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Abstract Observation‐based quantification of ocean carbon dioxide (CO2) uptake relies on synthesis data
sets such as the Surface Ocean CO2 ATlas (SOCAT). However, the data collection effort has dramatically
declined and the number of annual data sets in SOCATv2023 decreased by ∼35% from 2017 to 2021. This
decline has led to a 65% increase (from 0.15 to 0.25 Pg C yr− 1) in the standard deviation of seven SOCAT‐based
air‐sea CO2 flux estimates. Reducing the availability of the annual data to that in the year 2000 creates
substantial bias (50%) in the long‐term flux trend. The annual mean CO2 flux is insensitive to the seasonal skew
of the SOCAT data and to the addition of the lower accuracy data set available in SOCAT. Our study highlights
the need for sustained data collection and synthesis, to inform the Global Carbon Budget assessment, the UN‐led
climate negotiations, and measurement, reporting, and verification of ocean‐based CO2 removal projects.

Plain Language Summary The Surface Ocean CO2 ATlas (SOCAT) data set plays a crucial role in
estimating the ocean carbon sink component of the Global Carbon Budget. However, the number of data sets
available in SOCAT each year has drastically decreased since 2017. This study shows that the uncertainty in the
data‐based ocean CO2 flux estimate has increased by 65% due to this decline in data availability. The estimated
fluxes, especially the long‐term flux trend, are remarkably affected by the data availability in SOCAT, reducing
the reliability of ocean CO2 uptake estimates in years and regions with sparse observations.

1. Introduction
The carbon dioxide (CO2) emitted by human activities is the major contributor to climate change (IPCC, 2021).
The ocean is crucial in slowing down global warming by taking up a quarter of the anthropogenic CO2 emissions
(Friedlingstein et al., 2023). Quantifying the air‐sea CO2 flux and understanding its variability is critical for
predicting the future climate and the ocean environment and developing climate mitigation strategies (Lee
et al., 2023).

Previous studies about global ocean CO2 uptake mainly relied on models (Le Quéré et al., 2014). Since 2011, the
public release of the updates to the Surface Ocean CO2 Atlas (SOCAT, Bakker et al., 2016; Pfeil et al., 2013) has
significantly advanced our ability to quantify the ocean CO2 sink based on observations. The latest SOCAT
release, SOCATv2023, provides 42.8 million quality‐controlled, in situ surface ocean CO2 fugacity ( fCO2)
measurements over the period 1957 through 2022 (Bakker, Alin, et al., 2023). The SOCAT data are primarily
shipboard measurements typically at a 1‐min sampling frequency. High‐quality fCO2 observations (35.6 million,
estimated uncertainty <5 μatm) are included in the synthesis files and used for producing a 1° by 1°, monthly
gridded product (Sabine et al., 2013). A variety of mapping methods have subsequently been developed and used
to interpolate the sparse gridded fCO2 data to yield gap‐free, monthly fCO2‐products for the global ocean (e.g.,
Landschützer et al., 2013; Rödenbeck et al., 2013). These fCO2 products combined with the atmospheric CO2
mole fraction (e.g., Dlugokencky & Tans, 2023) and a gas transfer velocity parametrization (e.g., Wannink-
hof, 2014) produce observation‐based estimates of contemporary ocean CO2 uptake.

The SOCAT data thus enable novel estimates of the global air‐sea CO2 flux at a monthly timescale, which enables
to address the decadal, interannual, and seasonal variability of the ocean carbon sink (DeVries et al., 2023; Gruber
et al., 2023; Rodgers et al., 2023). The SOCAT products have been used to report the annual CO2 sink of the ocean
component in the Global Carbon Budget (Friedlingstein et al., 2023) and have indicated a stagnation of the
Southern Ocean CO2 sink from 1980s to the early 2000s and identified subsequent strong reinvigoration
(Landschützer et al., 2015), although with disagreement regarding the strength of the uptake in the post 2000
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period (DeVries et al., 2019; Ritter et al., 2017). In addition, the SOCAT data provide valuable information for
determining the seasonal variability of the CO2 sink in different ocean basins and identifying the difficulty of
models in capturing biological processes (Hauck, Nissen, et al., 2023; Rodgers et al., 2023) that can act on
multiple timescales (Ostle et al., 2022). Furthermore, the SOCAT‐based assessment of the variability in the air‐
sea CO2 flux has advanced our understanding of the natural component of ocean CO2 uptake (Gruber et al., 2023).

Although the SOCAT synthesis plays a critical role in examining the global ocean carbon cycle, the fCO2 data
collection effort it relies on is at risk, as the number of monthly data sets and thus the number of gridded fCO2
values has sharply decreased since 2017 (Bakker, Alin, et al., 2023). The impact of this data decline on estimates
of ocean CO2 uptake is not clear. In addition, the SOCAT data are very sparse (especially before 2000) and
strongly skewed to the summer season (especially in the Southern Ocean), which may create bias in the seasonal
or longer time scale flux estimates (Denvil‐Sommer et al., 2021; DeVries et al., 2023; Djeutchouang et al., 2022;
Gloege et al., 2021; Hauck, Nissen, et al., 2023). Furthermore, only fCO2 data in SOCAT with an estimated
accuracy better than 5 μatm (data set flags of A, B, C, and D) are routinely used to estimate the CO2 flux, while the
fCO2 data with a flag of E (estimated uncertainty between 5 and 10 μatm, 7.2 million values) are generally not
used for the flux estimates (Bakker et al., 2016). In the context of the decrease in the SOCAT synthesis data, the
increasing number of flag E data might provide a valuable source of additional fCO2 data in flux estimates.

In this study, we design experiments to assess the impact of the reduction in the availability of fCO2 data sets, the
seasonal skew of the SOCAT data, and the addition of the SOCAT flag E data on the air‐sea CO2 flux estimates.

2. Experimental Setup
The SOCAT‐based fCO2‐products estimate the air‐sea CO2 flux with the bulk equation:

F = K660(Sc/660)− 0.5 (αw fCO2w − αi fCO2a) (1)

where F (mmol m− 2 day− 1) is the air‐sea CO2 flux and Sc is the non‐dimensional Schmidt number. Sc is equal to
660 for CO2 at 20°C and 35 psu seawater. K660 (cm h

− 1) is the gas transfer velocity (e.g., Wanninkhof, 2014)
normalized to a Sc of 660. The CO2 solubility (mol L

− 1 atm− 1) at the subsurface and the air‐sea interface are
represented by αw and αi, respectively (Dong et al., 2022; Watson et al., 2020; Woolf et al., 2016). Sc and α are
calculated from seawater temperature and salinity (Wanninkhof, 2014; Weiss, 1974). The CO2 fugacity (μatm) at
the subsurface and just above the air‐sea interface are represented by fCO2w and fCO2a, respectively. To balance
the dimensions of the left and the right side for the given units, a factor of 0.24 should be multiplied to the right
side of Equation 1.

In four experiments, we use a neural network‐based interpolation method (Landschützer et al., 2013) to map the
gridded or re‐gridded fCO2w data in SOCATv2023 (see Experiments 1–4 below) to yield 1° by 1°, monthly gap‐
free fCO2w products. A summary of the input data for neural network training and the gas transfer velocity is in
Text S1 of the Supporting Information S1. The latest SOCAT version 2023 (SOCAT hereafter) is used for the four
experiments. For convenience of the analysis, we divide the global ocean into three ocean regions: the Northern
Ocean (defined as north of 30°N), the Tropical Ocean (defined as 30°S–30°N), and the Southern Ocean (defined
as south of 30°S). We divide all the data in SOCAT into the Northern, the Tropical, and the Southern Oceans
according to their latitude.

Experiment 1: Sensitivity of the flux estimate to the recent reduction in data availability

SOCATv2023 highlights a striking decline in the number of 1° by 1°, monthly grid cells with fCO2 since 2017
(Bakker, Alin, et al., 2023). This decrease started 2 years before the pandemic (i.e., 2020), with the pandemic
exacerbating the decrease. The decrease in the number of monthly grid cells with fCO2 reflects a decrease in the
number of data sets collected in the open ocean in recent years (Figure 1).

Considering that the number of data sets in the final year (i.e., 2022 in SOCATv2023) is always relatively low
compared to the previous years due to delays in data submission, we take the number of data sets in the year 2021
in SOCAT as a reference. We then randomly reduce the number of data sets in the Northern, Tropical, and
Southern Oceans in years with more than that in 2021, respectively (Figures 1a–1c). In total, we remove 565
(17%), 574 (28%), and 321 (38%) data sets from the Northern, Tropical, and Southern Oceans, respectively from
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2005 to 2021. We then re‐grid the reduced SOCAT synthesis data set to yield an additional 1° by 1°, monthly data
set, which is used for the interpolation and the flux calculation.

Experiment 2: Sensitivity of the flux trend to data availability

The long‐term (decadal) trends of the air‐sea CO2 flux are not well‐constrained (Friedlingstein et al., 2023). To
test if data availability affects the trend in the SOCAT‐based flux estimates, we take the number of data sets in
2000 of SOCAT as a reference, and randomly reduce the data sets in years with more than the number of data sets
in 2000 in the Northern, Tropical, and Southern Oceans, respectively (Figures 1d–1f). We then re‐grid the reduced
SOCAT synthesis data set and interpolate it for the flux calculation.

Experiment 3: Sensitivity of the flux estimate to seasonal skew in the data

The fCO2 observations in SOCAT are seasonally skewed with more data in summer and less data in winter in the
high latitude regions (Figures 1g and 1i, also Figure S1 in Supporting Information S1). This is because the
SOCAT data is primarily collected by ships, and the tough environment in the wintertime polar oceans (storms,

Figure 1. The number of data sets or grid cells with fCO2 in SOCATv2023 for each year from 1990 to 2021. The left, middle,
and right panels represent the Northern, Tropical, and Southern Oceans, respectively. (a–c) White bars represent the number
of data sets in Surface Ocean CO2 ATlas (SOCAT), and shaded bars denote the number of remaining data sets after the
removal of some data sets to match a similar number in 2021 (see Section 2, experiment 1). (d–f) White bars represent the
number of data sets in SOCAT while shaded bars correspond to the number of the remaining data sets after removal of data
sets more than the number of those in the year 2000 (see Section 2, experiment 2). (g–i) White and shaded bars indicate the
number of data sets in summer and winter, respectively (see Section 2, experiment 3). (j–l) Solid bars represent the number of
monthly grid cells with fCO2 with an estimated accuracy better than 5 μatm in SOCAT, while white bars indicate the number
of grid cells upon addition of lower accuracy data sets with a flag of E (see Section 2, experiment 4). The white bars in all
subplots start at the bottom (i.e., zero).
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darkness, and sea ice) makes access difficult. This seasonal skew may lead to an overemphasis on summertime
CO2 measurements and less representation of wintertime processes (see e.g., Rustogi et al., 2023).

We randomly reduce the number of summer data sets in the Northern Ocean (June–August) and the Southern
Ocean (December–February) to the same number as that in winter for each year (Figures 1g and 1i). Data sets in
the Tropical Ocean are not adjusted (Figure 1h). The season in the Tropical Ocean is defined as the same as in the
Southern Ocean. The winter‐summer skew of the SOCAT data is minimized after this reduction in the summer
data sets. We then re‐grid the seasonally adjusted (i.e., summer data set reduced) SOCAT synthesis data set to
generate another gridded data set for interpolation and flux estimation.

Experiment 4: Sensitivity of the flux to the addition of lower accuracy data

The fCO2 observations with a flag of E ( fCO2_E, Figure S2 in Supporting Information S1) account for 17% of the
total fCO2 data in SOCATv2023. All the fCO2 data in SOCAT are direct measurements, including the lower
accuracy data (i.e., flag of E). SOCAT does not include any estimated fCO2 values from for example, pH and
alkalinity, with a typical accuracy higher than 10 μatm (e.g., Bushinsky et al., 2019; Williams et al., 2017).
Therefore, the accuracy of the flag E data in SOCAT is better than that of the estimated fCO2.

Here we include these lower‐accuracy data into the flux estimate. The fCO2_E is not contained in the SOCAT
synthesis data file but stored in an independent file. We first grid the fCO2_E data to a 1° by 1°, monthly reso-
lution. We then replace the cells without fCO2 (in the SOCAT gridded product) by the co‐located cells with
fCO2_E. The new gridded fCO2 data set (SOCAT + Flag E, Figures 1j–1l) is further used for interpolation and
flux calculation.

3. Results
3.1. Spread of SOCAT‐Based CO2 Flux Estimates

From 2017 to 2021, the number of monthly grid cells with fCO2 has declined at a rate of about 1,500 cells yr
− 1,

similar to the sharpest rate of increase from 1999 to 2006. The Northern, Tropical, and Southern Oceans
contribute 30%, 41%, and 29%, respectively, to the global decrease in the monthly grid cells with fCO2
(Figures 1j–1l). The Southern Ocean has the strongest relative decrease and its number of monthly grid cells with
fCO2 in 2021 is only about 40% of that in 2017 (Figure 1l). The global coverage of grid cells with fCO2 in 2021 is
the same as in 2005 (2.2%).

The number of 1° by 1°, monthly grid cells with fCO2 increased from ∼1,000 in 1990 to ∼18,000 in 2017, while
the standard deviation of the SOCAT‐based flux products decreased from 0.48 Pg C yr− 1 to about 0.15 Pg C yr− 1

over the same period (Figure 2a, Friedlingstein et al., 2022). In 2017, 3.5% of the monthly grid cells have fCO2 (or

Figure 2. (a) The number of monthly, 1°× 1° grid cells with fCO2 for each year in Surface Ocean CO2 ATlas (SOCAT) v2022
and the standard deviation (std) of the seven CO2 flux data products in the Global Carbon Budget 2022 (Friedlingstein
et al., 2022) for each year. (b) The standard deviation as a function of the number of monthly grid cells in SOCAT for each
year.
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∼18,000 grid cells), which corresponds to a standard deviation of the flux estimates of 0.15 Pg C yr− 1 (Figure 2a).
However, from 2017 to 2021, the number of monthly grid cells with fCO2 decreased by ∼35%, accompanied by
an increase in the standard deviation to 0.25 Pg C yr− 1 (65% relative increase). The negative correlation between
the number of monthly grid cells with fCO2 and the standard deviation in the flux estimates demonstrates a strong
dependence of the spread (or uncertainty) in the SOCAT‐based CO2 flux estimates on the data availability in
SOCAT (Figure 2b).

3.2. Sensitivity of the Annual Mean Flux to Data Availability and Distribution

To test the sensitivity of the annual mean air‐sea CO2 flux estimate to the data availability and seasonal skew in
the data, we carry out four experiments (see Section 2). The comparison between the SOCAT‐based flux and the
revised SOCAT‐based flux is in Figure S3 of the Supporting Information S1. Here we show the flux sensitivity
directly, as the flux difference (ΔF), defined as the experimental flux minus the original SOCAT‐based flux. We
use these metrics to characterize the flux sensitivity: (a) the mean and standard deviation of ΔF from 1990 to 2002
(phase I) and from 2002 to 2020 (phase II); and (b) the trend of ΔF in phase I and II. Here we choose 2002 as the
separation year because the discrepancy in the flux trend between SOCAT‐based products and models begins in
2002 (Friedlingstein et al., 2022).

In the first experiment, we test the impact of the recent decline in the SOCAT data on the annual mean CO2 flux
estimates. Figure 3a shows that the ΔF is small in the Northern and Tropical Oceans in both size and trends, but
substantial in the Southern Ocean. Globally, the mean flux differences in both phases are on average less than
0.1 Pg C yr− 1, while the reduction of the data availability results in a 16% decrease in the positive flux trend in

Figure 3. Differences in global air‐sea CO2 flux estimates for 1990–2020 between fluxes based on the four experimental data
sets and those based on SOCATv2023. A neural network‐based method has been used to interpolate Surface Ocean CO2
ATlas (SOCAT) fCO2 to the global ocean. The blue, red, green, and yellow lines represent the flux in the global, Northern,
Tropical, and Southern Oceans, respectively. Experimental fluxes based on SOCAT with (a) the number of data sets reduced
to a similar number as in 2020 to simulate the recent decline in the availability; (b) the number of data sets reduced to a
similar number as in 2000 to test long‐term trends; (c) some summertime data sets removed to minimize the seasonal skew in
the data; (d) additional lower accuracy data sets (flag of E).
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phase I and an 18% increase in the negative trend in phase II (Table S1 in Supporting Information S1). These
changes in the flux trend primarily come from the Southern Ocean (Figure 3a; Table S1 in Supporting Infor-
mation S1). The sizeable ΔF in phase I is noteworthy, especially as no data sets were removed during this period
(Figures 1a–1c). The neural network trains for each biome on all the data collected from 1982 to 2020, and thus
the reduction in data availability in later years also affects the training in the preceding years (Landschützer
et al., 2013). In addition, repeat runs of the neural network training generate a slightly different annual mean flux
(Figure S4 in Supporting Information S1, on average ∼±0.05 Pg C yr− 1) as a result of the random selection of the
training data and the validation data. Thus, the |ΔF| values of less than 0.05 Pg C yr− 1 can be ignored. In contrast,
the flux trend does not have a notable difference between repeat runs (Figure S4 in Supporting Information S1).

Experiment two is designed to test if the SOCAT‐based flux trend is sensitive to the limited data availability in the
1990s. Figure 3b shows that ΔF is substantial in all three regions in both phases, especially in the Tropical Ocean.
Global ocean CO2 uptake based on this experimental data set decreases more strongly (17%) in phase I and
increases more quickly (55%) in phase II than that based on the original SOCAT data set (Table S1 in Supporting
Information S1). Interestingly, although 72% of the SOCAT data sets were removed, the mean of ΔF in both
phases is small (less than 0.1 Pg C yr− 1, Table S1 in Supporting Information S1) but notable on an annual mean
basis (− 0.3–0.25 Pg C yr− 1). We run two additional similar experiments (Exp. 2_2 and Exp. 2_3) to test if the
result is sensitive to the randomness of the data reduction (see Figure S5 in Supporting Information S1). All three
experiments show strong sensitivity of the global ocean CO2 flux trend to the data reduction, although the main
source of the trend sensitivity comes from different regions (twice in the Tropical Ocean and once from the
Southern Ocean).

The fCO2 observations in SOCAT have a seasonal skew with more data in summer than in winter (Figures 1g–1i).
Figure 3c suggests that minimizing the winter‐summer data skew reduces the increase in the trend of the CO2 flux
in phase I by 35% but does not change the flux much in phase II (Table S1 in Supporting Information S1). In
addition, this seasonal skew adjustment affects the seasonal variability of the Southern Ocean flux (Figure S6 in
Supporting Information S1), with weaker CO2 uptake in winter than for the original SOCAT data set.

The addition of 7.1 million lower accuracy fCO2 values with a flag of E (Figure S2 in Supporting Information S1),
equivalent to 17% of all SOCATv2023 fCO2 values only increases the number of monthly grid cells with fCO2 by
2.1% (7565 grid cells from 1982 to 2020). This is because these lower accuracy data were mainly collected in
coastal waters, while the 1° by 1°, monthly grid cells largely reflect open ocean areas. The addition of the flag E
data slightly reduces the decreasing trend in the CO2 uptake in phase I and the increasing trend in phase II
(Figure 3d; Table S1 in Supporting Information S1).

4. Discussion and Conclusions
The oceans are regulating the global climate, and accurate quantification of the ocean CO2 uptake is crucial for
climate mitigation and adaptation strategies. For this reason, scientists have established an annually updated
system to quantify the ocean carbon sink alongside similar systems to assess CO2 emissions and the land carbon
sink, which all contribute to the Global Carbon Budget (Friedlingstein et al., 2023). This system for the ocean
includes surface ocean fCO2 observations, data synthesis, data analysis, and CO2 sink estimates (Guidi
et al., 2020). The fCO2 observations collected by different research groups are gathered in SOCAT and quality
controlled by experts (Bakker et al., 2016). The high‐quality SOCAT data is then synthesized and gridded for
analysis and global ocean CO2 flux estimates. SOCAT‐based CO2 flux estimates inform climate negotiations part
of the UN Framework Convention on Climate Change and will be crucial for the Global Greenhouse Gas Watch
flagship initiative of the World Meteorological Organization (Bakker, Richard, et al., 2023).

Nonetheless, despite its importance, open ocean fCO2 data collection in SOCAT is in sharp decline. The number
of fCO2 data sets per year decreased by 35% from 2017 to 2021, and the number of monthly grid cells with fCO2
decreased at a similar rate (33% from 2017 to 2021). The main reason for this decline is the lack of funding for
data collection, certainly in some European countries. Running a fCO2 instrument on a ship (or other platform),
processing the data, and submitting them to SOCAT requires funding. For instance, the UK‐Caribbean Ship of
Opportunity (SOOP) line (University of Exeter) ceased operation in 2019 for lack of funding, ending 17 years of
data collection since 2002 (Schuster & Watson, 2007; Watson et al., 2009). Any observations that are not
collected now, will not be available in the future (Wunsch et al., 2013). In addition, some data are being collected,
but take several years to reach SOCAT because of the lack of data processing capacity.
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Here we show that this recent decline in fCO2 observations has a remarkable impact on air‐sea CO2 flux estimates
(Figure 3a) and has significantly (65%) increased the spread in ocean CO2 uptake estimates for the years 2018–
2021 in the Global Carbon Budget 2022 (Figure 2a). The strong negative correlation between the spread of the
CO2 flux estimates and the SOCAT data availability (Figure 2b) demonstrates the importance of sustaining efforts
in fCO2 data collection and highlights the risk to the accuracy of ocean CO2 sink estimates due to the recent
alarming decline in the SOCAT data.

The data availability also affects the estimate of the flux trend (Figures 3a and 3b). The seven SOCAT‐based
products show a large spread in the flux trend before 2002 (Friedlingstein et al., 2023). SOCAT only contains
very few data in the 1980s and the 1990s (less than 1% of the monthly grid cells have fCO2 values). Hauck,
Gregor, et al. (2023) argued that this data sparse may lead to bias in the estimate of the SOCAT‐based flux trend.
Reducing the number of fCO2 data sets per year from 2001 to 2020 to that in 2000 increases the negative flux
trend in this period by a factor of 1.5. This indicates that the SOCAT‐based flux trend is very sensitive to data
availability.

Seasonal skew in observational data is an inherent problem of the data collection effort. While it does not
significantly affect the neural network‐based CO2 flux on an annual basis from 2002 to 2020, it impacts the
seasonal variability in the Southern Ocean flux estimates. This confirms the statement that our current under-
standing of the seasonality of the Southern Ocean carbon sink is hampered by the lack of high‐accuracy fCO2
observations in winter (Hauck, Nissen, et al., 2023; Rustogi et al., 2023). Therefore, increasing the fCO2 data
collection efforts in the Southern Ocean, especially in winter, should be a priority. Existing extra lower accuracy
fCO2 data with a flag of E in SOCAT do not compensate for the impact of the decline in the fCO2 observations on
the flux estimate.

It is worth noting that our experiments only show whether the CO2 flux is sensitive to the data availability or data
distribution in SOCAT. The quantification of the sensitivity (Table S1 in Supporting Information S1) further
depends on the randomly removed data sets (see Figure S5 in Supporting Information S1). Thus, the loss of some
data sets might impact the air‐sea CO2 flux estimates more significantly than that of others. Moreover, we only
employ one neural network‐based interpolation method for the experiment. Other interpolation method‐based
flux products (i.e., Rödenbeck et al., 2014) may react differently to data sparsity and thus our ability to deter-
mine the overall effect on the Global Carbon Budget is limited. We therefore suggest that further experiments
should be extended to all available flux products (Friedlingstein et al., 2023) following the framework provided
by this study.

In summary, SOCAT plays a crucial role in advancing our understanding of the contemporary ocean carbon
uptake, but the recent decline in the fCO2 data availability threatens our ability to accurately estimate the ocean
CO2 sink in both size and variability. Action is required to sustain and expand this observational network and its
synthesis. The emerging uncrewed surface vehicles and platforms, such as surface moorings (Trowbridge
et al., 2019), Saildrones (Sutton et al., 2021), and profiling floats (Williams et al., 2017), provide unprecedented
opportunities for extensive fCO2 observations and estimates in the remote Southern Ocean in all seasons.
Nevertheless, the accuracy of the fCO2 values based on some of these platforms may not be as high as that
collected by ships, which highlights the need to continue the shipboard observations, including for provision of
high‐accuracy validation measurements.

Data Availability Statement
Synthesis and gridded SOCATv2023: https://www.socat.info/index.php/data‐access/ (https://doi.org/10.25921/
r7xa‐bt92). Global Carbon Budget 2022: https://globalcarbonbudgetdata.org/data‐archive.html.
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