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Abstract

The Southern Ocean, an important region for the uptake of anthropogenic carbon dioxide (CO2),
features strong surface currents due to substantial mesoscale meanders and eddies. These features interact with
the wind and modify the momentum transfer from the atmosphere to the ocean. Although such interactions
are known to reduce momentum transfer, their impact on air-sea carbon exchange remains unclear. Using a
1/20° physical-biogeochemical coupled ocean model, we examined the impact of the current-wind interaction
on the surface carbon concentration and the air-sea carbon exchange in the Southern Ocean. The current-wind
interaction decreased winter partial pressure of CO2 (pCO2) at the ocean surface mainly south of the northern
subantarctic front. It also reduced pCO2 in summer, indicating enhanced uptake, but not to the same extent as
the winter loss. Consequently, the net outgassing of CO2 was found to be reduced by approximately 17% when
including current-wind interaction. These changes stem from the combined effect of vertical mixing and Ekman
divergence. A budget analysis of dissolved inorganic carbon (DIC) revealed that a weakening of vertical mixing
by current-wind interaction reduces the carbon supply from below, and particularly so in winter. The weaker
wind stress additionally lowers the subsurface DIC concentration in summer, which can affect the vertical
diffusive flux of carbon in winter. Our study suggests that ignoring current-wind interactions in the Southern
Ocean can overestimate winter CO2 outgassing.

Plain Language Summary The Southern Ocean, subjected to strong winds and exhibiting highly
energetic, eddying flows, is a key region for air-sea exchange of carbon dioxide (CO2). Although the impacts on
ocean circulation and mesoscale energetics by current-wind interaction are beginning to be better understood,
it remains unclear how the interaction between the wind and ocean eddies modulates the CO2 exchange. Using
a 1/20° physical-biogeochemical coupled ocean model, we analyze changes in air-sea CO2 flux induced by
current-wind interaction. The interaction reduces CO2 outgassing in winter and slightly increases CO2 uptake in
spring, leading to a 17% reduction in the net CO2 outgassing. The changes are observed mainly to the south of
approximately 55°S. Detailed analysis reveals that the suppression of CO2 outgassing by current-wind coupling
is mainly the result of weaker vertical mixing along with reduced upwelling, which decreases the carbon
concentration at the surface. Our study suggests that ignoring the current-wind interaction in the Southern
Ocean can significantly overestimate CO2 outgassing.
1. Introduction
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The energy input by wind is the greatest in the Southern Ocean (Belmonte Rivas & Stoffelen, 2019; Huang
et al., 2006; Wunsch, 1998). The westerly wind transports the surface water equatorward, which forces the upwelling that brings Circumpolar Deep Water to the surface (Marshall & Speer, 2012; Takahashi et al., 2012;
Tamsitt et al., 2017). The upwelling in turn contributes to the tilt of isopycnals and formation of Antarctic
Circumpolar Current (Allison et al., 2011; Langlais et al., 2015; Wang et al., 2011). A negative wind stress curl
to the south of the maximum westerly wind further creates upwelling through surface divergence (Carranza &
Gille, 2015; Luis & Pandey, 2004), which allows the deep ocean to interact with the atmosphere (Marshall &
Speer, 2012; Sallèe, 2018). Excessive precipitation and sea-ice melting over the Southern Ocean reduces the
salinity of the upwelled water and shapes the characteristics of the Antarctic Intermediate Water. Newly upwelled
water takes up heat from the atmosphere before subducting in the lower latitudes (Abernathey et al., 2016; Durack
et al., 2014; Frölicher et al., 2015; Morrison et al., 2016; Roemmich et al., 2015). Indeed, autonomous profiling
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floats have shown a continued increase of the heat content in the upper 2,000 m of the Southern Ocean in the
last two decades, which can explain the majority of global ocean heat content changes (Llovel & Terray, 2016;
Roemmich et al., 2015).
Upwelling and vertical mixing in the Southern Ocean also plays an important role in the exchange of carbon
dioxide (CO2) between the atmosphere and deep ocean. Since the carbon concentration is greater at depth, upwelling increases dissolved inorganic carbon (DIC) at the surface, leading to release of CO2 to the atmosphere.
Simultaneously, the Southern Ocean uptakes a significant amount of anthropogenic carbon from the atmosphere
when moving to lower latitudes (Khatiwala et al., 2009; Lenton et al., 2013; Mikaloff Fletcher et al., 2006).
Air-sea CO2 exchange in the Southern Ocean is a complicated process. First, it is characterized by strong
seasonality (Brix et al., 2013; Lenton et al., 2006, 2013; Metzl et al., 2006; Takahashi et al., 2002; Thomalla
et al., 2011), stemming from the seasonally varying oceanic partial pressure of CO2 (pCO2) (Brix et al., 2013;
Gruber et al., 2019), with higher values in austral winter than summer. The intense vertical mixing increases the
surface pCO2 in winter, whereas it is lowered by enhanced biological activity in spring (Bakker et al., 1997; Gregor et al., 2018; Gruber et al., 2019; Hales & Takahashi, 2004; Person et al., 2018; Takahashi et al., 2002, 2012).
Since the CO2 flux is determined by the pCO2 difference between the atmosphere and the ocean (Wanninkhof, 1992), the Southern Ocean tends to release CO2 to the atmosphere in winter but exhibits CO2 uptake in summer. Second, CO2 flux displays a latitudinal dependency. An estimation based on autonomous biogeochemical
floats suggests year-round CO2 uptake in the subtropical zone and significant CO2 outgassing between the polar
front and the seasonal sea-ice extent (Gray et al., 2018). In other latitudinal bands, the direction of CO2 fluxes
changes from CO2 uptake in summer to outgassing in winter, although their magnitudes differ. If other data products are considered, the CO2 flux values diverge from the float data outside of the error bars in some cases (Le
Quéré et al., 2018; Takahashi et al., 2009), possibly due to the scarcity of pCO2 observations.
Air-sea interaction in the oceanic mesoscale can impose another layer of complexity to CO2 exchange in the
Southern Ocean. A recent observational study by Pezzi et al. (2021) reports that a warm-core eddy in the southwestern Atlantic Ocean acts as a local source of CO2 to the atmosphere in contrast to the surrounding cold waters,
which are considered as a sink. The sea surface temperature perturbation associated with the mesoscale modifies
the surface wind speed (Chelton et al., 2007; Putrasahan et al., 2013; Samelson et al., 2006; Seo et al., 2007),
which can alter the air-sea CO2 exchange. Also, according to the bulk formulae, the surface wind stress can be
estimated using the difference between the wind at 10 m and the surface ocean current (Large & Yeager, 2004).
Since the surface current is significantly smaller than that of the wind, it is often neglected in the wind stress
calculation. However, previous studies reported considerable changes in the mesoscale activities by “top drag”
effects of the ocean when the surface current is included in the calculation (Dawe & Thompson, 2006; Dewar &
Flierl, 1987; Duhaut & Straub, 2006; Eden & Dietze, 2009; Martin & Richards, 2001; Zhai et al., 2012). In particular, this current-wind interaction, commonly known as the relative wind (RW) effect, leads to the reduction of
eddy kinetic energy (EKE) by at least 10% and as much as 100% depending on the geographic location (Jullien
et al., 2020; Renault et al., 2016; Seo, 2017; Seo et al., 2016, 2019; Zhai & Greatbatch, 2007). In the Southern
Ocean, the RW effect could reduce EKE by approximately 11%–25% (Hutchinson et al., 2010; Song et al., 2020).
The impacts of RW on biogeochemical properties have also been discussed in previous studies. Inclusion of the
surface current creates a wind stress curl over the mesoscale eddies, which results in additional vertical motion
(Gaube et al., 2015), along with anomalous nutrient fluxes and chlorophyll concentrations (Anderson et al., 2011;
Ledwell et al., 2008; McGillicuddy et al., 2007). However, the vertical motion triggered by the wind stress curl
is weaker than that associated with mesoscale or submesoscale processes (Lévy et al., 2001), which also alters
biogeochemical processes such as primary production, biogeochemical fluxes, and community structure (Anderson & Robinson, 2001; Flierl & Davis, 1993; Lévy et al., 2018; Mahadevan & Archer, 2000; Smith et al., 1996;
Yoshimori & Kishi, 1994). Indeed, Eden and Dietze (2009) performed numerical simulations over the North
Atlantic Ocean showing that the inclusion of surface current in the stress calculation does not significantly change
the production or CO2 flux.
The minimal impact of the RW effect on CO2 flux in the North Atlantic (Eden & Dietze, 2009) may not be applicable to the Southern Ocean because they are considerably different with respect to the physical mechanisms
controlling the biogeochemical properties. The cold temperature and predominant upwelling driven by wind
in the Southern Ocean increases the DIC concentration at the surface (Wu et al., 2019). In contrast, the North
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Figure 1. Annual mean wind stress curl in (a) RW and (b) AW. Sea-ice fractions are indicated by the gray scale.

Atlantic can be characterized by downwelling in the subtropical gyre from the surface convergence. Although the
subpolar gyre has upwelling, it does not extend deeper than 1,000 m (Liang et al., 2017). Consequently, the spatially averaged concentration of DIC in the North Atlantic is lower than that in the Southern Ocean at all depths
(Olsen et al., 2020). The vertical gradient of the DIC concentration near the surface, which depends on location,
also needs to be considered when discussing the impact of the RW on the CO2 flux.
The above argument raises a question as to whether the RW effect can alter CO2 flux in the Southern Ocean,
which plays a critical role in the carbon cycle. To address this question, we investigated the impact of the RW
effect on the CO2 flux using a physical-biogeochemical coupled ocean model configured in the Southern Ocean
near the Drake Passage. This model showed that the RW stress tends to reduce the surface pCO2, in particular
near the south of the northern subantarctic front (nSAF) in all months, resulting in reduced net CO2 outgassing. A
DIC budget analysis was further applied to quantify the contributions from varied processes, including advection,
diffusion, and biological sink. The overall result shows that the changes in the air-sea CO2 exchange were found
to be sizable in spite of the relatively small modification of wind stress by the RW effect, demonstrating acute
sensitivity of the air-sea CO2 exchanges to small variation in SO wind fields.
This paper is organized as follows. The configuration of eddy-resolving physical and biogeochemical coupled
model and the experimental settings are presented in Section 2. Section 3 shows the resulting air-sea CO2 exchange in the numerical experiments, which is followed by the analysis of the air-sea CO2 exchange using DIC
and its budget in Section 4. We conclude the study with a discussion in Section 5.

2. Simulation of the Carbon Cycle in the Southern Ocean
2.1. Model Configuration for Carbon Cycle Simulation
Carbon exchange between the atmosphere and the ocean was estimated using a simple biogeochemical model
(Dutkiewicz et al., 2005; Parekh et al., 2006; Verdy et al., 2007) embedded in a regional version of the MIT General Circulation Model (MITgcm) (Marshall, Hill, et al., 1997; Marshall, Adcroft, et al., 1997; Adcroft et al., 1997;
Marshall et al., 1998; Adcroft et al., 2004). In this biogeochemical model, the source/sink of the carbon cycle
consists of six biogeochemical properties. The consumption of carbon in the model is mainly through the marine
net community production (NCP) that is estimated using light, nitrate, and iron as follows.
(
)


NCP = 𝛼

NO3
I
Fe
min
,
,
𝜅I + I
𝜅NO3 + NO3 𝜅Fe + Fe

(1)

𝐴𝐴 κI, 𝐴𝐴NO3 and κFe are half saturation number of light (I),
where, α is the maximum community production rate,
nitrate (NO3), and iron (Fe), respectively. A portion of the NCP is remineralized and transported to the depths,
and the remains enter the dissolved organic field. More detailed aspects of this BGC model configuration can be
found in a previous study (Song, Marshall, Munro, et al., 2016). The model domain includes the Drake Passage,
its upstream and downstream spanning from 160°W to 20°W with a 1/20° interval (Figure 1). The latitudinal
range stretched from Antarctica (75°S) to the subtropical gyre (35°S). The Antarctic Circumpolar Current (ACC)
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penetrates near the center of the model domain from the southeast Pacific through the Drake Passage to the
southwest Atlantic. The ocean was discretized by 50 vertical levels with higher resolution near the surface (10 m).
Surface vertical mixing was estimated using K-profile parameterization (KPP) with the critical Richardson number of 0.3583 (Large et al., 1994). The dynamic and thermodynamic properties of the sea-ice at the southern part
of the domain were calculated in the sea-ice model (Losch et al., 2010).
The physical and biogeochemical states were initialized using the Ocean Comprehensive Atlas (OCCA, Forget, 2010) and a global spin-up run with approximately 1° resolution (Song, Marshall, Follows, et al., 2016),
respectively. These products also provide the monthly averaged boundary conditions, while the ERA-Interim
(Dee et al., 2011) forces the ocean from the surface at every 6 h. The surface forcing includes aerial dust input
that supplies iron (Luo et al., 2008). Iron is also supplied from the sediment, which was parameterized using the
nutrient flux from the bottom layer (Song, Marshall, Munro, et al., 2016). The air-sea carbon exchange,
𝐴𝐴
𝐴𝐴CO2, was
𝐴𝐴
𝐴𝐴CO2 (𝑝𝑝CO𝑎𝑎𝑎𝑎𝑎𝑎
)
calculated using the fixed atmospheric
to
the
pre-industrial
value
(278
ppm),
as
follows:
2
𝐹𝐹CO2 = 𝐾𝐾𝑤𝑤 (1 − 𝐴𝐴𝑆𝑆𝑆𝑆 )(𝑝𝑝CO𝑎𝑎𝑎𝑎𝑎𝑎
(2)
2 − 𝑝𝑝CO2 ),

where ASI is the sea-ice fraction, Kw is the gas transfer velocity (m s−1) calculated using wind speed squared and
sea surface temperature (SST) (Wanninkhof, 1992). The detailed description of the model configuration can be
found in Song et al. (2020).
2.2. Wind Stress Calculation
We investigate the effect of the current-wind interaction on the exchange of CO2 between the atmosphere and the
ocean by comparing two simulations in which only the wind stress calculation differs. The wind stress τ = (τx,
τy) is given by:
𝝉𝝉 = 𝜌𝜌𝑎𝑎 𝐶𝐶𝐷𝐷 (𝐮𝐮𝑎𝑎 − 𝛽𝛽𝐮𝐮𝑜𝑜 )|𝐮𝐮𝑎𝑎 − 𝛽𝛽𝐮𝐮𝑜𝑜 |,
(3)

where ua = (ua,x, ua,y) is the 10 m wind, uo = (uo,x, uo,y) is the surface current, and ρa and CD are the air density
and drag coefficient, respectively. Parameter β was set to 1 in the relative wind simulation (RW) and 0 in the
absolute wind simulation (AW). These two simulations are performed for 4 years, in which the first year is considered as the spin-up period and the following three years are analyzed to quantify the impact of the current-wind
interaction on the exchange of carbon between the atmosphere and the ocean. Including uo in Equation 3 does not
significantly change the large-scale wind stress or wind stress curl fields. The difference in the spatially averaged
wind stress is less than 3% as |ua| > |uo|. However, the RW effect leaves a footprint from the mesoscale (Figure 1).
The RW effect locally enlarges the wind stress curl up by one order of magnitude. The ocean's physical changes
from AW to RW runs are presented in Song et al. (2020) with the identical model setup, which can be summarized
as follows. The EKE is reduced by approximately 24% even at depths below 500 m. Enhanced stratification is
found below the mixing depth that can be attributed to a southward shift of the outcropping latitude for isopycnals
in the RW simulation. Local differences in the mixing depth can be greater than 100 m, but the zonally averaged
mixing depth calculated by the KPP scheme shows insignificant changes in both summer and winter.

3. Changes in the Air-Sea Exchange of CO2 by the Current-Wind Interaction
Our simulation captures the seasonal variability of the air-sea CO2 flux in the Southern Ocean even with rather
simple carbon processes (Figure 2a). The upwelling of carbon-rich waters and deep surface mixing in austral winter increased pCO2 at the surface ocean beyond the atmospheric value, leading to outgassing. This intense mixing
can provide iron to the euphotic layer and fuels the biological productivity and carbon consumption when light
becomes available in spring. This process consequently leads to the oceanic pCO2 decrease and facilitates CO2
uptake by the Southern Ocean. The maximum outgassing is found in winter, with a value of 49 nmol C m−2 s−1,
which is in the same order of magnitude observed based on biogeochemical floats (Gray et al., 2018).
The interaction between the wind and current shifted the spatially averaged CO2 flux curve upward, indicating
suppressed outgassing (negative CO2 flux) in winter and enhanced uptake (positive CO2 flux) in spring (Figure 2a). The largest shift occurs in winter (July-September) when the outgassing is approximately 10% lower in
the RW than in the AW (Figure 2b). In the subtropical gyre and near the ACC, the two simulations show a similar
KWAK ET AL.
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Figure 2. (a) Seasonal cycle of the air-sea CO2 flux at the surface in the RW (blue solid line) and AW (red dash-dotted line) averaged over three years. Positive and
negative values represent the CO2 uptake (from the atmosphere to the ocean) and outgassing (from the ocean to the atmosphere), respectively. The CO2 flux differences
𝐴𝐴 2 ,RW -𝐴𝐴CO2 ,AW ) are shown in (b). The averaged air-sea CO2 flux differences
𝐴𝐴
𝐴𝐴 2 ,RW -𝐴𝐴CO2 ,AW ) in (c) winter (July–September) and (d) summer (December–February).
(𝐴𝐴CO
(𝐴𝐴CO
The solid lines indicate the smoothed nSAF (black is the RW and purple is the AW) in (c, d). The sea-ice fractions are superimposed in (c, d) in the gray scale.

pattern and size of CO2 exchange, with enhanced uptake and reduced outgassing, respectively. However, the RW
model shows reduced outgassing to the south of nSAF (Figure 2c). By contrast, in summer (December-February), the CO2 exchanges in the two simulations are almost indistinguishable (Figure 2d). Although the spatial
distributions of seasonally averaged CO2 fluxes in two simulations look similar, the integrated CO2 exchange over
the entire year in the model domain is 0.081 GtC for the AW model, which is reduced by approximately 17% to
0.067 GtC in the RW model. We expect this estimate to be lower than the observed estimate because of the lower
atmospheric pCO2 value chosen in the experiment compared to the present day.
This shift is primarily due to the lower pCO2 in the RW. Among the variables required in the CO2 flux calculation
𝐴𝐴 and 𝐴𝐴CO𝑎𝑎𝑎𝑎𝑎𝑎
by Equation 2, the simulation uses the same wind speed
values while the SST, sea-ice fraction, and
2
pCO2 are provided from the models at every time step. The SST changes are subtle between the two simulations
(Figure 3c). There is a slight increase in sea-ice concentration in the RW model, resulting in the suppression of
the air-sea carbon exchange. However, its impact is limited in the sea-ice area, and the greater uptake in RW in
KWAK ET AL.
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Figure 3. Hovmöller diagrams of the (a) zonally averaged DIC differences (DICRW - DICAW), (b) pCO2 differences (pCO2,RW- pCO2,AW), (c) SST differences (SSTRW–
𝐴𝐴
SSTAW), and (d) CO2 flux differences
(𝐴𝐴CO𝐴𝐴2 ,RW - 𝐴𝐴CO2 ,AW ) at the surface in the Pacific region of the model domain. Sea-ice covered areas are shown using gray masks.
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spring offset the increased sea-ice fraction. Hence, the CO2 flux reflects the changes in the oceanic pCO2 changes
driven by the current-wind interaction.

4. DIC Changes in the Southern Ocean
4.1. Hovmöller Diagram of DIC
To better understand the spatial temporal dependencies of the CO2 flux changes by RW, we create a Hovmöller
diagram after computing the zonal average of pCO2,RW–pCO2,AW over the Pacific sector of the model domain
(Figure 3b). The largest change is found in the winter months between 55°S and 65°S that is the south of nSAF. A
slight increase of pCO2 in RW occasionally appears to the north of 55°S, but the size of the differences in pCO2
was insignificant (less than 0.2 ppm) in most cases. In the summer months from January to March the decrease
of pCO2 in RW also appeared in a localized region to the south of 65°S near the sea-ice extent. This Hovmöller
diagram (Figure 3b) suggests that the decreased outgassing in RW (Figure 2a) is associated with the decreased
pCO2 near the marginal sea-ice area, especially in the winter months.
We further investigate the changes in DIC to understand the reduced pCO2 in RW. The current-wind interaction
decreases the DIC concentration at the surface in the high latitudes. The Hovmöller diagram shows the decreased
DIC level mainly to the south of nSAF (approximately 55°S) (Figure 3a), which is consistent with the pCO2
changes (Figure 3b). In the winter months, there are visual similarities in the spatial distributions of the changes
in DIC and pCO2 by the RW, suggesting that the reduction of pCO2 originates from the decrease of DIC. However, the changes in DIC do not correspond to those in pCO2 in the summer and early fall months (from January
to April). In fact, the size of the DIC reduction in RW is slightly greater in summer than in winter, which is the
opposite of the case for pCO2 changes. This is because the pCO2 changes are influenced by the subtle differences
in the SST; cooler SST in RW results in lower pCO2 near the sea-ice extent in summer. These results are in agreement with previous studies showing that the non-thermal component DIC dominates the pCO2 in winter, whereas
it is primarily driven by the thermal component in summer (Gruber et al., 2019).
4.2. DIC Budget
We now explore the cause of the DIC changes and associated CO2 flux changes using a budget analysis for DIC
at the ocean surface. The rate of change of DIC is defined by both physical processes and biological source/sink
terms as follows:
(
)
𝜕DIC
𝜕
𝜕DIC
=
−∇
⋅
(𝐮𝐮
DIC)
+
𝜅
+ 𝐹CO2 + 𝑅C∶N 𝑆NO3 + 𝑆C + 𝑉CO2 ,
(4)


𝜕𝑡

𝜕𝑧

𝜕𝑧

𝐴𝐴
𝐴𝐴CO2 is the air-sea flux of CO2 calculated
where u is a three-dimensional velocity field, κ is the vertical diffusivity,
𝐴𝐴 and 𝐴𝐴NO3 and SC are the
by Equation 2, RC:N is the biological transformation ratio between carbon and nitrogen,
𝐴𝐴
𝐴𝐴CO2 is the virtual flux of CO2 and represents
sources and sinks of soft tissue and calcium carbonate, respectively.
the concentration diluted through freshwater flux. Virtual flux shows negligible differences between two runs
when compared with other terms and, hence, is not analyzed. The terms in Equation 4 are calculated online at
every time step, which allows us to close the budget (Figure S1 in Supporting Information S1); however, 5-day
mean values are considered in the analysis (Figure S2 in Supporting Information S1).
(
)
𝜕
𝜅 𝜕DIC
The DIC budget analysis clearly shows that the differences in the supply of carbon through 𝜕𝑧
that
𝜕𝑧

includes vertical mixing, diffusive processes, and convection creates the DIC differences and the air-sea CO2
flux
( (Figure
) 4). The vertical mixing increases DIC by providing carbon-rich water to the surface with a positive

𝜕
𝜕𝑧

𝜅 𝜕DIC
. DIC is decreased in the RW simulation, indicating the reduced carbon supply by vertical mixing
𝜕𝑧

when the current-wind interaction is considered (Figure 4c). The spatially averaged vertical mixing term in RW
is reduced by up to 21%. The difference in the vertical mixing term shows similar seasonal variability as found for
the air-sea CO2 exchange (Figure 2b), suggesting that the changes in CO2 flux are largely driven by the changes
in the supply of DIC by vertical mixing.

The advection and biological source/sink terms are also affected (Figures 4b and 4d), although their changes are
smaller compared with those in the vertical mixing and CO2 flux terms. In addition, the positive differences in
advection and biological source/sink terms imply that these terms tend to make the DIC concentration higher in
KWAK ET AL.
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Figure 4. Differences between RW and AW (RW–AW) in (a) ∂DIC/∂t, (b) advection, (c) diffusion (mixing), and (d)
biological source/sink terms in the DIC budget analysis over the Pacific region of the model domain.

RW than in AW, which is contrary to the reduced pCO2 results in the RW simulation compared to the AW simulation. For example, the change in the biological source/sink term suggests elevated biological activities in AW,
leading to greater tendency to lower DIC concentration, particularly in spring and summer. However, the DIC
concentration in the corresponding period is higher in AW than RW, which cannot be explained by biological
activities. Hence, the advection and biological source/sink are not considered in the analysis.
The DIC budget analysis suggests that the weakening of the upward flux of carbon by vertical mixing is the
primary reason for the lower DIC and pCO2 and less wintertime CO2 outgassing in the RW. The carbon supply
by vertical mixing was computed using the vertical diffusivity (κ) and the vertical gradient of DIC. The latter
is almost identical near the surface in the two simulations in winter. In contrast, the zonally averaged κ is larger
in AW to the south of 55°S as inferred by the deeper mixing depth (Figure 5b). Hence, we argue that the lower
level of DIC in RW originates from the weaker vertical mixing, which affects both pCO2 and CO2 outgassing. In
the following subsection, we describe further analyses of the vertical cross section of DIC to explore the detailed
processes from the smaller κ to lower DIC in RW.
4.3. Changes in the DIC Vertical Distribution by the Current-Wind Interaction
We found that the largest change in pCO2 mainly occurred to the south of nSAF. This region includes the latitudinal band where westerly winds in the middle latitudes become polar easterlies. The northward and southward
Ekman transports driven by the westerlies and easterlies, respectively, induce divergence near the surface and
upwelling of carbon-rich water. The presence of sea-ice also triggers the effective divergence at the surface. The
momentum transfer from the atmosphere to the ocean is reduced by sea-ice, and the equatorward Ekman transport
occurs to the north of the sea-ice extent, providing a favorable condition for upwelling.
KWAK ET AL.
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Figure 5. Averaged vertical structure during the winter (a) and summer (b). The solid lines indicate the DIC isopleth (red is the AW and blue is the RW). The dashed
lines indicate the mixing depth. Triangles indicate the nSAF (red is the AW and blue is the RW). Shading indicates the DIC differences (RW–AW).

In summer, the DIC isopleths in RW are relatively deeper than those in AW, suggesting weaker upwelling (Figure 5a). This can reduce the chance of outcropping of DIC isopleths and the surface DIC concentration in RW. In
fact, the reduction of DIC is the greatest in summer (Figure 3b), although it does not induce the largest changes
in pCO2 and CO2 flux because of the dominance of the thermal component (Gruber et al., 2019). The mixing
depth is confined within the top 20 m near the sea-ice extent in summer, making little impact on the DIC concentration. The DIC budget analysis also indicates the limited role of vertical mixing in causing the changes in DIC
in summer (Figure 4c).
The wintertime DIC distributions show that the reduced DIC concentration to the south of nSAF in RW was due
to the horizontal displacement of DIC isopleths (Figure 5b). The outcropping latitude of the DIC isopleth corresponding to 2.175 mol C m−3 in AW was near 61°S that is approximately 1° further north than found in RW. The
DIC isopleths in both simulations under the sea-ice are indistinguishable and those to the north of 55°S are close
to each other, which is consistent with the localized DIC changes observed with the current-wind interaction.
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The reduced vertical mixing to the south of nSAF contributes to the lower DIC concentration in RW. Although
the spatial mean mixing depth in AW and RW are similar; the AW simulation shows a slightly deeper mixing
depth by up to roughly 10 m (dashed lines in Figure 5). This enhanced vertical mixing increases the DIC concentration at the surface. The lower DIC concentration in RW is confined within the mixing depth; the RW has a
higher concentration of DIC than AW below the mixing depth near 65°S. This dipole pattern also suggests that
the reduced vertical mixing in RW is the primary reason for the reduced DIC supply to the surface (Doddridge
et al., 2021).
Weaker wintertime vertical mixing and upwelling in the RW are reinforced by the reduced upwelling in summer
to result in a 17% reduction in the net CO2 outgassing. The weaker wind stress and surface divergence to the
south of nSAF place the DIC isopleths deeper than those in AW during spring and summer when the mixing
depth occupies only top 10–20 m of the ocean. When the surface mixing intensifies and the DIC isopleths start
to outcrop, these processes are delayed in RW compared with those in AW as the DIC isopleths are at a deeper
level and vertical mixing is weaker. This possibly explains negligible DIC changes between the RW and AW in
the subtropical ocean where the surface ocean is not preconditioned by upwelling of carbon-rich water in summer.

5. Discussion and Conclusion
The mechanical coupling through the current-wind interaction is capable of producing different both physical
(e.g., decreased EKE) and biogeochemical ocean states compared to when this interaction is omitted. In this
study, we investigate the changes in CO2 flux due to the current-wind interaction in the Southern Ocean and their
possible causes. We integrated two configurations of a high-resolution (1/20°) coupled physical-biogeochemical
model near the Drake Passage in the Southern Ocean, in which the inclusion of the current-wind interaction is the
only difference and analyzed the CO2 flux changes using DIC budget analysis.
The comparison of the absolute wind (AW, no consideration of surface current in the calculation of wind stress)
and relative wind (RW, inclusion of surface current in the calculation of wind stress) simulations show sizable
differences in air-sea CO2 exchange in the Southern Ocean, mainly stemming from the reduced pCO2 in RW.
The current-wind interaction reduced the contribution of the non-thermal component, DIC, to pCO2 all year
round, resulting in less outgassing in winter and more uptake in spring. Although the pCO2 changes particularly
stand out in winter, the decrease in DIC concentration in RW is greater in summer. However, differences in the
SST limit the pCO2 change in summer, as the thermal component is more important in this period. The annual
integration of CO2 flux suggests the net outgassing of 0.067 GtC with the current-wind interaction, which is 17%
less than that in AW.
The air-sea CO2 exchanges in the subtropical gyre region are similar in RW and AW, which is consistent with the
previous study (Eden & Dietze, 2009) but becomes distinct to the south of northern Subantarctic Front (nSAF) as
depicted in Figure 6. In this region, the DIC isopleths outcrop, creating a direct pathway for exchanges between
the surface ocean and subsurface that is relatively rich in DIC. In RW, the outcropping latitudes are south of those
in AW, indicating weaker Ekman transport due to reduced wind stress (dashed arrows in Figure 6). Weaker wind
stress and reduced upwelling in RW also modify the DIC distribution in the interior oceans. The DIC isopleths
are positioned at a slightly greater depth in RW, thereby reducing the upward flux compared with that in AW with
similar size of surface vertical mixing, which is the case in summer. The DIC budget analysis indicated that the
vertical displacement of the DIC isopleths to a shallower depth in RW preconditions the reduced DIC supply by
vertical mixing in winter. These contributions from reduced upwelling and weaker vertical mixing reinforce each
other to reduce the net CO2 outgassing.
The DIC budget analysis also suggested systematic reduction of DIC consumption by biological activities with
current-wind interaction. The Southern Ocean is a high-nutrient low-chlorophyll environment where the iron supply can promote primary production with sufficient solar irradiance. As vertical mixing is one of the important
processes in supplying iron, the weaker vertical mixing in the RW in winter lowers the iron vertical flux, leading
to less biological activity and less DIC consumption as solar irradiance increases in spring and the mixing depth
shoals. Although this tends to elevate the DIC concentration in RW, its size is smaller than the change induced by
vertical mixing, and pCO2 changes follow the SST differences in two simulations.
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Figure 6. Schematic diagram depicting the effect of DIC concentration on the surface pCO2 for the Pacific sector of the Southern Ocean. The westerlies wind stress is
indicated by dashed lines (red is the AW and blue is the RW), the purple solid line is the nSAF, the gray shading at the surface shows pCO2 differences (RW–AW), and
the red to blue shading shows DIC differences (RW–AW).

Although we find the sizable changes in the air-sea CO2 exchange by the current-wind interaction, there are notable limitations in the study. The current-wind interaction can affect the air-sea CO2 exchange by modifying both
the piston velocity and pCO2, but the piston velocity was fixed in our experiment. The impact of SST perturbation
on the surface wind, as well as the modulation of the surface wind by ocean current (Renault et al., 2016), can also
adjust the piston velocity, which is not considered in our study. Additionally, Renault et al. (2016) note that the
wind response to the current results in a partial re-energization of the ocean currents, suggesting that expressing
the relative wind effect using α in Equation 3 is an oversimplification. Hence, it is necessary to investigate CO2
flux exchanges more accurately using the coupled eddy-resolving ocean-atmosphere model with a biogeochemical model, which fully implemented the RW effect in the biogeochemical processes.
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In our study area upstream of the Drake Passage over the Pacific, the latitudes of the wintertime intense vertical
mixing are found near 55°S, which is farthest to the south than other ocean basins. This provides a favorable
condition for DIC changes because the reduced upwelling and vertical mixing reinforce each other to the south of
nSAF. However, this may not be the case in the Atlantic Ocean, which lacks intense wintertime vertical mixing,
and in the Indian Ocean where the deep MLD is separated from the sea-ice extent region with stronger upwelling.
Hence, it would be worthwhile to investigate whether and how the current-wind interaction can modify the air-sea
CO2 exchange in other basins.
Nevertheless, our study suggests that if the current-wind interaction is ignored in the model simulation, the pCO2
can be overestimated to the south of nSAF in the Southern Ocean due to excessive upwelling and vertical mixing.
This means that the Southern Ocean would be less effective in lowering pCO2 in the atmosphere by both outgassing more carbon in winter or taking up less carbon in spring. This change in air-sea CO2 exchange is significant
considering only the south of nSAF contributes to this change with the undetectable difference in CO2 in the
mid-latitude. The full examination of the effect of air-sea interactions on the carbon exchange will be followed.
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