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Abstract Ocean mesoscale flows significantly influence nutrient distribution and biological productivity,
yet the scarcity of eddy-permitting observational data sets and climate modeling hinders understanding their role
in carbon sequestration. Using an eddy-resolving global simulation, this study investigates the significance of
ocean mesoscales in air-sea carbon dioxide (CO,) exchange. Results show over 30% of CO, flux variance in
energetic regions attributed to flows with horizontal scales smaller than 2°. Mesoscale flows can drive a
cumulative CO, flux that is either a net carbon sink or source depending on region, with magnitudes on the order
of 10° tonnes of carbon per year. Variations in this mesoscale-related CO, flux are correlated with local relative
vorticity and the background gradient of ocean partial pressure of CO,. This analysis underscores the
importance of considering ocean mesoscales in monitoring carbon flux, highlighting the need to explore the
influence of increasing eddy activity on carbon uptake in a changing climate.

Plain Language Summary This study investigates the influence of ocean flows with horizontal
scales of tens to hundreds of kilometers (called mesoscale flows) on the exchange of carbon dioxide between the
ocean and the atmosphere using a state-of-the-art high resolution global simulation. It is shown that in certain
parts of the ocean, more than 30% of the variability in carbon dioxide exchange at the ocean surface is linked to
these relatively small-scale ocean motions. It is further revealed that mesoscale flows can lead to a significant
gain or loss of carbon from the ocean at the regional level, and that depends on how the flow is oriented with
respect to the background distribution of carbon in the ocean. Gaining a better understanding of how the
mesoscale flow features influence air-sea carbon dioxide exchange is crucial for understanding the ocean's role
in the carbon cycle and its ability to absorb and store carbon in a changing climate.

1. Introduction

The ocean acts as an extensive carbon reservoir, mitigating climate change effects by absorbing and storing
approximately 26% of anthropogenic carbon dioxide (CO,) from the atmosphere (Friedlingstein et al., 2023).
Globally, the ocean has the capacity to uptake more than 2,000 megatonnes of carbon (MtC, 10° tC) annually
through CO, flux at the surface (Friedlingstein et al., 2023). This air-sea CO, flux exhibits variations across a
range of spatial and temporal scales (Gruber et al., 2023), predominantly governed by the difference in partial
pressure of CO, (pCO,) between the atmosphere and the ocean (Gu et al., 2023; Mongwe et al., 2018). Notably,
high-quality in-situ measurements of CO, flux obtained through the eddy covariance method are mostly limited to
local scales (Miller et al., 2010, 2024). Previous observation-based studies, such as those utilizing the Surface
Ocean CO, Atlas (SOCAT) product to assess CO, flux variability, have primarily relied on coarse gridded data
(Landschiitzer et al., 2020; Tokoro et al., 2023). Additionally, CO, flux variations in climate simulations with
low-resolution ocean models exhibit large biases (Mongwe et al., 2018; Wong et al., 2022). Therefore, our current
understanding of the natural variability of air-sea CO, flux, which largely relies on coarse-resolution data sets and
climate models, may potentially lead to an underestimation of the contributions from small-scale variability in the
ocean.

As the most energetic features in the ocean, mesoscale phenomena with horizontal spatial scales on the order of
10-100 km, including coherent vortices (eddies), and strong lateral density gradients in the form of fronts and
meanders, are ubiquitous in the global ocean (Chelton et al., 2011) and can significantly influence oceanic and
atmospheric conditions (e.g., Frenger et al., 2013; Guo et al., 2023). Their pivotal role in redistributing ocean
tracers such as mass (Zhang et al., 2014), salt (Melnichenko et al., 2021), and heat (Guo & Bishop, 2022) has been
well-established. Recent observational evidence on regional ocean scales suggests that coherent mesoscale eddies
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can significantly modify local air-sea CO, exchange (e.g., Ford et al., 2023; Kim et al., 2022). However, a
consensus has yet to be reached on whether mesoscale eddies with specific polarity and anomalous seawater
properties act as a sink of CO, to the ocean (Ford et al., 2023; Jones et al., 2017; T. Smith et al., 2023) or a source
of CO, to the atmosphere (Chen et al., 2007; Kim et al., 2022; Pezzi et al., 2021). This open question underscores
the complex and spatially heterogeneous nature of mesoscale influences on carbon dynamics in the global ocean,
motivating further study using high-resolution data with improved geographic coverage.

Due to a sparsity of in-situ observations and the computational burden of eddy-resolving (i.e., 1/10° and finer)
global simulations, there has been little analysis on how mesoscale processes influence air-sea CO, fluxes from
a global perspective. Harrison et al. (2018) compare global high-resolution (1/10°) and standard low-resolution
(1°) climate simulations, demonstrating that ocean mesoscale variability may increase or decrease carbon
export to the deep ocean by as much as 50% at regional scales. More recently, Guo and Timmermans (2024b),
utilizing an eddy-resolving global biogeochemical simulation, characterized a strong link between eddy activity
and ocean pCO, changes in mid-latitude regions. This points to the potential involvement of mesoscale pro-
cesses in driving pCO, variations, likely modulating carbon flux across a large spatial domain. Ford
et al. (2023) found that long lived (>1 year) eddies enhanced CO, uptake in the South Atlantic Ocean by
0.08 + 0.04%. There remain many open questions related to the influence of mesoscale motions on CO, fluxes,
including whether ocean eddies serve as hotspots for CO, sink or source in specific dynamic regions (Jones
et al., 2017), whether mesoscale variability can significantly modulate CO, fluxes at regional (Ford et al., 2023)
and global scales, and whether previous studies that do not resolve the mesoscales underestimate CO, flux
variations. Here we address certain aspects of these important questions via diagnosing a mesoscale-associated
CO, flux in a global eddy-resolving simulation.

2. Data and Methods
2.1. Observational-Based Data Sets

We use an observation-based product of sea surface pCO, and air-sea CO, fluxes from 1982 to 2000, which
integrates over 10 million data values collected from ship-based measurements, moorings, and drifters (Land-
schiitzer et al., 2020). The gridded product is created using a 2-step neural network method described by
Landschiitzer et al. (2016); Jersild et al. (2023). The air-sea CO, fluxes are computed from the air-sea pCO,
difference and a bulk gas transfer formulation (Landschiitzer et al., 2016; Wanninkhof, 2014). This product
provides monthly time series of pCO, and CO, flux at a spatial resolution of 1° X 1° covering most of the global
ocean. Due to the relatively coarse spatial resolution (not eddy-permitting) of this data set, we only used this
product for model evaluation compared to climatology and large-scale temporal variations. Note that there could
be biases in the gridded product, particularly in high variance and/or undersampled regions such as coastal areas
(Landschiitzer et al., 2016). However, we use this observation-based product solely for evaluating the model
output with respect to overall spatial patterns of CO, flux. Our main mesoscale-related analysis is conducted using
an eddy-resolving global simulation. Finally, we use climatological mean sea surface height (SSH) from satellite
observations from the DUACS multimission altimeter data processing system to indicate the mean pattern of
ocean circulation and gyres.

2.2. Eddy-Resolving Global Biogeochemical Simulation

The simulation analyzed here is a global eddy-resolving (with nominal horizontal resolution of 0.1°; Figure Sla
in Supporting Information S1) ocean, sea ice, and biogeochemical coupled simulation with 62 vertical levels
within the Community Earth System Model (CESM). The ocean model is the Parallel Ocean Program (POP),
version 2 (R. Smith et al., 2010), coupled with the Community Ice Code (CICE) version 4 (Hunke et al., 2010).
The model is forced by the Japanese 55-year Reanalysis (JRA55) (Kobayashi et al., 2015) from 1958 to 2000.
The air-sea CO, flux in the model is calculated based on the bulk formula (Persch et al., 2023) with forced
atmospheric conditions and simulated pCO,. A detailed description of the ocean configuration is given by
Bryan and Bachman (2015); Guo, Bishop, et al. (2022). The ocean biogeochemical model in this simulation
uses the prognostic Marine Biogeochemistry Library from CESM (Long et al., 2021). This biogeochemistry-
coupled high-resolution POP simulation will be referred as POP-BGC-HR below, which is the same as that
used by Guo and Timmermans (2024b). A more detailed description of the model is given by Long
et al. (2021); Guo and Timmermans (2024b). Due to computational constraints and the availability of model
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Figure 1. Comparison of climatology and variability of air-sea CO, flux between observation-based data set and the model during 1982-2000. (a) Mean CO, flux
climatology in observation-based data set; (b) Mean CO, flux in the model; (c) Total variance of monthly time series of CO, flux in observation-based data set; (d) Total
variance of monthly time series of CO, flux in the model; (e)—(h) Monthly time series of pCO, (blue lines) and air-sea CO, flux (red lines) anomalies in observation-
based data set (solid lines) and model (dashed lines) at four locations as marked in panel (a). Gray contours in each panel are mean sea surface height contours

(CI = 20 cm) from satellite altimetry (a, ¢) and POP-BGC-HR (b, d).

output, we used monthly POP-BGC-HR output from 1982 to 2000 in this study. This temporal frequency does
not allow for daily to weekly variability in ocean fields; as such, more persistent mesoscale features (e.g.,
current meanders) may be better represented compared to features with evolution and translation timescales on
the order of days to weeks.

Comparable spatial patterns and magnitudes are observed in both climatology and variability of air-sea CO, flux
between observation-based data set (Figures 1a and 1c¢) and POP-BGC-HR (Figures 1b and 1d). The climatology
fields are long-term averages spanning the entire data period and the variability is estimated by the total variance
of the monthly time series of CO, flux. The mean distribution of CO, flux (Figures 1a and 1b) shows significant
spatial variability in both magnitude and direction, with positive CO, flux (a net source of CO, to the atmosphere)
in tropical and high latitude regions, and negative CO, flux (a net sink of CO, into the ocean) in mid-latitudes,
influenced by regional circulation patterns, ice melt, biological activity, and hydrographic conditions (e.g.,
Arroyo et al., 2019; Takahashi et al., 2002, 2009; Tozawa et al., 2022). In general, regions with the largest CO,
flux magnitudes also display the largest variance, particularly in mid and high latitude regions (Figures 1c and 1d),
where mesoscale activity is vigorous. We selected four sites in different parts of the global ocean (the Kuroshio,
Gulf Stream and Agulhas currents and the Equatorial Pacific, Figure 1a) chosen as they are typical regions where
both mesoscale energy and induced transport are strong (following Guo, Bachman, et al., 2022; Martinez-Moreno
et al., 2021). CO, flux variations at these representative locations within these regions are synchronized with
changes in ocean pCO, (in both observation-based data set and POP-BGC-HR, Figures le—1h), indicating the
dominant influence of pCO, variations in setting CO, flux anomalies (Gu et al., 2023; Mongwe et al., 2018).
Positive pCO, anomalies induce positive CO, fluxes (i.e., a source of CO, to the atmosphere), while negative
pCO, anomalies correspond to negative CO, fluxes (i.e., a sink of CO, to the ocean). Changes in pCO, are
induced by surface heating and cooling, upwelling and downwelling, as well as variations in ocean mixing and
primary production (Gruber et al., 2023; Guo & Timmermans, 2024b). Since seasonality predominantly governs
the temporal variability in pCO2 and CO, flux in most ocean regions (Takahashi et al., 2002), CO, flux variance is
comparable between the low-resolution observation-based product and the high-resolution model output.
However, the coarse resolution observation-based product does not effectively capture the mesoscale variability
spatially resolved by POP-BGC-HR.
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Figure 2. Air-sea CO, flux variance explained by the mesoscale. (a) CO, flux variance associated with small scales (<nominal 2°); (b) Percentage of CO, flux variance
explained by small scales. Gray contours are mean sea surface height contours (CI = 20 cm) in the model. Black markers denote the four locations shown in Figure 1.

2.3. Mesoscale Extraction Through a Coarse-Graining Approach

To investigate the effect of mesoscale features on air-sea CO, flux in the global ocean, we employ a coarse-
graining approach specifically designed for spatial scale separation in oceanographic settings (Storer &
Aluie, 2023). This technique has been successfully implemented on scalar and vector oceanic fields in both
Cartesian and spherical coordinates (e.g., Aluie et al., 2018). In this study, we use the coarse-grained (or low-pass
filtered) field of CO, flux to retain only mesoscale flow features from the original fields. The cutoff spatial scale is
set at a nominal 2° (ranging from 50 km at high latitudes to 220 km at low latitudes; Figure S1c in Supporting
Information S1), considering that both the eddy scale in the real ocean and the theoretical deformation scale in the
model (ranging from 20 km at high latitudes to 120 km at low latitudes) are generally smaller than the local 2°
cutoff (see Chelton et al., 1998, 2011 and Figure S1a in Supporting Information S1). Ocean models in traditional
climate simulations, which have been utilized to diagnose CO, flux variability, typically have horizontal reso-
lutions of 1°-2° (Mongwe et al., 2018). The selection of a 2° spatial cutoff in this work additionally aims to
evaluate the unresolved variability in CO, flux in low-resolution models. Throughout the paper, we refer to the
isolated field as the “mesoscale” portion of the total field and denote the mesoscale-related CO, flux as F&%:.

3. Results

After coarse-graining, the remaining CO, flux associated with mesoscale (<2°) features shows the largest flux
variability in mid and high latitude regions (Figure 2a). The percentage of total flux variance that is accounted for
by mesoscale variability exhibits strong spatial heterogeneity, with the highest percentage found in eddy-rich
regions such as western boundary currents and the Antarctic Circumpolar Current, and the lowest percentage
in the subtropical gyres (Figure 2b). More than 30% of the total variance in air-sea CO, flux can be attributed to
ocean mesoscale variability in these energetic regions. This suggests that resolving mesoscale features may be
important for appropriately characterizing natural variability of ocean carbon uptake.

Given that the mesoscale flow field can explain a significant portion of CO, flux variance (Figure 2), the next
question arises: does mesoscale variability induce a sink of CO, to the ocean (Ford et al., 2023) or a source of CO,
to the atmosphere, and what factors control such a modification to local mean air-sea CO, flux? To address this
question, we analyze cumulative mesoscale-related CO, flux (FC%;) at a range of select locations in the global
ocean. This is one avenue for investigation of the net contribution of mesoscale features in general, as opposed to a
focus only on coherent mesoscale eddies. We begin by examining the four locations shown in Figure 1. At lo-

cations along the Kuroshio Extension and Gulf Stream, time series of F&i and the cumulative sum indicate a net
CO, sink by the oceans induced by mesoscale variability (Figures 3a and 3b). In contrast, the cumulative Fc<(§2 at

locations in the equatorial Pacific and Agulhas current suggests that in these ocean regions mesoscale flows are
associated with a net CO, source to the atmosphere (Figures 3¢ and 3d). Globally, the linear regressed slopes of

the cumulative FC%Z for the period 1982-2000 are estimated within each 2° X 2° grid cell (Figure 3e). Their global

distribution shows significant spatial heterogeneity, where the net flux associated with mesoscale flows can be
either a carbon source or a sink in different dynamic regions.
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Figure 3. Mesoscale (<nominal 2°) contribution to air-sea CO, flux in the model. (a)—(d) Monthly time series of FC%; (black lines) and cumulative FC%Z (green/red solid

lines) in four locations marked in Figure 1 and (e). Dashed lines are the least squares regression of cumulative flux for the period 1982-2000; slopes are indicated in the
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The overall spatial pattern tends to exhibit a zonal alternation between net sources and sinks in many parts of the
global ocean with an active mesoscale flow field (Figure 2a). Specific regions can indicate contiguous patterns
that show either a net CO, source or sink. For example, a carbon sink area is observed along the Kuroshio
Extension and a source area is identified south of the Kuroshio (Figure 3e). Even though mesoscale activity is
responsible for significant variance in CO, flux in these regions, the time-integrated cumulative (net) effect
remains only a small percentage of the regional total. In the Kuroshio region, for example, where there is net CO,
uptake by the oceans, 14% of the variance can be attributed to the mesoscale (Figure 2b). However, mesoscale
flows here are associated with only 0.06% of the total CO, accumulation in the region (i.e., net uptake on the order
of 0.5 MtC per year). On a global scale, the zonally integrated cumulative FC<(§2 yields a net carbon uptake from

mesoscale variability amounting to 0.72 MtC per year.

As two representative examples of eddy-rich regions, we select the Gulf Stream and the Agulhas current to further
illustrate the regional carbon flux induced by mesoscale processes and explore its relationship with local dy-
namics. We find that the cumulative FC%: exhibits approximately zonal bands alternating in the meridional di-
rection between positive (a source) and negative (a sink) flux anomalies along frontal zones (Figures 4a and 4e).
These spatial characteristics in cumulative F&i are linked to relative vorticity ¢ (Figures 4b and 4f; see definition

[ugtm/km]

" 75°W 65°W 55°W 45°W 35°W
(h) v,pCO,

7°W 65°W 55°W 45°W 35°W

[10-6571] . [uatm/km]

Figure 4. (a) Spatial distribution of regressed slopes of cumulative mesoscale-related CO, flux in the Gulf Stream region (gray hatched areas denote regressed slopes
below the 90% confidence level); (b) Mean distribution of relative vorticity; (c) Distribution of correlation coefficients between monthly series of mesoscale air-sea CO,
flux and relative vorticity (gray hatched areas denote correlations below the 90% confidence level); (d) Mean pattern of cross-stream pCO, gradient. (e)—(h) same as (a)—
(d) but for the Agulhas current. Gray contours represent mean sea surface height contours. (CI = 20 cm) in the model. Black markers denote the two locations in

Figures 3b and 3d.
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of ¢ in Supporting Information S1). Positive relative vorticity indicates counterclockwise flow (i.e., termed
cyclonic (anticyclonic) in the northern (southern) hemisphere), while negative vorticity indicates clockwise flow
(i.e., anticyclonic (cyclonic) in the northern (southern) hemisphere). Although the spatial distributions of both §
and FC%: are noisy, their correlation scales are high and display significant spatial coherence (Figures 4c and 4g),

indicating an influence of relative vorticity on FC<022 that holds at larger scales. In the Gulf Stream, in general,

relative vorticity is positively correlated with FC%:, which suggests that positive relative vorticity likely increases
CO, levels in the ocean there, leading to CO, releasing to the atmosphere. Conversely, negative relative vorticity
is correlated with lower ocean CO, levels, leading to a CO, sink to the region. In contrast to the Gulf Stream, the
F&%:— ¢ correlation in the Agulhas current is predominantly negative, particularly in the frontal areas. In such
regions, a positive relative vorticity is associated with negative F&i (a sink), and negative relative vorticity with a
CO, source (Figures 4e, 4f, and 4g). The strength and sign of these differing correlations in different regions are
related to the background cross-stream pCO, gradient. The cross-stream pCO, gradient, generally oriented along
the meridional direction, is calculated within stream coordinates based on the mean surface current. The broad
positive FC%:— ¢ correlation in the Gulf Stream is linked to a strong northward increase in pCO, (Figure 4d).
Similarly, a negative cross-stream pCO, gradient (i.e., a southward increase of pCO,) corresponds to the negative
Fc<<§:— ¢ correlation along the Agulhas current (Figure 4h).

This finding clarifies the different behavior observed in cumulative fluxes at the four representative locations in
Figures 3a—3d. Whether mesoscale-related net CO, flux acts as a local carbon sink (Figures 3a and 3b) or source
(Figures 3c and 3d) largely depends on the local background cross-stream pCO, gradient and FC%;— ¢ correlation.
For example, for the location along the Gulf Stream (Figure 3b), the observed net carbon sink associated with
mesoscale variability is linked to negative relative vorticity and positive cross-stream pCO, gradient (marker in
Figures 4b and 4d), suggesting that clockwise-rotating water parcels bring low pCO, water to this location and
induce a sink of CO, to the ocean. The positive FC<(§:— ¢ correlation (marker in Figure 4c) also indicates the in-
phase connection between cumulative mesoscale-related flux and relative vorticity at this location.
Conversely, at the location near the Agulhas current, the mesoscale-related CO, source coincides with a negative
relative vorticity, a negative cross-stream gradient, and a negative Fc<(§:— ¢ correlation (marker in Figures 4e—4h).
Note how current meandering leads to adjacent bands of net source and sink (Figures 4a and 4e), which are linked
to the banded distribution of relative vorticity (Figures 4b and 4f).

The strong connection between the local cross-stream pCO, gradient and the local FC%:— ¢ correlation is evident at
a global scale (Figure 5), where a positive correlation generally aligns with a positive cross-stream pCO, gradient
in eddy-rich regions (black boxes in Figures 5a and 5b), and vice versa. When a positive cross-stream pCO,
gradient is present (Figure 5c), as observed in regions such as the Kuroshio Extension and Gulf Stream, mesoscale
motions with negative relative vorticity tend to give rise to a local pCO, deficit leading to a CO, sink, and positive
relative vorticity corresponds to a source of CO, to the atmosphere (i.e., a positive Fc%* ¢ correlation).
Conversely, when a negative cross-stream pCO, gradient is present (Figure 5d), as generally observed in the
region of the Agulhas current, the negative F&%— ¢ correlation suggests that negative relative vorticity contributes
to CO, release and positive relative vorticity corresponds to a sink of CO, to the oceans. In brief, mesoscale
motions can stir and transport water with anomalous properties in the context of the background pCO, gradient,
inducing local CO, flux anomalies that depend on the sign (vorticity) of these rotational motions.

4. Summary and Discussion

The emerging regional observational evidence regarding the influence of mesoscale eddies on air-sea CO, ex-
change underscores the necessity for in-depth investigations into their global effects. It also raises questions on
the limitations of using low-resolution climate models that do not resolve mesoscale features to study CO, flux
variability. In this work, we investigate the contribution of ocean mesoscale variability to air-sea CO, fluxes from
a global perspective by analyzing the CO, flux anomaly within the mesoscale band (<2°) in a global eddy-
resolving biogeochemical simulation. We find that in eddy-rich mid-latitude regions, ocean variability with
scales smaller than approximately 200 km can account for over 30% of the total CO, flux variability. The cu-
mulative net CO, flux associated with mesoscale motions is on the order of 10° tC per year. The global pattern of
cumulative F(fé: exhibits significant spatial heterogeneity, with the highest values in western boundary currents,
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Figure 5. (a) Global distribution of correlation coefficients between monthly mesoscale-related CO, flux and relative vorticity (gray areas indicate locations that are not
statistically significant at the 90% significance level); (b) Global mean cross-stream pCO, gradient; black markers are the four locations analyzed in Figure 3 and black
boxes denote select regions with high mesoscale activity and CO, flux variance (Figure 2b); (c) Schematic diagram illustrating a scenario with positive correlation
between relative vorticity and mesoscale-related CO, flux; (d) same as (c) but for a negative correlation.

the Antarctic Circumpolar Current, and the equatorial Pacific. The local distribution of cumulative F&i displays
zonal bands alternating between positive (a net source) and negative (a net sink) due to the meandering nature of

ocean mesoscale currents. We further show that Fc<022 is strongly linked to relative vorticity and the background

cross-stream pCO, gradient. With the presence of a positive cross-stream gradient of pCO,, Fc<(§2 is positively

correlated with local relative vorticity, where mesoscale motions with negative vorticity tend to lower local pCO,
and lead to CO, uptake, and vice versa for positive vorticity. In the scenario with a negative cross-stream gradient
of pCO,, FC%: and relative vorticity are negatively correlated.

As one of the most common features of the ocean mesoscale, coherent eddies comprise a significant portion of
ocean transient energy (Martinez-Moreno et al., 2019). Ford et al. (2023) estimated eddy-induced modulations of
air-sea CO, flux in the South Atlantic Ocean using in-situ observations and a Lagrangian eddy atlas product,
finding that regional long-lived eddies can contribute to carbon uptake of 0.06 MtC per year. The mesoscale-
associated CO, flux, Fgg:, analyzed here includes the contribution from coherent eddies. For a similar region
of the South Atlantic, FC<(§2 in POP-BGC-HR indicates a mean carbon sink of 0.04 MtC per year, of similar
magnitude to observations by Ford et al. (2023) based on 67 long-lived eddy samples in the South Atlantic. Note,
however, that in our analysis, FC%Z includes not only the large-scale eddies, but also smaller-scale features.
Although large coherent eddies have been shown to dominate mesoscale-related CO, fluxes in the South Atlantic
(T. Smith et al., 2023), the smaller-scale features may contribute some net source/sink not accounted for in Ford
etal. (2023) analysis. Although the overall magnitude of the globally integrated net mesoscale-related CO, uptake
is small (on the order of 10° tC per year) in comparison to the ocean's total capacity for carbon absorption (of order
10® MtC per year), mesoscale processes may still exert a significant influence on the ocean carbon budget. For
example, features at this scale induce isopycnal mixing (Gnanadesikan et al., 2015) and modulate mixed layer
depth (Gaube et al., 2019), likely leading to variations in ocean surface pCO, (Prend et al., 2022) and affecting the
supply of nutrients being entrained from subsurface waters; they can alter wind speed (therefore gas transfer
velocity at the air-sea interface) by modifying the atmospheric boundary layer (Small et al., 2008), and influence
local carbon export (Harrison et al., 2018).
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Simulated variations in air-sea CO, flux from the Coupled Model Intercomparison Project version 5 (CMIP5) low-
resolution (not eddy-resolving) ocean models exhibit large biases (Mongwe et al., 2018). A better representation of
mesoscale flows in models is essential for reliably simulating the carbon cycle and predicting its response to
different climate forcings (Gnanadesikan et al., 2015). The analysis of mesoscale-related CO, flux presented here is
based on resultant biogeochemical fields from an eddy-resolving simulation, wherein the influence of mesoscale
processes is already incorporated into the simulated carbon budget. It is likely that the complete influence of
mesoscale flows on the CO, flux field is not fully isolated through the coarse-graining applied here. Future work
involving a comparison of mesoscale-related CO, flux between low- and high-resolution coupled simulations is
necessary. In this study, we have considered only the overall influence of mesoscale motions on CO, flux vari-
ability and have not partitioned the influence into physical and biological drivers. An examination of different
physical/biogeochemical drivers for shaping ocean pCO, variations associated with mesoscale activity is a subject
for future research. Furthermore, submesoscale flows in the ocean, not considered in this study, have the potential to
enhance mesoscale tracer transport through an inverse energy cascade (Zhang et al., 2023). Their contribution to
mesoscale-related CO, flux needs to be evaluated in future research.

There is some evidence for enhanced mesoscale energy (Beech et al., 2022; Martinez-Moreno et al., 2021) and
associated tracer transport (Guo, Bachman, et al., 2022) under global warming, suggesting a potentially larger role
for mesoscale phenomena in future air-sea carbon exchange. In some parts of the global oceans, variations in
pCO,, which directly affect changes in air-sea CO, flux, are predominantly influenced by temperature changes
(Guo & Timmermans, 2024b; Takahashi et al., 2002). Considering the context of strengthened temperature
variance (Guo, Bachman, et al., 2022) and more frequent and extreme marine heatwaves (Frolicher et al., 2018) in
recent decades, the thermal component of pCO, variations is likely undergoing modifications as a consequence,
potentially altering mesoscale-induced CO, exchange. The strong links between mesoscale motions and ocean
carbon cycling underscores the need for an expanded observational network to better monitor ocean carbon
parameters and model development to resolve small-scale ocean features in the face of a changing climate.
Improved understanding of the mechanisms through which mesoscale phenomena may affect the broader carbon
cycle is essential for reliable climate projections and the development of effective ocean-based strategies for
mitigating the impacts of climate change.

Data Availability Statement

The sea surface pCO, and air-sea CO, flux data set is available in (Jersild et al., 2023). The sea surface height data
are available in (CMEMS, 2023). Model data used in this work can be found in (Guo & Timmermans, 2024a).
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