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O C E A N O G R A P H Y

Oceanic uptake of CO2 enhanced by mesoscale eddies
Xueyin Li1, Bolan Gan1,2*, Zhengguang Zhang1,2, Zhimian Cao3, Bo Qiu4,  
Zhaohui Chen1,2, Lixin Wu1,5

Oceanic mesoscale eddies play a crucial but underexplored role in regulating carbon fluxes and climate change. 
While they redistribute heat, salt, nutrients, and other tracers, their effects on CO2 uptake remain uncertain. Using 
observation-based machine learning to estimate CO2 fluxes throughout the lifetimes of thousands of eddies, we 
show that anticyclonic eddies substantially enhance CO2 uptake on average, while cyclonic eddies marginally di-
minish it. This asymmetry yields an overall net increase in CO2 absorption by 9.98 ± 2.28 and 13.82 ± 9.94% in the 
Kuroshio Extension and Gulf Stream, respectively, major carbon sequestration regions. The primary driver of this 
enhanced uptake is the downward pumping of dissolved inorganic carbon within anticyclonic eddies. Asymmetric 
biological responses between anticyclonic and cyclonic eddies contribute to the overall eddy-induced CO2 flux 
imbalance. The finding suggests a potential underestimation of the ocean’s capacity for carbon sequestration be-
cause of insufficient incorporation of eddies in current observations, emphasizing the need for expanded monitor-
ing in eddy-rich, undersampled regions.

INTRODUCTION
The past few decades have witnessed a rapid accumulation of carbon 
dioxide (CO2) in the atmosphere, serving as one of the primary cata-
lysts for global warming and numerous extreme events (1–3). The latest 
global carbon budget over 2013 to 2022 estimates that the ocean 
annually absorbs ~26% of anthropogenic CO2 emissions (more than 
2000 megatons of carbon) through CO2 flux (FCO2) at the surface, 
demonstrating an indispensable role of the ocean in climate change 
mitigation (4).

Precise estimation of ocean carbon sink is essential in determin-
ing the global carbon budget and evaluating the remaining carbon 
budgets available to humanity (5, 6). However, considerable uncer-
tainties persist in these calculations (4, 5). For instance, an uncertain-
ty of ±0.9 Pg C year−1 represents ~56% of the total estimated ocean 
carbon sink (−1.6 Pg C year−1) during 1970 to 2007 (2). Moreover, 
notable discrepancies exist among the estimations of ocean carbon 
sink over 2013 to 2022 derived from various global ocean biogeo-
chemistry models (4). This issue may arise from variations in their 
methodologies for calculating sea-air FCO2, such as gas-exchange 
parameterization and wind products used, as well as inherent limita-
tions within the underlying dynamic frameworks that describe the 
interactions between physical processes and ocean ecology and carbon 
chemistry (7–10). For instance, current global ocean biogeochemis-
try models and observation-based sea surface partial pressure of CO2 
(pCO2) products struggle to resolve mesoscale processes (4, 11, 12), 
including prevalent coherent eddies that play a substantial role in bio-
geochemical dynamics (13, 14).

Mesoscale eddies, characterized by horizontal scales of O(100 km), 
are ubiquitous in the global ocean, accounting for nearly 90% of oce-
anic kinetic energy (13, 15). These eddies exert notable effects com-
parable to large-scale circulation on the transport and redistribution 

of various tracers, substantially influencing nutrient availability and 
biological production (16–19). They also substantially influence air-
sea heat flux, causing anomalies on the order of magnitude (~10 to 
20 W m−2) in eddy-rich regions, as the amplitude of the large-scale 
annual cycle (20). Despite their widespread distribution and crucial 
significance, only a limited body of research has explored the modi-
fication of mesoscale eddies on sea-air FCO2 and the ocean carbon 
sink (21–24). In particular, there are very few case studies using 
in situ data from onboard sampling, which have suggested divergent 
results because of a complex balance between solubility and biogeo-
chemical effects of eddies (22, 25–28).

Ideally, anticyclonic eddies with a warm core could increase sea 
surface pCO2 through solubility effects, leading to less CO2 draw-
down (29). In the meantime, the biological activity within anticy-
clonic eddies may be hypothetically suppressed because of reduced 
nutrient supplies caused by downward displacement of isopycnals, 
leading to less biological CO2 uptake (30, 31). Conversely, cyclonic 
eddies with a cold core could exhibit an opposite pattern (30, 31). In 
this scenario, anticyclonic eddies may potentially act as weak CO2 
sinks or even sources of CO2 to the atmosphere, while cyclonic eddies 
may amplify the CO2 uptake. These opposing effects of anticyclonic 
and cyclonic eddies, if symmetrically balanced, could ultimately 
lead to a nearly negligible net impact on the ocean carbon sink. 
However, observational studies reveal a more complex relationship, 
underscoring dissolved inorganic carbon (DIC) as a critical modu-
lator of sea-air FCO2 (22–28). For instance, anticyclonic eddies have 
been observed to enhance oceanic CO2 uptake via surface DIC de-
pletion (22), while a cold-core cyclonic eddy was found to diminish 
CO2 uptake by elevating DIC relative to surrounding waters (25). 
The impact of eddies on sea-air FCO2 also varies seasonally (23) and 
regionally (32). Those findings contradict the eddy modulation on 
FCO2 that is driven solely by thermal and biological processes, high-
lighting the complexity of eddy effects on CO2 uptake. Nevertheless, 
because of the sparse spatial and temporal coverages of observations 
that pose substantial challenges in generating continuous high-
resolution data (8, 33), the net effects of mesoscale eddies on oceanic 
CO2 uptake remain unknown.

In a global perspective, the most pronounced ocean sinks for atmo-
spheric CO2 primarily reside in the confluence regions of the western 
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boundary currents (WBCs) (2) (Fig. 1A). These regions concurrently 
exhibit vigorous and prevalent mesoscale eddy activities (Fig. 1B), 
making it challenging to obtain an accurate observation of their sea-
air FCO2. Among these regions, the Kuroshio Extension (KE) region 
is where the largest amount of seawater pCO2 observations is archived 
(Fig. 1C and fig. S1A). The high frequency of mesoscale eddy activity 
in this region, coupled with the extensive observational data available, 
presents a unique opportunity to investigate the net contributions of 

anticyclonic and cyclonic eddies to ocean CO2 sinks. Here, by using 
both satellite products and observational pCO2 data spanning from 
July 2002 to December 2021, combined with machine learning tech-
niques, we have tracked thousands of total anticyclonic and cyclonic 
eddies (with lifespans over 12 weeks) in the KE region and recon-
structed the associated sea-air FCO2. On the basis of such a large 
ensemble, we find a substantial net uptake of CO2 by eddies, exhibiting 
an asymmetric pattern with an unexpected higher increase in CO2 

Fig. 1. WBC confluence regions featured by abundant mesoscale eddies and substantial CO2 absorption. (A) Climatological-mean annual sea-air FCO2 (g C 
m−2 year−1) for the reference year 2000 derived from Takahashi et al. (2). Negative values denote oceanic absorption of CO2, while positive values denote oceanic outgas-
sing. (B) Climatological-mean EKE (cm2 s−2) during 1993 to 2021. (C) Distribution of surface seawater pCO2 observations in SOCATv2022 over 1993 to 2021. Black dots mark 
the sample locations from each cruise. The KE region (28°N to 40°N, 140°E to 180°E), the GS region (30°N to 42°N, 80°W to 40°W), and the other three WBC confluence re-
gions are delineated by a box. Note that the KE region has the most extensive in situ observations among the WBC regions, while data availability in Southern Hemi-
spheric WBC regions is extremely limited.
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absorption induced by anticyclonic eddies and a lower decrease by 
cyclonic eddies. The same methodology is applied to the Gulf Stream 
(GS) region, albeit with fewer available observations (fig. S1B), yield-
ing consistent findings. The presence of active eddies likely enhances 
the overall CO2 sink in the KE region and GS region by ~10 and 
14%, respectively, compared to typical estimations of FCO2 that do 
not resolve these mesoscale features.

RESULTS
Net enhanced uptake of atmospheric CO2
To assess the modification of mesoscale eddies on sea-air FCO2, we 
first identify 596 anticyclonic eddies and 730 cyclonic eddies based 
on the criteria ensuring their intrinsic nature within the KE region 
and adequate temporal coverage of observations (see the “Mesoscale 
eddy identification” section). On average, the anticyclonic and cyclonic 
eddies have radii of 77.90 and 70.66 km within their lifespan, with 
respective lifetimes of 159 and 155 days, accompanied by amplitudes 
measuring 14.01 and 15.87 cm (fig. S2). Spatially, anticyclonic eddies 
frequently occur to the north of the KE, while cyclonic eddies are 
mainly located to the south (fig. S3). These distinct spatial distribu-
tions align with previous findings (34, 35), indicating a directional 
pattern of eddy shedding from the KE inertial jet.

We then use a feed-forward neural network (FNN; fig. S4A) to 
estimate eddy-associated seawater pCO2 and derive corresponding 
sea-air FCO2, isolating eddy effects on FCO2 relative to backgrounds 
(see the “Eddy-associated sea surface pCO2 reconstruction by FNN” 
section). Our anomaly-focused approach facilitates the effective iso-
lation of mesoscale signals from large-scale backgrounds, enabling 
the precise quantification of eddy effects on FCO2 without reliance on 
a predefined mesoscale spatial scale. The FNN-predicted pCO2 shows 
a high level of agreement with the observed pCO2 from Surface 
Ocean CO2 Atlas (SOCAT) across training, validation, and inde-
pendent test datasets, confirming robust generalization to unsampled 
conditions (fig. S4, B and C). Notably, the FNN-derived FCO2 accu-
rately reproduces a prominent seasonal cycle as observed (2, 36): CO2 
absorption markedly increases during winter, while it approaches 
neutrality during summer (fig. S4D). The precise portrayal of this 
seasonal variation substantiates the reliability of our machine learn-
ing–based approach.

The potential of eddies to modify sea-air FCO2 is assessed through 
an area-weighted average FCO2 for each eddy, where the summation 
is performed over the entire lifespan of the eddy (see the “Sea-air 
FCO2 estimation” section). This estimation ensures the lifetime-
integrated effect of each eddy on FCO2, with varying areas through-
out its life cycle taken into account. In general, both anticyclonic and 
cyclonic eddies in the KE region act as CO2 sinks (Fig. 2A). On aver-
age, an anticyclonic eddy exhibits a stronger CO2 sink with a mean 
FCO2 of −33.77 ± 1.90 g C m−2 year−1, which is ~40% higher than the 
cyclonic eddy-induced mean FCO2 of −23.47 ± 1.25 g C m−2 year−1. 
Note that these absolute FCO2 estimates encompass fluxes from both 
mesoscale and large-scale environmental drivers. For instance, the 
higher prevalence of cyclonic eddies south of the KE (fig. S3), where 
large-scale winter CO2 absorption is partially offset by summer out-
gassing (2, 36), contributes to a relatively lower absolute FCO2 com-
pared to anticyclonic eddies (Fig. 2A). To isolate the specific impact 
of eddies on oceanic CO2 uptake, we assess the eddy-induced FCO2 
change by comparing the FCO2 within the eddy’s core to its surround-
ing background environment (see the “Eddy-induced anomalies” 

section). We ensure consistency in the areas of the eddy and its 
background and the same temporal coverage, enabling unbiased 
comparisons. The result shows that anticyclonic eddies increase CO2 
absorption by 15.16% relative to the background, whereas cyclonic 
eddies reduce it by 5.67% (Fig. 2B). The findings also hold for the GS 
region, where there are fewer observations of seawater pCO2, based 
on the same methodology: Anticyclonic eddies induce an 18.48% in-
crease in CO2 absorption, which is partially counterbalanced by a 
5.04% reduction because of cyclonic eddies (fig. S5). Therefore, de-
spite the comparable properties in terms of lifespans, radii, and ampli-
tudes between anticyclonic and cyclonic eddies, they can ultimately 
lead to an overall enhancement in oceanic CO2 uptake.

By using the mean value of eddy-associated FCO2 and its mean 
percentage change relative to the background, we can evaluate the 
additional FCO2 into the eddy (Table 1). There is an additional FCO2 
of 4.45 ± 0.57 g C m−2 year−1 being absorbed into anticyclonic eddies, 
while cyclonic eddies reduce absorption by 1.41 ± 0.39 g C m−2 year−1 
in the KE region. Similar results apply to the GS region, where anti-
cyclonic eddies enhance CO2 uptake by 3.45 ± 1.69 g C m−2 year−1, 
while cyclonic eddies reduce it by 1.01 ± 0.46 g C m−2 year−1. The 
summation of these additional eddy-induced FCO2 is further com-
pared with a representative estimate of sea-air FCO2 based on Sea-
Flux (37), which incorporates six widely used datasets of sea surface 
pCO2 at monthly 1° grids, with mesoscale signals largely smoothed 
out (fig. S6). Quantitatively, mesoscale eddies overall contribute to 
enhanced uptake values of CO2 by 9.98 ± 2.28 and 13.82 ± 9.94% in 
the KE and GS regions, respectively. We further use areas of 5.35 and 
4.95 million km2 for the KE and GS regions to estimate equivalent 
carbon sink (Tg C year−1), which matters to the global carbon bud-
get (4). Despite comprising only 1.48 and 1.37% of the global ocean 
area (362.41 million km2), these regions contribute ~8 and 4% of the 
global ocean carbon sink (1958.80 Tg C year−1), respectively. Con-
currently, anticyclonic eddies enhance carbon sink by −23.81 ± 3.05 
(−17.08 ± 8.37) Tg C year−1, while cyclonic eddies reduce it by 
7.54 ± 2.09 (5.00 ± 2.28) Tg C year−1 in the KE (GS) region. On 
average, mesoscale eddies contribute an additional −28.34 ± 9.41 Tg 
C year−1 (sum of 16.26 ± 3.69 and 12.08 ± 8.66; Table 1) to the car-
bon sink across both regions. This represents an unnoticed ecosystem 
service, with an estimated value exceeding €50 billion annually 
when valued at a typical marginal abatement cost of €200 per ton of 
CO2 compatible with a 1.5°C target (38).

Mechanism for the enhanced uptake
Previous case studies suggest that mesoscale eddies have the poten-
tial to modulate sea-air FCO2 primarily through solubility (thermal)–
driven or nonthermal (dynamically/biologically)–driven ways. The 
former involves the eddy-driven changes in sea surface temperature 
(SST) and sea surface salinity (SSS), which alter CO2 solubility (29). 
The latter involves the eddy-induced anomalies in the total concen-
tration of DIC (22–27). There are four well-recognized processes by 
which eddies can cause changes in substance concentrations (e.g., 
chlorophyll and DIC): eddy stirring, eddy trapping, eddy pumping, 
and eddy-wind interaction (also referred to as eddy-induced Ekman 
pumping) (30, 31). Eddy stirring enhances horizontal mixing, par-
ticularly in the presence of a directional gradient in background vari-
ables (39, 40). Nonlinear eddies can confine fluids and maintain their 
properties within their interiors for prolonged periods through eddy 
trapping (41, 42). Vertical displacement of isopycnals associated with 
eddy pumping is generally opposite to those caused by eddy-wind 
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interaction, resulting in contrasting anomalies of tracers within eddies 
relative to the background environment (43–45). For instance, eddy 
pumping in anticyclonic eddies typically causes negative chlorophyll 
anomalies, whereas eddy-induced Ekman pumping produces near-
surface positive anomalies via upward transport because of eddy-
induced Ekman divergence (31). The opposite occurs in cyclonic 
eddies. However, the dominant controlling mechanisms remain inad-
equately understood, and further investigation is warranted.

The mechanisms by which eddies influence sea-air FCO2 can be 
inferred from the correlations between eddy-induced anomalies in 
FCO2 and physical and biological variables (Fig. 3, A to C). Initially, 
the observed negative correlation between SST and FCO2 anomalies 
(Fig. 3A) likely reflects processes beyond solubility effects, as higher 

SST typically hinders CO2 uptake (29). Elevated chlorophyll a (Chl a) 
concentrations, indicative of enhanced biological activity, coincide 
with reduced CO2 uptake (Fig. 3B), suggesting that biological CO2 
drawdown is outweighed by other processes. Furthermore, a signifi-
cant negative correlation links deeper mixed layer depth (MLD) 
with enhanced CO2 uptake (Fig. 3C), which cannot be captured in 
our FNN framework because of the exclusion of MLD as an input 
parameter. In light of the aforementioned correlations, it can be rea-
sonably inferred that the vertical movements of isopycnals, associ-
ated with eddy pumping in anticyclonic (downward) and cyclonic 
(upward) eddies, are likely to constitute a primary contributing factor. 
Eddy pumping exerts a direct influence on both chlorophyll (46, 47) 
and DIC (25), which in turn affect sea surface pCO2. For instance, 
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Fig. 2. Enhanced CO2 uptake by anticyclonic eddies outweighing the reduction caused by cyclonic eddies. (A) Histogram of area-weighted average FCO2 over the 
lifetimes of 596 anticyclonic eddies (red bars) and 730 cyclonic eddies (blue bars) in the KE region. The solid red and blue lines represent the probability density function 
(PDF) for anticyclonic and cyclonic eddies, respectively. The dashed lines indicating the mean FCO2 are also presented. (B) Percentage change in eddy-induced FCO2 rela-
tive to the background conditions, shown for 596 anticyclonic eddies (red dots) and 730 cyclonic eddies (blue dots). Each dot represents the result of an individual eddy. 
A positive value signifies a reduction in oceanic CO2 uptake, while a negative value signifies an increase in uptake. The black envelopes illustrate the PDF. Shading areas 
outline the interquartile ranges. The value alongside the red/blue line denotes the mean percentage change for anticyclonic/cyclonic eddies.
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Table 1. Contribution of mesoscale eddies to oceanic CO2 uptake. Values are presented as the means ± uncertainties, and values without/with parentheses 
represent the KE/GS region. The mean FCO2 (term A, first row) encompass fluxes from both mesoscale and large-scale environmental drivers. The mean 
percentage change in FCO2 because of eddies (term B, second row) allows for the estimation of large-scale background FCO2 as Term A/(1 − Term B). Then, the 
additional FCO2 into eddy (term C, third row) is derived as Term A − Term A/(1 − Term B). The FCO2 in the KE (GS) region without eddies (term D) is estimated 
from SeaFlux, and the additional change by eddies (term E) is calculated by summing term C of anticyclonic and cyclonic eddies. The net effect of eddies on 
oceanic CO2 uptake in the KE (GS) region (term F) is expressed as a percentage change by dividing term E by term D. The equivalent carbon sink is estimated on 
the basis of an area of 5.35 (4.95) million km2 for the KE (GS) regions.

Anticyclonic eddies Cyclonic eddies

 Mean  FCO
2
    (g C m−2 year−1) (A) −33.77 ± 1.90 (−22.09 ± 2.06) −23.47 ± 1.25 (−19.10 ± 1.27) ﻿

 Mean percentage change in  FCO
2
    

relative to background (%) (B)
−15.16 ± 1.73 (−18.48 ± 8.89) 5.67 ± 1.54 (5.04 ± 2.28) ﻿

 Additional  FCO
2
    into eddy  

(g C m−2 year−1) (C)
−4.45 ± 0.57 (−3.45 ± 1.69) 1.41 ± 0.39 (1.01 ± 0.46) ﻿

﻿ Estimations without eddies (D) Additional change by eddies (E) Percentage change (F)

  FCO
2
    in the KE (GS) region  

(g C m−2 year−1)
−30.46 ± 0.76 (−17.65 ± 0.92) −3.04 ± 0.69 (−2.44 ± 1.75) 9.98 ± 2.28% (13.82 ± 9.94%)

Equivalent carbon sink in the KE (GS) 
region (Tg C year−1)

−162.96 ± 4.07 (−87.37 ± 4.55) −16.26 ± 3.69 (−12.08 ± 8.66) –
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Fig. 3. Eddy-induced FCO2 anomalies dominated by changes in DIC. (A to C) Binned scatterplot of the eddy-induced FCO2 anomalies binned by (A) SST anomalies at 
every 0.6°C bin, (B) base-10 logarithm of Chl a anomalies at every 0.04 log10(mg m−3) bin, and (C) ocean MLD anomalies at every 6-m bin for anticyclonic eddies (orange) 
and cyclonic eddies (blue) in the KE region. Points and error bars denote the mean value and the standard deviation of each bin, respectively. The line represents the linear 
regression with statistics showing the slope ± 95% confidence interval and coefficient of determination (R2). Dashed lines extend regression beyond data ranges for 
consistent plotting. (D) Taylor decomposition of the eddy-induced FCO2 anomalies into contributions from the eddy-driven changes in surface wind speed (WS), SST, sDIC, 
salinity-normalized total alkalinity (sTA), and SSS. Any other unaccounted effects are included in the residual term. Error bars represent the 95% confidence interval for 
each component.
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in situ case studies have demonstrated the crucial role of vertical 
DIC transport in increasing sea surface pCO2 within a cold-core cy-
clonic eddy in the subtropical North Pacific gyre (25) and the northern 
Philippine Sea (48).

To quantitatively assess the effect of DIC transport, we decom-
pose the eddy-induced FCO2 anomalies into physical and biogeo-
chemical components associated with mesoscale eddies (see the 
“Taylor decomposition of eddy-induced FCO2” section). Among 
these components, the primary determinant is salinity-normalized 
DIC (sDIC) anomalies, which reflect changes in DIC independent 
of salinity variations (Fig.  3D). Within anticyclonic eddies, the 
downward displacement of isopycnals potentially reduces the nutri-
ent availability and associated biological activity, thus limiting biologi-
cal consumption of CO2. However, the concurring relative DIC deficit 
in the upper water column because of the downwelled water exerts a 
predominant impact by augmenting the uptake of CO2. Conversely, 
within cyclonic eddies, increased biological activity is outpaced by 
DIC-rich waters uplifted from deeper layers, ultimately leading to the 
positive relationship between reduced CO2 uptake and elevated Chl a 
levels (Fig. 3B). The displacement of isopycnals is evident in MLD, 
with a downward shift typically corresponding to an increased MLD 
(49). Although deeper mixed layers may facilitate nutrient mixing and 
subsequent primary production, severe light limitation in the mid-
latitude oceans, particularly during winter when eddy-induced MLD 
deepening is most pronounced, can overpower these benefits (19, 30, 
49, 50). Therefore, the deepening mixed layers observed within anticy-
clonic eddies, associated with downward eddy pumping, reduce DIC 
levels and consequently facilitate increased CO2 uptake despite sup-
pressed primary production in surface waters (Fig. 3C).

The other three processes (eddy-wind interaction, eddy stirring, 
and eddy trapping) that influence surface DIC concentrations are 
also taken in consideration and discussed. The dominance of eddy-
wind interaction is not possible, given its tendency to produce con-
flicting anomalies compared to the observed ones (Fig. 3, A to C). 
Nevertheless, it may counteract, to some extent, the eddy pumping 
effects. Although eddy stirring often results in dipole-type anoma-
lies (51, 52), their overall impact is likely minimal because of gen-
eral cancellation of these anomalies when averaged over the radius 
of an eddy (53). Eddy trapping may be operative, particularly under 
background conditions characterized by a meridional distribution, 
as observed in the KE region regarding DIC and Chl a concentra-
tions (fig. S7, A and B). Here, an approximately equal number of anti-
cyclonic eddies are observed to move both northward and southward, 
indicating that the potential impact of eddy trapping could be miti-
gated in general and have a minor overall effect (fig. S7, A and C). In 
contrast, a greater proportion of cyclonic eddies exhibits southward 
movement, hypothetically trapping DIC- and chlorophyll-rich sea-
waters from the northern to southern areas (fig. S7, B and C). The 
temporal evolutions of DIC and Chl a anomalies induced by eddies 
throughout their lifetimes, however, show that the mean changes in 
DIC and Chl a anomalies for eddies moving southward are almost 
equal to those moving northward, irrespective of their types (fig. S8, 
solid lines). This observation contradicts the hypothesis that more 
pronounced anomalies would be associated with cyclonic eddies 
moving southward if eddy trapping effects were dominant (fig. S8, 
dashed lines). Ultimately, we identify eddy pumping as the primary 
governing process for the overall mesoscale modulations of FCO2.

Although eddy pumping of DIC generally plays a dominant role 
in governing modifications of both anticyclonic and cyclonic eddies 

on FCO2, it is expected to be partially hindered within cyclonic ed-
dies because of nutrient supply for biological production and associ-
ated biological CO2 consumption, resulting in overall asymmetric 
changes in FCO2 within anticyclonic and cyclonic eddies. Further 
inspection evidences that the reduction in sDIC given per unit in-
crease in MLD within anticyclonic eddies is approximately equivalent 
to the opposite changes within cyclonic eddies (exhibiting nearly 
identical linear slopes; fig. S9A). However, the responses of Chl a to a 
unit change in MLD are asymmetric: A substantial increase in Chl a 
is observed within cyclonic eddies, while anticyclonic eddies exhibit 
a more moderate decrease, as evidenced by the steeper negative slope 
for cyclonic eddies (fig. S9B). It is suggested that the decrease in bio-
logical activity within anticyclonic eddies is likely constrained by the 
background level because of the prevailing oligotrophic restriction, 
while the increase in biological production within cyclonic eddies can 
be relatively more pronounced because of the high sensitivity of phy-
toplankton groups to nutrient supply (54, 55). Thus, the alteration of 
biological activity is likely to have greater consequences in cyclonic 
eddies compared to anticyclonic eddies, such as a substantial com-
pensatory effect through enhanced biological CO2 consumption.

DISCUSSION
Our finding of the net enhancement in oceanic CO2 uptake by me-
soscale eddies is underpinned by the observation-based estima-
tions of eddy-induced sea-air FCO2 anomalies obtained through 
tracking thousands of eddies and reconstructing eddy-associated 
sea surface pCO2 using our FNN model. The downward pumping 
of DIC within anticyclonic eddies primarily governs the enhanced 
uptake (Fig. 4). We quantify that mesoscale eddies contribute to 
additional CO2 uptake values of ~10 and 14% in the KE and GS 
regions, which are recognized as two major areas for ocean carbon 
sinks in the Northern Hemisphere.

Previous observational studies examining individual eddies have 
reported contrasting results regarding their influence on sea-air FCO2. 
Some studies, consistent with our findings, documented enhanced 
oceanic CO2 uptake by warm-core anticyclonic eddies (22, 26) and 
reduced uptake by cold-core cyclonic eddies (25, 28), attributing these 
effects primarily to the dominant role of eddy pumping. Conversely, 
opposite outcomes have also been observed, such as reduced CO2 up-
take by warm-core anticyclonic eddies (27). These discrepancies could 
arise from methodological limitations, including insufficient eddy 
sampling, regional variability, and differences in eddy characteristics—
such as their stage within the eddy lifespan (23, 24). The contrast-
ing effects of individual eddies are illustrated in Fig. 2B, aligning with 
the differences reported in previous case studies. Eddy-induced sea-
air FCO2 anomalies exhibit distinct evolutions across different eddy 
lifespan stages (fig. S10). Anticyclonic eddies drive enhanced oceanic 
CO2 uptake during the growth stage as intensifying eddy pumping 
dominates, while counteracting processes exert increasing influence 
during the maturity stage and become more prominent during the de-
cay stage. For cyclonic eddies, while eddy pumping initially drives a 
reduction in CO2 uptake, its effectiveness appears to diminish rapidly, 
likely due to the counteracting influence of intensified biological 
processes. This highlights the complex evolution of eddy-induced 
FCO2 anomalies throughout the eddy lifetime, necessitating further 
detailed analysis. Nevertheless, our results underscore the impor-
tance of analyzing a large ensemble of eddies over their full lifespans 
to derive statistically robust estimates of their net impact on sea-air 
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FCO2. Beyond the climatological-mean eddy effects elucidated by this 
approach, it would be valuable to analyze the contributions of eddy-
induced FCO2 anomalies to seasonal variations and long-term trends 
in ocean carbon sink in future studies.

Our results indicate that the current estimation of the ocean’s ca-
pacity to sequester CO2, which is based on limited observations and 
eddy-parameterizing models without fully considering ocean meso-
scales in CO2 dynamics (4), is likely underestimated. Given the dearth 
of observations, it is currently unfeasible to ascertain an exact figure 
for this underestimation. It is therefore crucial to consistently invest 
in observational efforts in marine carbonate systems, particularly in 
the severely underrepresented southern oceans enriched with eddies, 
aiming to accurately assess the oceanic capability for CO2 storage 
while taking into account the eddies’ effects (56). Nevertheless, using 
the eddy-induced additional FCO2 change rate relative to the back-
ground offers an advantage of extrapolating the average percentage 
change rate in the KE and GS regions (11.90 ± 5.10%; Table 1) to 
analogous areas. For instance, this insight could be applicable to 
other midlatitude oceans in both hemispheres characterized by pro-
nounced seasonal variations in light and nutrient availability, as well 
as light limitations for phytoplankton during winter (19), particu-
larly those WBC regions with strong carbon sinks (Fig. 1A). If this 

change rate is ideally generalized to the global ocean, a hypothetical 
underestimation (additional CO2 storage by mesoscale eddies) would 
be 233.10 ± 100.33 Tg C year−1 in the context of a global average 
carbon sink of 1958.80 ± 78.19 Tg C year−1 (estimated from SeaFlux) 
that is primarily contributed by the midlatitude oceans. This addi-
tional CO2 storage amounts to ~59.7 ± 25.7% of the uncertainty in 
oceanic CO2 uptake (390.5 Tg C year−1) during 2013 to 2022 (4) or 
~25% of the global CO2 emitted by fossil fuel combustion from cars 
and vans in 2022 (963.4 Tg C) (57). This suggests a possible global 
impact of eddies on the ocean carbon sink, yet future studies are 
warranted to determine the precise outcome.

Considering the increase in upper ocean eddy activity observed 
in the satellite altimetry record (58) and projected under the global 
warming scenario (59), it is expected that the influence of ocean ed-
dies on carbon uptake becomes increasingly substantial in the future. 
The eddy-resolving simulations have suggested that more than 30% 
of sea-air FCO2 variability is linked to oceanic mesoscale flows in 
eddy-rich regions (32), and a stronger oceanic CO2 sink is anticipated 
in a warming climate compared to the simulation at a 1° coarse reso-
lution (60). As such, incorporating a realistic portrayal of ocean eddies 
in Earth System models is of paramount importance for a compre-
hensive evaluation of current and future states of the oceans and 
global climate.

MATERIALS AND METHODS
Satellite datasets
We use daily and monthly mean 4-km resolution Chl a composites 
from the Ocean Colour Climate Change Initiative (OC-CCI) version 5 
(61). The OC-CCI product integrates ocean color data from multiple 
satellite sensors, including the Moderate Resolution Imaging Spectro-
radiometer on Aqua (MODIS-A), Medium Resolution Imaging Spec-
trometer, Sea-viewing Wide Field-of-view Sensor, and Visible Infrared 
Imaging Radiometer Suite. This composite product is bias corrected 
and quality controlled, substantially reducing data gaps compared 
to data from individual sensors. Coincident 4-km resolution daily 
and monthly mean composites of SST and photosynthetically ac-
tive radiation (PAR) are obtained from MODIS-A (62, 63). To en-
sure adequate data coverage, Chl-a, SST, and PAR data are subjected 
to a 7-day running mean. These variables are used to estimate daily 
and monthly net primary production (NPP) by using the Wave-
length Resolving Model (64). Our analysis covers the period from 
July 2002 to December 2021, during which all observations re-
quired are available.

The Global Ocean Gridded L4 Sea Surface Heights and Derived 
Variables Reprocessed 1993 Ongoing product (65) provided by the 
Copernicus Marine Environment Monitoring Service (CMEMS) are 
used to estimate oceanic eddy kinetic energy (EKE). EKE calculations 
are based on deviations from the 270-day running mean of zonal and 
meridional geostrophic velocity anomalies (66), with exclusion near 
the equator where geostrophic balance is not maintained.

Reanalysis datasets
Daily and monthly mean SSS data are taken from a global eddy-
resolving physical ocean and sea ice reanalysis (GLORYS12) (67) 
provided by CMEMS, with a quasi-isotropic horizontal grid spacing 
of 1/12° (~8 km) and 50 vertical levels (resolution starting at 1 m 
near the surface and extending to 450 m at depths of 5000 m). The 
data assimilation used a reduced-order Kalman filter, incorporating 

Fig. 4. Schematic diagram of the suggested mechanism for enhanced oceanic 
CO2 uptake by mesoscale eddies. Anticyclonic and cyclonic eddies, rotating clock-
wise and counterclockwise in the Northern Hemisphere, are represented in red and 
blue, respectively. Anticyclonic eddies are characterized by the downward displace-
ment of isopycnals (depicted as blue layers), which pumps the surface low-DIC water 
into deeper layers (illustrated as the downward shift of stratified boundaries of DIC in 
brown). The relative DIC deficit in surface water leads to a decrease in sea surface 
pCO2, thereby enhancing CO2 uptake despite nutrient restriction. Conversely, the 
elevated levels of DIC in surface waters because of the upwelled import within cy-
clonic eddies weaken CO2 uptake. This effect, however, could be partially counter-
balanced by enhanced biological CO2 absorption because of concurrent nutrient 
supply from deeper waters. As a result, the reduction in CO2 uptake within cyclonic 
eddies is less pronounced compared to that enhanced by anticyclonic eddies, lead-
ing to an overall increase in oceanic CO2 sink.
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various observations such as satellite-derived AVHRR SST and in situ 
vertical profiles of temperature and salinity from the CMEMS CORA 
quality-controlled database. In addition, daily MLD is also sourced 
from GLORYS12. The MLD within this dataset is defined as the 
depth where the density exceeds the reference density (at 10 m) by 
an amount equivalent to a 0.2°C temperature decrease under local 
surface conditions. Furthermore, daily surface (10 m) wind speed 
data at a resolution of 0.25° are acquired from the Cross-Calibrated 
Multi-Platform (CCMP) version 3.1 product, which integrates ocean 
surface wind retrievals from various satellite microwave sensors and 
supplements these with a background field derived from ERA5 10-m 
neutral stability winds.

Observational datasets
SOCAT version 2022 cruise track dataset compiles global observations 
dating back to 1970, which have undergone extensive automatic and 
manual secondary quality controls (68). Here, in situ data from 2002 
to 2021 pertinent to the KE and GS regions are extracted. Observa-
tions typically originated from depths beyond the mass boundary 
layer where gas exchange occurs (69, 70). Therefore, we adjust SOCAT 
data to a standard temperature level and depth corresponding to the 
base of the mass boundary layer using daily 0.25° NOAA Optimum 
Interpolation SST (OISST) version 2 (71). The adjusted fugacity of 
CO2 in seawater is converted to pCO2 and binned into 0.25° monthly 
grids in accordance with SOCAT protocols (72). Uncertainties in the 
reanalyzed observation data are considered as the standard deviation 
within each grid cell or set at 5 μatm where only a single observation 
existed (73). The processing steps, following Goddijn-Murphy et al. 
(74), are implemented using the open-source FluxEngine tool-
box (75, 76).

For comparison, we use SeaFlux that uses a consistent approach 
specifically targeting the most commonly used pCO2 data products 
to deliver an end-product for intercomparisons within assessment 
studies (37). It is based on six observation-based pCO2 products cover-
ing 1990 to 2019, including three neural network–derived products 
(CMEMS-FFNN, MPI-SOMFFN, and NIES-FNN), a mixed layer 
scheme product (JENA-MLS), a multiple linear regression (JMA-
MLR), and a machine learning ensemble (CSIR-ML6). By using a 
uniform methodology in FCO2 calculation, the difference in the re-
sulting flux estimates can be attributed to the mapping method and 
wind products used. By filling the missing areas, especially the coast-
al regions, SeaFlux provides the global coverage of sea surface pCO2 
and sea-air FCO2 at monthly 1° grids. Here, the average of the FCO2 
estimates derived from the six products is used.

Mesoscale eddy identification
On the basis of the Mesoscale Eddy Trajectory Atlas Product (META 
version 3.2) all-satellites version provided by AVISO, we tracked the 
daily latitude, longitude, amplitude, and radius of eddy that satisfies 
the following criteria: (i) The eddy originates within the target region; 
(ii) the eddy dissipates within the target region; (iii) the eddy lifes-
pan starts after 4 July 2002 and ends before 1 January 2022; (iv) the 
eddy lives at least 12 weeks. The first two criteria ensure that eddies 
are intrinsic localized perturbations, allowing for accurate estimation 
of pCO2 in seawater using our FNN without requiring extrapolation. 
The third criterion addresses the availability of observational data. 
The fourth criterion balances the need for a sufficient observational 
time frame against maintaining an adequate sample number of 
eddies under the consideration of previously used eddy durations 

ranging from 4 weeks (34) to 16 weeks (13). In addition, eddies with 
missing monthly mean Chl a values throughout their lifespan are 
excluded because of data gaps in Chl a, forming the fifth implicit 
requirement. The influence of each requirement on eddy selection is 
shown in table S1, with the threshold of eddy lifespan having the 
greatest impact. Nevertheless, 596 anticyclonic eddies and 730 cy-
clonic eddies are identified in the KE region, constituting a large 
ensemble. On the basis of the same criteria, we also identified 527 
anticyclonic eddies and 726 cyclonic eddies in the GS region.

Eddy-induced anomalies
We extract the daily mean data from a circular area extending to one 
radius from the eddy center, provided that at least 10% of the data 
within this area are available. This designated area represents the 
eddy’s core, where substantial impacts from the eddy are anticipated. 
Meanwhile, a ring-shaped area extending from one to three times the 
eddy’s radius serves as the background zone. Monthly means of daily 
values for both areas are then calculated. The eddy-induced anoma-
lies are defined as the difference in values between the eddy’s core 
and its background.

Eddy-associated sea surface pCO2 reconstruction by FNN
To address the observational limitations of sea surface pCO2, ma-
chine learning approaches, particularly those involving FNN, have 
been used. These approaches use various combinations of predictors 
to successfully reconstruct the global distribution and interannual 
variability of sea surface pCO2 (4, 69, 77–82). Previous study under-
scores the crucial influence of the distribution of surface ocean pCO2 
observations on the efficacy of FNN models (77). The KE region oc-
cupies a larger number of observations compared to other regions 
(Fig. 1C and fig. S1), resulting in more reliable reconstructions.

Following established methodologies, we selected a set of predic-
tors for our FNN: atmospheric pCO2, NPP, SST, SSS, latitude (LAT), 
longitude (LON), cosine of month (CMON), sine of month (SMON), 
and the number of months since July 2002 (nMON). These predic-
tors combine physical, biological, and spatiotemporal elements

To facilitate training, all monthly predictors are remapped to a 
uniform 0.25° grid spacing (fig. S1). Considering the biological con-
sistency within the KE/GS region (50, 83), there is no necessity for 
further subdivision into more intricate biological provinces. More-
over, our FNN framework benefits from incorporating spatiotem-
poral predictors, rendering such a subdivision unnecessary (81).

During pretraining, the number of neurons was incrementally ad-
justed from 2 to 100, with increments of two neurons up to 50 and 10 
thereafter. The SOCAT pCO2 (see the “Observational datasets” section 
for 0.25° postprocessing) and all predictor datasets were divided into 
two subsets using the optimal split method (84): a training dataset 
(75%) to train the FNN and a validation dataset (25%) to evaluate 
performance and prevent overfitting (fig. S11). To ensure sample in-
dependence and avoid overfitting, a group K-fold cross-validation 

pCO2,sea=

FNN
[

pCO2,air, log10(NPP), SST, SSS, LAT, LON,CMON, SMON, nMON
]

(1)

CMON = cos
(

Month×
π

6

)

(2)

SMON = sin
(

Month×
π

6

)

(3)
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was applied, splitting data by year (80, 82): For every four consecutive 
years, three were used for training and one for validation, iterated 
four times to compute the average root mean square error. The neu-
ron count yielding the lowest root mean square error was selected for 
final training. For final training, 10% of the data were reserved as an 
independent test set, while the remaining data underwent 10 ran-
domized splits into training (70%) and validation (20%) sets, produc-
ing an ensemble of 10 FNN models (77). Their averaged outputs 
formed the final prediction (77). The trained FNN then estimated sea 
surface pCO2 for eddy’s core and its background by using the monthly 
mean of daily predictor values from corresponding regions (see the 
“Eddy-induced anomalies” section for definitions of the eddy’s core 
and its background). Note that our FNN-based reconstruction is 
tailored for reconstructing eddy-associated sea surface pCO2, which 
effectively isolates mesoscale signals from large-scale backgrounds.

Sea-air FCO2 estimation
The sea-air FCO2 is calculated using a bulk formula

where the gas transfer velocity k = 0.251U2
10

(

Sc

660

)−0.5

 is estimated 
from surface wind speed (U10) and Schmidt number (Sc) (85); the 
solubility of CO2, represented by αsea and αair at the base and top of 
the mass boundary layer, respectively (70), is calculated as a func-
tion of the temperature and salinity (29). For these calculations, sub-
skin SST and SSS are used for αsea , while skin SST and SSS are used 
for αair , incorporating a cool skin effect of 0.17 K (86) to covert skin 
SST to subskin SST and a salinity increase of 0.1 unit (70, 87) to 
convert subskin SSS to skin SSS. The average daily FCO2 of both the 
eddy’ core and its background are calculated for each month along 
the eddy trajectory by using the FNN-predicted sea surface pCO2 
( pCO2,sea ). Atmospheric pCO2 ( pCO2,air ) is estimated for the aver-
age location of the eddy throughout the month without distinguish-
ing between the eddy’s core and its background.

The area-weighted average FCO2 for each eddy’s core and its 

background is calculated as 

Last month
∑

i=1

FCO
i

2
× πR

2

i

Last month
∑

i=1

πR
2

i

 , where R is the 

monthly average eddy radius, with the summation performed over 
each eddy’s lifespan. Then, the percentage change in area-weighted 
average FCO2 between the eddy’s core and its background is esti-

mated as FCO
eddy

2
−FCO

background

2

∣FCO
background

2
∣

 . A positive value indicates a stronger 

source or a weaker sink for atmospheric CO2. To mitigate the influ-
ence of extreme values on the mean, we excluded the top and bot-
tom 0.5% of the data (i.e., the remarkable outliers such as a 
percentage change of −2000% for anticyclonic and +1500% for 
cyclonic eddies), thereby retaining 99% of the data for computing 
the average.

Taylor decomposition of eddy-induced FCO2
We perform a linear Taylor decomposition of the eddy-induced 
FCO2 anomalies as follows

where Δ signifies the eddy-induced change estimated as the differ-
ence between the eddy’s core and its background, and WS is surface 
wind speed; �FCO2

�WS
 and �FCO2

�pCO2,sea

 are derived from bulk parameteriza-
tion  Eq.  4 using the mean values of WS and pCO2 (88). The 
∆pCO2,sea values are decomposed into contributions from the eddy-
induced changes in temperature (T), DIC, total alkalinity (TA), and 
salinity (S) (89)

By introducing sDIC ( sDIC =
S0

S
×DIC, S0 = 35 ) and TA 

( sTA =
S0

S
× TA ) (88), we derive

where the buffer factor γ (pCO2 sensitivity), calculated from the 
mean values of TA and DIC in both the eddy’s core and its back-
ground, is used to estimate the partial derivatives (90)

Here, TA is calculated on the basis of its relationships with SST, 
SSS, and longitude (91). Sea surface pCO2 and TA are then used to 
calculate DIC based on CO2SYS (MATLAB version 3.2.1) (92), with 
the carbonic acid dissociation constants from Lueker et al. (93), sul-
fate dissociation constants from Dickson (94), and borate-to-salinity 
ratio from Lee et al. (95).

On the basis of the aforementioned decompositions, we can 
quantify the contributions of wind speed, SST, sDIC, sTA, and SSS 
induced by eddies to the total FCO2 anomalies. Our focus is on as-
sessing the relative magnitudes of those components to identify the 
predominant factors determining FCO2 anomalies.

FCO2 = k
(

αseapCO2,sea−αairpCO2,air

)

(4)

ΔFCO2=
�FCO2

�WS
ΔWS+
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�pCO2,sea

ΔpCO
2,sea (5)

ΔpCO
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�TA
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S
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◦
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(8)
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�DIC
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DIC
× γDIC (9)
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�TA
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TA
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�S
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γDIC =
3 × TA ×DIC − 2 ×DIC2

(2×DIC−TA) × (TA−DIC)
(12)

γTA = −
TA2

(2×DIC−TA) × (TA−DIC)
(13)
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Uncertainty estimates
The uncertainty of sea surface pCO2 predicted by the FNN is estimat-
ed by considering potential errors arising from the input parameters 
of the FNN, which are evaluated through Monte Carlo uncertainty 
propagation. In 1000 simulations, the input parameters are perturbed 
using random noise corresponding to their respective uncertainties. 
The uncertainty values for the input parameters are as follows: 0.41°C 
for MODIS-A SST (96), 0.22 log10(mgC m−2 day−1) for NPP (96), 1 μ 
atm for atmospheric pCO2 (2), and 0.293 for SSS (97).The uncertain-
ties in the input parameters are then combined in quadrature with the 
root mean square deviation of the test dataset (16.233 μatm) to pro-
duce the combined uncertainty for sea surface pCO2.

Next, we estimate the uncertainty of the predicted monthly aver-
age daily sea-air FCO2 for each eddy’s core and its background over 
its lifetime. Once again, Monte Carlo uncertainty propagation is 
used with 1000 simulations to propagate the uncertainties of sea 
surface pCO2, atmospheric pCO2, SST, SSS, and the gas transfer ve-
locity 𝑘 [±10%; (98)]. The standard deviation of these simulations is 
regarded as the monthly average daily FCO2 uncertainty associated 
with methods used. Subsequently, the monthly average daily FCO2 
is used to calculate the area-weighted average FCO2 and its eddy-
induced change, for which the uncertainties are also required. The 
method-induced uncertainties ( σm ) of the area-weighted average 
FCO2 and its eddy-induced change are estimated by propagating the 
uncertainty of monthly average daily FCO2 using standard error 
propagation techniques. Last, the method-induced uncertainties are 
combined in quadrature with the standard error (SE) of area-
weighted average FCO2 and its eddy-induced change from all eddies 
to yield the final uncertainty ( σ =

√

σ2
m
+ SE2).
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