Constraining the trend in the ocean CO: sink during 2000-2022
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Supplementary Table 1 | Values of RMSE, and of interannual (Int.) and decadal (Dec.)

variability from the ensemble estimates used within the global carbon budget analysis in

2023, the PlankTOM12.1 simulations and the hybrid approach. The metrics were
calculated globally and for three latitudinal bands over the period 1990-2022. RMSE is in
patm, and interannual and decadal variability values are in Pg C yr!. For the fCO2-products,
the GOBMs, and the perturbed simulations, the value in bold is the average, and the values
above and below indicate the range (minimum and maximum). For the hybrid approach,
results for uncertain years were discarded.

Product names Global North Tropics South

RMSE Int. Dec. | RMSE Int. Dec. | RMSE Int. Dec. | RMSE Int. Dec.
GCB’s fCO,- 143 0.07 006 | 180 0.02 0.005| 89 0.03 0.01| 140 0.02 0.001
roducts 2 203 011 014 | 227 003 001 | 167 0.06 0.02| 209 0.05 0.01
P 263 023 021 | 299 007 001 | 210 0.09 0.03| 274 010 0.03
31.3 0.07 006 | 372 001 0.002| 227 0.03 0.01| 323 0.02 0.001
GCB’s GOBMs 39.0 011 0.08| 46.0 0.02 0.008| 289 0.07 0.02| 381 0.04 0.01
450 015 0411 | 535 0.06 0.015| 347 0.10 0.04| 456 0.07 0.02
NEMO- 385 010 011 | 458 0.01 0.004| 244 0.06 0.04| 440 0.03 0.01

PlankTOM12.1 ' ' ' ' ' ' ' ' ' ' ' '
Perturbed 386 010 005 | 459 002 002 | 238 0.07 0.03| 430 0.03 0.02
simulations 399 010 0.10| 470 002 002 | 263 0.08 0.07| 454 0.04 0.03
414 012 012 | 491 003 0.02 | 295 0.10 0.10| 499 0.04 0.03
Hybrid approach 380 022 013 | 456 0.03 0.004| 232 0.08 0.02| 425 0.06 0.01
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Supplementary Table 2 | Regional decadal trend values from the ensemble estimates

used within the global carbon budget analysis in 2022, the PlankTOM12.1 simulations

and the hybrid approach. The trends are calculated over three periods: 2000s, 2010s and

2000-2022. All values are in Pg C yr! decade™.

Product names North Tropics South
2000s 2010s 2000- | 2000s 2010s 2000- | 2000s 2010s 2000 -
2022 2022 2022
GCB’s fCO,-products 020+ 012+ 012+ | 020+ 0.32+ 013+ | 029+ 021+ 0.28z%
0.14 0.04 0.02 0.11 0.11 0.04 0.24 0.14 0.10
GCB’s GOBMs 0.09+ 005+ 005+ | 018+ 014+ 010+ | 017+ 013+ 0.13%
0.03 0.06 0.02 0.10 0.09 0.03 0.04 0.07 0.04
NEMO-PlankTOM12.1 0.10 0.02 0.05 | -0.002 0.24 0.10 0.15 0.22 0.17
Hybrid approach 033+ -002 009+ 018+ 006+ 012+ | 014+ 051+ 0.27%
0.06 +0.06 0.02 0.02 0.04 0.01 0.25 0.18 0.07
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Supplementary Table 3 | Temporal variability of the ocean CO: sink estimated using the
different set ups on which the hybrid approach was applied. The six different set ups are
shown in Supplementary Figure 5, and the associated global ocean CO: sink estimates in
Supplementary Figure 6. The first row represents the set up presented in the main manuscript.
The last row represents the ensemble average (+ 15) of all set ups. The last column shows the
number of years, between 1990 and 2022, with a constrained estimate of the annual ocean
CO:2 sink for each configuration.

Variability amplitude
(1990-2022, in Pg C yr?)

Decadal trends (Pg C yr? decade?)

Number of
constrained years

Interannual Decadal 1990s 2000s 2010s 2000-2022 | (uncertain years)

NCEP and bact. 0.22 0.13 -0.19 0.80 0.44 0.42 32 (0)
ERAS5 and bact. 0.23 0.25 -0.93 1.27 0.35 0.36 33 (0)
NCEP and 0.28 0.16 0.17 0.97 0.48 0.27 25 (7)
phyto.

ERAS and 0.19 0.18 -0.60 0.87 0.23 0.24 32 (8)
phyto.

NCEP and bact. 0.18 0.09 -0.37 0.73 0.37 0.41 27 (0)
& phyto.

ERADS and bact. 0.17 0.14 -0.43 1.14 0.23 0.36 31(2)
& phyto.

Mean+1ls| 0.21+0.04 0.16+0.05 |-043+0.37 0.96+0.21 0.35+0.10 0.34+0.07
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Supplementary Fig. S1 | Temporal variations in the various estimates of the ocean COz
sink. a Global annual flux from the GOBMs (grey), the fCO2-products (blue), NEMO-
PlankTOM12.1 (black), the hybrid approach (red) and the hybrid approach performed with
three consecutive years (dashed red). The variability of the global annual flux has been
decomposed into b an interannual component and ¢ a decadal component.
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Supplementary Fig. S2 | Spatial distribution of mean bias between SOCAT and:
NEMO-PlankTOM12.1 and the GOBMs from the global carbon budget analysis 2023,
calculated over the period 1990-2022. a Surface fCO2 observations from SOCAT averaged
at each location. Note that most locations are not sampled every year. b-¢ The mean surface
fCO: and bias between SOCAT and: b NEMO-PlankTOM12.1, ¢ the GOBMs. For the
GOBMs, a map is calculated for each GOBM, and the average map is displayed. Note that
NEMO-PlankTOM12.1 is removed from the GOBM ensemble.
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(b) Sea Surface Salinity (SSS)

(a) Atlantic Meridjonal Overtuming Circulation (AMOC)
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Supplementary Fig. S3 | Validation of NEMO-PlankTOM12.1 and GOBMs from the
global carbon budget analysis in 2023. The variables used for the validation are a the
Atlantic Meridional Overturning Circulation at 26°N, b the Southern Ocean sea surface
salinity (SSS), ¢ the Southern Ocean Stratification Index (SI), and d the surface ocean
Revelle factor (global average). The individual estimate from GOBMs (thin blue lines) are
averaged (thick blue line). The observed estimate averaged over the period 2005-2021 is the
thin black line. The NEMO-PlankTOM12.1 estimate is the thick black line. For the Revelle
factor, the circles correspond to the 2005-2021 average. The observation-based AMOC is
from the RAPID-MOCHA-WBTS array. The observed SSS and SI are estimated from the
temperature and salinity data of the EN4 product. The observation-based Revelle factor value
is from the OceanSODA fCO2-product.
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Supplementary Fig. S4 | Graphical interpretation of the hybrid approach. In this
example, the values for the year 2002 are represented. The hybrid approach requires four
perturbed simulations of NEMO-PlankTOM12.1 (blue circles). For each simulation, and for
the year 2002, the MSE value is shown on the y-axis and the ocean COz2 sink estimate on the
x-axis. A cubic function is fitted to these data points (thick black line). The constrained ocean
CO:2 sink for the year 2002 is estimated by finding the local minimum (inflection point)
associated with the rising concave section of the fitted cubic function.
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(a) NCEP and bact. half-saturation (b) ERAS and bact. half-saturation
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Supplementary Fig. S5 | Ocean CO:z sink, for the global ocean, from the six different set
ups on which the hybrid approach was applied. The set ups are a NCEP reanalysis with
bacterial half-saturation, b ERAS reanalysis with bacterial half-saturation, ¢ NCEP reanalysis
with phytoplankton respiration, d ERAS reanalysis with phytoplankton respiration, e NCEP
reanalysis with bacterial half-saturation and phytoplankton respiration, and f ERAS5 reanalysis
with bacterial half-saturation and phytoplankton respiration. The thick line is the standard
simulation with NCEP or ERAD5, and the thin lines are the perturbed simulations. In the main
manuscript we show results obtained when applying the hybrid approach with the model
forced with NCEP and the perturbation of the half-saturation constant of bacterial
remineralisation (a).
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Supplementary Fig. S6 | Hybrid approach results when using different perturbed
parameters. The black line with the grey shading, represents the results and error estimate
from the main manuscript (using NEMO-PlankTOM12.1 forced with NCEP, and perturbed
bacteria). The other coloured lines represent hybrid approach results obtained with a different
forcing (i.e., ERA), and/or when perturbing phytoplankton and/or bacteria. The white dots
represent uncertain results as defined in the manuscript.
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Equations of the global carbon budget analysis:

Within the global carbon budget analysis', the carbon sinks (atmosphere = Garm, ocean =
Socean, and land = Sranp) and emissions (from fossil fuel = Eros, and land-use changes =
ELuc) are estimated,
(GarMm + Socean + Sranp) = Eros + ELuc (1)

By using the estimates of Garm, Eros (including cement carbonation), and ELuc from the
Global Carbon Budget analysis published in 2023, with our estimate of Socean from the
hybrid approach, an estimate of the total land COz2 sink can be obtained:

Total land COz2 sink = (Srtanp — ELuc) = Eros — (Gatm + SoceaN) (2)

Note that the difference between the terms in equation 1 is equal to the Budget Imbalance
(Bmvm) of the global carbon budget:

BIM = Eros + ELuc — (Gat™ + SoceaN + SLAND) 3)

Constraints on the interannual variability of the annual global ocean CO> sink:

An estimation of the interannual variability of the global ocean COz2 sink can be obtained by
removing the decadal component from the original detrended time series of the annual ocean
COz sink (Supplementary Fig. S1b). The hybrid approach preserves the patterns of
interannual variability from the NEMO-PlankTOM12.1 (Supplementary Fig. S1b; »r=0.5,p =
0.004, Pearson's correlation coefficient), but double its magnitude to 0.22 Pg C yr!.
Originally, over the period 1990-2022, NEMO-PlankTOM12.1 simulated amplitudes of
interannual variability for the ocean CO2 sink (0.10 Pg C yr'!) comparable to the interannual
variability simulated by the other GOBMs and fCO2-products used in the global carbon
budget analysis (0.11 £ 0.02 Pg C yr'! and 0.11 £ 0.06 Pg C yr’!, respectively). Note that the
hybrid approach also increased the regional interannual variability (Supplementary Table 2).

As for the decadal variability, we tested the robustness of this interannual variability estimate
with respect to (1) the choice in the selected model's configuration and parameter perturbed,
and (i1) the annual availability and distribution of SOCAT data. The interannual variability
from the six different model set ups used (see methods, section 5.3 for more details) were
comparable (0.21 + 0.04 Pg C yr'"). However, when the hybrid approach was applied by
considering observations from three consecutive years, the interannual variability was
strongly reduced to 0.11 = 0.01 Pg C yr'! (Supplementary Fig. S1b). This reduction of the
interannual variability was mostly observed in the 1990s, when fewer observations were
available. This 3-year interannual variability value was still larger than that estimated by
GOBMs (0.06 +0.01 Pg C yr'!), NEMO-PlankTOM12.1 (0.06 Pg C yr!), and fCO2-products
(0.07 £0.03 Pg C yr!), when smoothed with a 3-year running mean. Overall, results from the
sensitivity analyses suggest that a significant uncertainty surrounding the amplitude of
interannual variability remains.

Nonetheless, despite remaining uncertainty on its amplitude, our results confirm the general
consensus for the temporal patterns of interannual variability, common among the various
approaches, in agreement with other studies®3. The fact that the hybrid approach preserves
the patterns of interannual variability from the NEMO-PlankTOM12.1, but increased its
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magnitude, could suggest that NEMO-PlankTOM12.1 and other GOBMs represent the
correct processes, but either they do not respond sufficiently to changes in external forcing, or
the balance among thermal and non-thermal processes in response to external forcing is
imperfect*. For example, in the Southern Ocean, ocean surface fCO: variations over the year
in NEMO-PlankTOM12.1, and in most GOBMs, tend to be too strongly influenced by
temperature changes®. Additional fCO2 sampling, mostly at high latitudes, could help
constrain the amplitude of the interannual variability obtained by our hybrid approach and
resolve some of the identified issues here and in the literature>.
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