; corresponds to the MSE value for theoretical model simula-
tions located at the borders of the confidence interval, and their
associated annual ocean CO, sink is estimated by using the cubic
function (i.e., determined where f{x) = MSE¢gy With x being the annual
ocean CO, sink). See Supplementary Fig. S4 for a graphical inter-
pretation of this hybrid approach. The global performance of the
hybrid approach is evaluated with the two standard metrics used by
the global carbon budget annual analysis’—i.e., the RMSE relative to
the SOCAT fCO, observations and the estimated temporal variability
of the ocean CO, sink (results in Supplementary Table 1).

The hybrid approach reduced the RMSE between NEMO-
PlankTOM12.1 and SOCAT observations (the RMSE values associated
with the perturbed simulations, PlankTOMI2.1 and the hybrid
approach are 39.9 patm, 38.5 patm and 38.0 patm, respectively). For
comparison, the GOBMs and fCO,-products listed in the global carbon
budget analysis in 2023 had mean RMSE values of 39.0 patm and
20.3 patm, respectively. Note that fCO,-products were based on
SOCAT observations and are therefore not independent, which
explains their lower RMSE values.

This hybrid approach is also used to constrain regional ocean CO,
sink values at three latitude bands, and at every 5° of latitude. For this
regional analysis, the number of available SOCAT observations is
lower, therefore only the quadratic function is used to provide wider
confidence intervals and reflect the lower confidence in the con-
strained values.

We performed sensitivity analyses to test the robustness of our
results to the choice of perturbed model parameters and model con-
figurations. The perturbed simulations were repeated with parameters
of phytoplankton respiration, and with a combination of both bacterial
half-saturation and phytoplankton respiration. The model configura-
tion was changed by using ERAS reanalysis as weather-forcing data. In
total, we thus have applied the hybrid approach to six different set ups,
with three choices of perturbation parameters and two choices of
forcing configurations (Supplementary Fig. S5). Regardless of the
parameter and configuration used, the results consistently produced
the lowest trend in the 1990s, and a higher trend in the 2000s than in
the 2010s, although the exact trends within each decade varied (Sup-
plementary Fig. S6 and Supplementary Table 3). We show here results
of the model forced with NCEP, which has a lower RMSE (38.5 patm)
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compared to the configuration forced with ERAS (40.0 patm), and the
perturbation of the half-saturation constant of bacterial remineralisa-
tion, which produces changes in fCO, that are more uniform across
the ocean.

Finally, we also carried out an analysis to assess the influence of
the annual application of the hybrid approach by considering, instead,
three consecutive years. Therefore, rather than using a series of plots
of the annual MSE value against the annual ocean CO, sink (e.g., Sup-
plementary Fig. S4), we used a series of plots of the 3-year MSE value
against the 3-year average ocean CO, sink.

Data availability

Data from NEMO-PlankTOM12.1 and hybrid approach generated in this
study have been deposited: https://osf.io/2kzps/?view_only=
6ad809f1887342a0a19907e40a33e7cf. All other data is publicly avail-
able and instructions on how to access it are published on the following
GitHub repository: https://github.com/nmayot/hybrid_approach.

Code availability
The code used to perform the analysis is publicly available on a GitHub
repository: https://github.com/nmayot/hybrid_approach.
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