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Mesoscale eddy effects on
sea-air CO, fluxes in the
northern Philippine Sea

Dongseon Kim*, Seon-Eun Lee, Sosul Cho, Dong-Jin Kang,
Geun-Ha Park and Sok Kuh Kang

Marine Environment and Climate Research Division, Korea Institute of Ocean Science &
Technology, Busan, South Korea

To determine the effects of mesoscale eddies on sea-air CO, flux, we
investigated the surface fugacity of CO, (surface fCO,) distribution in the
northern Philippine Sea, where mesoscale eddies are common. Surface fCO,
showed large spatial variations, such that values were high in the non-eddy and
cyclonic eddy regions, while they were low within the anticyclonic eddy. The
maximum fCO, was observed in the non-eddy region; higher fCO, values were
observed in the area surrounding the cyclonic eddy than at the center of the
cyclonic eddy. Within the cyclonic eddy, the contribution of dissolved inorganic
carbon (DIC) enrichment because of upwelling was considerably offset by
cooling. In the non-eddy region, the contribution of DIC enrichment from
upwelling was rarely offset by cooling; thus, the maximum fCO, was observed
in the non-eddy region. Surface fCO, showed a robust correlation with sea
surface temperature (SST) within the cyclonic and anticyclonic eddies, but it did
not display any correlation in the non-eddy region. Temperature was a major
factor that controlled surface fCO, in the anticyclonic eddy, but this effect was
absent in the cyclonic eddy. Temperature-normalized fCO, exhibited a clear
negative relationship with SST in the cyclonic eddy and the non-eddy region,
indicating that surface fCO, was considerably affected by the upwelling of
high-fCO, deep water in both regions. Sea-air CO, fluxes ranged from 0.011 to
9.92 mmol m2 day ™ and all values were positive, indicating that the entire
study area acted as a CO, source during the research period. The estimated
mean sea-air CO, fluxes in the cyclonic eddy, anticyclonic eddy, and non-eddy
region were 110 + 0.75, 0.64 + 0.66, and 142 + 1.12 mmol m2 day'l,
respectively. The sea-air CO, fluxes considerably varied according to eddy
type; they were almost twofold higher in the cyclonic eddy than in the
anticyclonic eddy. In the cyclonic eddy and non-eddy regions, upwelling
caused surface fCO, to increase, thereby increasing sea-air CO, flux.
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Introduction

The Philippine Sea is a marginal sea bounded by the
Philippines and Taiwan to the west, the Ryukyu Island arc to
the north, and the Izu-Mariana Ridge to the east (Ramp et al.,
2017). This sea is oceanographically bounded by the North
Equatorial Current to the south, Kuroshio Current to the west,
and Ryukyu Current to the north (Yaremchuk and Qu, 2004;
Andres et al., 2008; Ramp et al., 2017). The Subtropical Counter
Current (STCC) flows eastward in the Philippine Sea; it is
present at shallow depths (~100 m) around 17-27°N latitude
and 130-180°E longitude (Chang and Oey, 2014). The STCC
region contains cyclonic and anticyclonic eddies with diameters
of ~300 km that propagate westward at approximately 8-10 km
day™ (Chelton et al, 2011). These STCC eddies have large
impacts on ocean circulation in the western North Pacific
Ocean (Zhang et al., 2001; Miyazawa et al., 2008; Sheu
et al., 2010).

In the open ocean, mesoscale eddies have considerable
impacts on surface fugacity of CO, (fCO,) and sea-air CO,
flux (Mahadevan et al., 2004; Gonzalez-Davila et al., 2006; Chen
et al., 2007; Song et al., 2016; Moreau et al.,, 2017; Orselli et al,,
2019). In cyclonic eddies, the uplift of subsurface waters may
initially increase surface fCO,, but this increase is largely offset
by the lower temperature and biological productivity of the
uplifted waters (Mahadevan et al., 2004); they have suggested
that the vertical transport of dissolved inorganic carbon (DIC),
temperature, and nitrate, as well as their contributions to surface
fCO,, mainly depend on their vertical gradients below the mixed
layer. In the subtropical North Pacific Ocean, a negative
relationship between sea surface temperature (SST) and
surface fCO, is observed in a cold cyclonic eddy; the
magnitude of the CO, sink decreases by 17% with the passage
of a mesoscale cyclonic eddy (Chen et al, 2007). In the
subtropical North Atlantic Ocean, surface fCO, is 15 patm
lower inside the cyclonic eddy than in surrounding waters
(Gonzalez-Davila et al., 2006). In the South Atlantic Ocean,
anticyclonic eddies serve as CO, sinks relative to the
surrounding waters (Orselli et al,, 2019). In the Southern
Ocean, eddy effects on sea-air CO, fluxes are rather complex;
compared with cyclonic eddies, anticyclonic eddies take up more
CO, during summer (this relationship is reversed in winter), and
anticyclonic eddies exhibit more outgassing than do cyclonic
eddies (Song et al., 2016). In the open ocean, therefore, the
impacts of mesoscale eddies on sea-air CO, fluxes are not
simple; the overall sign and magnitude depend on a complex
balance of physical and biological processes.

Several researchers have reported that surface fCO, is nearly
equilibrated with atmospheric CO, in the Philippine Sea;
therefore, the sea-air CO, flux is near zero (Inoue et al., 1995;
Ishii et al., 2001; Takahashi et al.,, 2009; Ishii et al., 2014;
Yasunaka et al., 2019). No zonal survey of surface fCO, has
been conducted in the STCC region of the Philippine Sea where
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both cyclonic and anticyclonic eddies are abundant. These
mesoscale eddies can affect the zonal distribution of surface
fCO, and sea-air CO, flux in the Philippine Sea. In this study, we
conducted a zonal survey of surface fCO, in the northern
Philippine Sea where cyclonic and anticyclonic eddies
frequently occur. We identified the major factors that control
surface fCO, in the northern Philippine Sea. In addition, we
explored how surface fCO, was affected by changes in SST, sea
surface salinity (SSS), DIC, and total alkalinity (TA). Finally, we
characterized the sea-air CO, flux in cyclonic eddy, anticyclonic
eddy, and non-eddy regions to elucidate the effects of mesoscale
eddies on sea-air CO, flux in the northern Philippine Sea.

Materials and methods

This study was conducted on the R/V ISABU in the
northern Philippine Sea from September 14th to 23rd, 2017
(Figure 1). Underway samples were collected using the flow-
through system onboard R/V ISABU. Surface fCO, was
obtained from a commercial underway pCO, system (Model
8050, General Oceanics Inc., FL, USA) equipped on the vessel;
the system consisted of a non-dispersive infrared analyzer (Li-
7000, LI-COR Inc., NE, USA) connected through an 8-port
switching valve to three types of gases (standard gases, ambient
air, and air equilibrated with flowing seawater). The analyzer
was calibrated at 14-h intervals using three standard gases with
different CO, concentrations (202, 350, and 447 ppm in dry
air) after it had been zeroed and spanned using ultra-high-
purity standard N, gas (zero-CO, gas) and 447-ppm CO,
standard gas, respectively. The system was operated on the
following cycle: 3 standard gases, 10 measurements of ambient
air, 40 measurements of air equilibrated with seawater, and 3
repeats of all previous measurements except the standard gases.
CO, measurement was conducted in mole fraction in dry air
(xCO;) mode at 4-min intervals, then converted into fCO,
through correction for non-ideality and water vapor fraction
based on the method established by Pierrot et al. (2009).
Because atmospheric and seawater CO, measurements were
not conducted concurrently, the atmospheric CO, value
associated with each seawater measurement was linearly
interpolated from the two nearest atmospheric measurement
sets. Underway SST and SSS data were obtained alongside CO,
measurements using a digital thermometer (SBE-38, Sea-Bird
Scientific, WA, USA) and a thermosalinograph (SBE-45, Sea-
Bird Scientific), respectively, installed near the seawater intake
of the vessel.

Vertical profiles of temperature and salinity were measured
with a calibrated conductivity-temperature-depth/pressure
recorder (SBE-911; Sea-Bird Electronics Inc., WA, USA) at
29 stations (Figure 1). Seawater samples were collected for the
measurement of DIC, TA, nitrate+nitrite (hereafter referred to
as nitrate), and chlorophyll-a using a rosette sampler with 10-L
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FIGURE 1

Map of the study area and locations of sampling stations overlaid on mean sea surface height anomaly and geostrophic velocity in the northern
Philippine Sea from September 14th to 23rd, 2017. Red color indicates an anticyclonic eddy, and blue color indicates a cyclonic eddy.

Niskin bottles mounted on the conductivity-temperature-
depth/pressure assembly. DIC concentrations were
determined using the VINDTA 3D system (Marianda, Kiel,
Germany) coupled to a CO, coulometric titrator (Model 5011:
UIC, Inc., Joliet, IL, USA). TA concentrations were determined
with a potentiometric titration system (AS-ALK2, Apollo
SciTech LLC, DE, USA). The measurement uncertainty of
DIC and TA was evaluated on a daily basis using certified
reference materials provided by the Scripps Institution of
Oceanography (University of California, San Diego, CA,
USA). The precisions of DIC and TA were + 2 pmol kg
and + 3 pumol kg™, respectively. Nitrate concentrations were
measured using a four-channel continuous auto-analyzer
(QuAAtro 39, Seal Analytical Inc.,, Germany). Reference
materials for nitrate in seawater provided by “KANSO
Technos” (Lot. No. “BV”) were measured alongside
standards in each batch. The analytical error for nitrate was
+ 0.14 pmol kg'. Water samples for chlorophyll-a analysis
were filtered through GF/F filters (47 mm, Whatman).
Chlorophyll-a concentrations were determined using
extracted filtrate mixed with 90% acetone for 24 h shipboard
with a fluorometer (Trilogy; Turner Designs, USA) that had
been previously calibrated against pure chlorophyll-a
(Sigma, USA).

Temperature-normalized surface fCO, values were
calculated by normalizing surface fCO, based on temperature
to examine the effects of SST on the distribution of surface fCO,,
as suggested by Takahashi et al. (1993), using the following
equation:

Temperature — normalized surface fCO,

surface fCO, exp[0.0423(SSTyer — SSTheas)] (1)

where 0.0423 is the thermodynamic coefficient (Takahashi
et al,, 1993), SST,yer is the average of all underway SST
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measurements within the study area (30.1°C), and SST e is
the observed value for each CO, measurement.

Sea-air CO, flux was calculated using the following
equations:

Sea — air CO,flux

= kK (surface fCO, - atmospheric fCO,) (3)

k= 0.251 U2;(Sc/660)™"* (4)

where k and K, are the gas transfer velocity and the solubility
coefficient of CO, in seawater, respectively (Weiss, 1974). For the
coefficient k, we used the constant value (0.251) from the
formulation of Wanninkhof (2014). U,y and Sc indicate wind
speed collected at 10 m altitude and the Schmidt number,
respectively. Wind speed data were obtained from an
automatic weather station installed on R/V ISABU during
underway CO, measurement.

Daily mean satellite altimeter gridded sea level anomaly data
with 0.25° x 0.25° spatial resolution were used to examine the
appearance and movement of eddies; they were obtained from a
data product estimated through the optimal interpolation
method, which merged available measurements from multiple
altimeter missions. These data are available online from the
Copernicus Marine Service (https://marine.copernicus.eu).

Results

In the study area, two eddies (cyclonic and anticyclonic)
were identified on the basis of sea surface height anomaly
(SSHA) during the research period (Figure 1). SSHA is
negative for a cyclonic eddy, whereas it is positive for an
anticyclonic eddy. The cyclonic eddy propagated westward at a
rate of 8 km day™, while the anticyclonic eddy propagated
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southwestward at a rate of 6 km day’ during the research
period. The widths of the anticyclonic and cyclonic eddies had
ranges of 400-440 km and 120-160 km, respectively, during the
research period (Figure 1). The anticyclonic eddy was stronger
than the cyclonic eddy. Surface waters in the cyclonic eddy were
typically colder and more saline, while they were warmer and
fresher in the anticyclonic eddy (Figures 2A, B). Surface fCO,
ranged from 384.2 to 406.7 patm, with a mean of 393.2 patmy;
atmospheric fCO, varied from 379.2 to 383.1 patm, with a mean
of 381.2 patm. Lower surface fCO, was observed in the
anticyclonic eddy containing fresher and warmer waters
(Figure 2C). The cyclonic eddy, with saltier and colder waters,
showed moderate surface fCO, (395-400 patm). Higher surface
fCO, (> 400 patm) was found in the area surrounding the
cyclonic eddy (Figure 2C). Surface DIC concentrations ranged
from 1902 to 1963 pmol kg™, with higher values in the cyclonic
eddy and lower values in the anticyclonic eddy (Figure 2D).
Surface TA displayed a distribution pattern similar to DIC, with
a concentration range of 2237-2288 umol kg™ (Figure 2E).

17°N

127°E 128°E 129°E 130°E 131°E 132°E 133°E 134°E

E TA [umol kg]

FIGURE 2

Surface distributions of temperature (A), salinity (B), fCO2 (C), DIC (D), TA (E), and salinity-normalized TA (nTA, F) in the study area. Underway
and discrete measurements are shown in white lines (A—C) and black dots (D, E), respectively.

Frontiers in Marine Science

2290

2280

2270

2260

2250

2240

2230

04

21°N +

10.3389/fmars.2022.970678

The vertical distributions of temperature, salinity, seawater
density, DIC, TA, nitrate, and chlorophyll-a were plotted along
the 19.5°N transect, where both cyclonic and anticyclonic eddies
were observed (Figure 3). The upper layer from the surface to
200 m was warmer and less salty in the anticyclonic eddy than in
the cyclonic eddy (Figures 3A, B). The uplifted structure of the
cyclonic eddy was clearly observed from the vertical distributions
of temperature, salinity, and seawater density, whereas a
downwelled structure was observed in the anticyclonic eddy.
DIC concentrations generally showed low values (< 1940 pumol
kg') within the upper 50 m of the anticyclonic eddy; these low
values were associated with low salinity in this layer (Figure 3D).
The DIC concentration was approximately 40 ttmol kg™ higher at
50 m of water depth in the cyclonic eddy than at the same depth in
the anticyclonic eddy. DIC exhibited a distinct downwelling
pattern within the 300 m water depth of the anticyclonic eddy.
TA displayed a vertical distribution similar to DIC, with a
downwelling pattern within the upper 300 m of water in the
anticyclonic eddy (Figure 3F). Nitrate was completely depleted
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FIGURE 3
Vertical distributions of temperature (A), salinity (B), seawater density (C), DIC (D), TA (E), fCO2 (F), nitrate (G), and chlorophyll-a (H) along the
19.5°N transect. Open diamonds indicate sampling depths.

within the upper 100 m of the water column in the study area, Discussion

with extremely low concentrations (< 1.0 umol kg, Figure 3G).

Nitrate showed a downwelling pattern below 150 m in depth Major factors controlling the surface
within the anticyclonic eddy. Chlorophyll-a concentrations were fCO, distribution

rather low (< 0.1 mg m™) and uniform within the upper 80 m of

water (Figure 3H). A subsurface chlorophyll maximum was In the open ocean, surface fCO, generally exhibits a
observed at the depth of 130 m in the anticyclonic eddy and at significant correlation with SST (Stephens et al., 1995; Bates
100 m in the cyclonic eddy. et al., 1998; Nelson et al., 2001; Takahashi et al., 2002; Olsen
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et al., 2004; Chen et al., 2007; Parard et al., 2016). However, in
the study area, surface fCO, was not strongly correlated with
SST; there was considerable variation in the data (Figure 4A).
We divided the study area into three regions on the basis of
SSHA: cyclonic eddy (SSHA < —0.1 m), anticyclonic eddy (SSHA
> 0.1 m), and non-eddy (0.1 m < SSHA < 0.1 m). Surface fCO,
exhibited a significant correlation (r = 0.75, p < 0.001) with SST
within the cyclonic eddy (Figure 4B) and a relatively strong
correlation (r = 0.61, p < 0.001) within the anticyclonic eddy; it
did not exhibit a correlation in the non-eddy region (Figure 4B).
These results substantially differ from findings in the subtropical
northeastern Pacific, where surface fCO, showed a positive
linear relationship with SST outside of a cyclonic eddy and a
negative relationship with SST within the cyclonic eddy (Chen
et al, 2007). This discrepancy was presumably related to
different vertical gradients of temperature and DIC below the
mixed layer in these two areas; such gradients drive the vertical
transport of temperature and DIC (Mahadevan et al., 2004).

Surface fCO, was positively linearly correlated with SST
within the anticyclonic eddy, such that its values were
positioned along two lines (Figure 5). These two lines were
separated by approximately 5 patm of surface fCO, at a given
SST. The slopes (dInfCO,/dT) of those two lines were identical
(0.0358), which was similar to the isochemical trend (0.0423)
identified by Takahashi et al. (1993); the findings suggested
that temperature was a major factor controlling surface fCO,
within the anticyclonic eddy. The two lines were separated
according to latitude; the upper line was located along the 20.5°
N transect, while the lower line was located at the 18.5 and
19.5°N transects. SSS did not considerably differ between the
two transects, but surface DIC concentrations were slightly
higher along the 20.5°N transect than along the 18.5 and 19.5°
N transects (Figure 2D); thus, fCO, of the upper line was 5
patm higher at a given SST, compared with fCO, of the
lower line.
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Surface fCO, was also positively correlated with SST within
the cyclonic eddy (Figure 4B), with a slope (dlnfCO,/0T) of
0.0128, which was much lower than the isochemical trend
(0.0423); this finding suggested that temperature was not a
major factor controlling surface fCO, within the cyclonic eddy.
In the plot of temperature-normalized fCO, at 30.1°C vs. SST, a
negative relationship was clearly present within the cyclonic
eddy (Figure 6A). This negative relationship within the cyclonic
eddy may be attributed to the upwelling of high-fCO, deep
water. The highest temperature-normalized fCO, value (428.4
patm) was observed at the minimum temperature (28.2°C),
which was found at the center of the cyclonic eddy. The
temperature-normalized fCO, value increased by 30.4 patm
from a mean value of 398.0 patm in the non-eddy region to
the maximum value of 428.4 patm within the cyclonic eddy
because of the upwelling of cold high-fCO, deep water. When
this cold high-fCO, deep water reached the surface and flowed
away from the eddy center, it mixed with warm low-fCO,
surface water; thus, temperature-normalized fCO, decreased
with increasing SST. In addition, temperature-normalized
fCO, decreased because of CO, efflux and biological uptake
(Takahashi et al.,, 2002; Chen et al., 2007). The cyclonic eddy
showed positive AfCO, values (surface fCO, - atmospheric
fCO,), with a range of 5.2-24 patm (Figure 7A); this finding
indicated that CO, was outgassed in the study area in September
2017. Thus, the temperature-normalized fCO, might be reduced
because of CO, efflux. Biological uptake is an important driver of
decreased surface fCO, in the ocean. The upwelling of nitrate-
enriched deep water may enhance biological production because
nitrate is completely depleted in the surface water (Figure 3G)
and DIC is consumed during biological uptake fueled by
upwelled nitrate, which causes surface fCO, to decrease. In the
study area, nitrate concentrations were extremely low (< 1.0
umol kg') within the upper 100 m of the water column and
showed no uplifted structure (Figure 3G). In addition,

410
R =0.75
405+ (p < 0.001)_.
400
3951
390 - p
4 » Cyclonic Eddy
385+ R = 0.61 Non-Eddy
(p < 0.001) + Anticyclonic Eddy

380

28 29 30 31 32

SST [°C]

Plots of fCO, vs. SST in the study region (A) and three subregions (B); cyclonic eddy, anticyclonic eddy, and non-eddy. Blue dots indicate a
cyclonic eddy, green dots are hon-eddy region, and red dots are an anticyclonic eddy. Dotted lines indicate linear regressions in the cyclonic

and anticyclonic eddies.
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FIGURE 5
Plots of fCO, vs. SST in the anticyclonic eddy. Solid lines indicate
linear regressions at 20.5°N and 18.5°N-19.5°N transects.

chlorophyll-a concentrations were rather low (< 0.1 mg m™) and
uniform within the upper 80 m of the water column (Figure 3H).
Thus, biological uptake may not considerably influence the
temperature-normalized fCO, decrease in the study area.

In the non-eddy region, temperature-normalized fCO, also
showed a negative relationship with SST (Figure 6B). This negative
relationship indicated that the non-eddy region was affected by the
upwelling of high-fCO, deep water. Higher temperature-
normalized fCO, values were found in the area surrounding the
cyclonic eddy. Chen et al. (2007) observed that temperature-
normalized pCO, values were nearly independent of the
temperature outside the cyclonic eddy in the subtropical
northeastern Pacific Ocean; they suggested that temperature was
a major factor controlling surface pCO, in that region. Thus, surface
pCO, behavior in the subtropical northeastern Pacific Ocean
markedly differed from surface pCO, behavior in our study area
(the northern Philippine Sea), where temperature was not a major
factor controlling surface fCO, outside of the cyclonic eddy. In our
study, we found that the upwelling of high-fCO, deep water
considerably influenced surface fCO, in the area surrounding the
cyclonic eddy. The cyclonic eddy propagated westward at a rate of
8 km day . The area surrounding the cyclonic eddy may be affected
by the upwelling of high-fCO, deep water; this possibility was
corroborated by the observation of elevated temperature-
normalized fCO, values only in the area surrounding the cyclonic
eddy. In the the anticyclonic eddy, most temperature-normalized
fCO, values were present within the narrow SST range of 30-31°C,
and a weak negative relationship with SST was
observed (Figure 6C).

Spatial variations of surface fCO,

Surface fCO, showed high spatial variability, such that
values were high in the non-eddy region and anticyclonic
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FIGURE 6

Plots of temperature-normalized fCO2 vs. SST in the cyclonic
eddy (A), non-eddy region (B), and anticyclonic eddy (C). Solid
lines indicate linear regressions.

eddy, while they were low within the cyclonic eddy
(Figure 2C). The maximum fCO, was observed in the non-
eddy region, which was located at the center of the study area
(Figure 2C). Indeed, elevated surface fCO, was observed in the
area surrounding the cyclonic eddy, but it was absent from the
center of the cyclonic eddy (Figure 2C). The upwelled water
enriched in DIC had a high fCO, value, but its impact was
offset by the low temperature of the upwelled water. To
determine the effect of upwelling on surface fCO, in the
cyclonic eddy and non-eddy regions, we explored the effects
of changes in SST, SSS, DIC, and TA on surface fCO, by using
the following equation (Takahashi et al., 1993; Sarmiento and
Gruber, 2006);
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FIGURE 7

Spatial distributions of AfCO,(A), wind speed (B), and sea-air CO,
fluxes (C) in the northern Philippine Sea from September 14th to
23rd, 2017.
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The equation used by authors (p. 7) is valid only along the water
pathway (Lagrangian approach). The presented equation takes into
account the changes in the seawater pCO2 due to evaporation/
precipitation, warming/cooling, and photosynthesis/organic matter
degradation. But it does not take into account the changes in the
seawater pCO2 due to mixing (horizontal and vertical) with the
water masses of different origin and different initial (pre-formed)
values of pCO2 (T, S, TA, DIC). It's necessarily to add some
contents on cyclone and anticyclone water origin.

Anaswer: The changes in the seawater pCO, due to mixing
(horizontal and vertical) with the water masses make the

Frontiers in Marine Science

08

10.3389/fmars.2022.970678

changes in the DIC concentrations, and thereby, we can
calculate the pCO, changes due to mixing from the DIC
changes by using the Revelle factor. Thus, this equation takes
into account the changes in the seawater pCO, due to mixing
(horizontal and vertical) with the water masses.

where B is approximately 0.0423°C™", v is 1.0, ypc is 9.5, and
Yra is —8.9 (Sarmiento and Gruber, 2006). Assuming that
upwelling was not active in the anticyclonic eddy, that eddy
would be served as a reference point for the comparison of
OfCO, values between the cyclonic eddy and non-eddy regions.
Thus, the observed 3fCO, values in the cyclonic eddy were fCO,
differences between the cyclonic eddy and the anticyclonic eddy
(Table 1). The observed 8fCO, values in the non-eddy region
were fCO, differences between the non-eddy region and
anticyclonic eddy (Table 2). The observed §fCO, values closely
aligned with the §fCO, values calculated from 8SST, 8SSS, 8DIC,
and 8TA in both the cyclonic eddy and non-eddy regions
(Tables 1, 2). The differences between the observed §fCO, and
calculated 8fCO, values were < 10% (Tables 1, 2).

Mean surface fCO, values were 12.2 patm higher in the
cyclonic eddy than in the anticyclonic eddy (Table 1). §fCO,
increased by 65.6 patm because of DIC enrichment driven by
upwelling in the cyclonic eddy, while it decreased by 37.2 patm
because of the TA increase (Table 1). Thus, the §fCO, value
increased by 28.4 patm because of the combined effects of DIC
and TA enrichment with upwelling in the cyclonic eddy. SST
contributed a 8fCO, decrease of 19.9 patm, while SSS
contributed a §fCO, increase of 4.4 patm (Table 1).

Mean surface fCO, values were 4.8 patm higher in the non-
eddy region than in the anticyclonic eddy (Table 2). §fCO,
increased by 22.7 patm because of the DIC increase, while it
decreased by 12.4 patm because of the TA increase (Table 2).
Thus, the §fCO, value increased by 10.3 patm overall because of
DIC and TA increases in the non-eddy region. SST contributed a
OfCO, decrease of 6.7 patm, while SSS contributed a §fCO,
increase of 1.3 patm (Table 2).

The maximum &fCO, value observed in the cyclonic eddy
was 16.8 patm (Table 1). The DIC and TA enrichment by
upwelling contributed the §fCO, increase of 41.7 patm, while
SST and SSS contributed the §fCO, decrease of 24.4 patm

TABLE 1 Observed 8fCO,, 8SST, 8SSS, 8DIC, and 8TA in the cyclonic
eddy, maximum and minimum fCO; sites. Calculated 6fCO, values
from 8SST, 3SSS, dDIC, and 3TA are shown in brackets.

3fCO, 3SST 3SSS dDIC dTA
Mean values in the cyclonic eddy 12.2 -1.19 0.41 33.8 24.0
(12.8)  (-19.9) (44) (656) (-37.2)
Values at the maximum fCO, site ~ 16.8 -1.84 059 486 33.9
(17.3)  (-30.7)  (6.3) (943) (-52.6)
Values at the minimum fCO, site 9.3 -0.64 029 23.7 18.5
9.7) (-10.7)  (3.1) (46.0) (-28.7)

Observed §fCO, values in the cyclonic eddy are fCO, differences between the cyclonic
eddy and the anticyclonic eddy.
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TABLE 2 Observed 3fCO,, 3SST, 3SSS, dDIC, and 8TA in the non-eddy
region, maximum and minimum fCO; sites. Calculated 3fCO, from
JSST, 8SSS, 8DIC, and 8TA are shown in brackets.

3fCO, 3SST 3SsS  dDIC 8TA

Mean values in the non-eddy region 4.8 -0.40 012 117 8.0
(49)  (-67) (13) (227) (-12.4)

Values at the maximum fCO, site 25.8 -0.25 036 285 18.1
(26.9) (-42) (39) (553) (-28.1)

Values at the minimum fCO, site -17.1  -0.47  0.08 7.0 16.7
(-19.3) (-79) (0.9) (13.6) (-25.9)

Observed §fCO, values in the non-eddy region are fCO, differences between the non-
eddy region and anticyclonic eddy.

(Table 1). In contrast, the maximum 8fCO, value observed in the
non-eddy region was 25.8 patm (Table 2). The DIC and TA
enrichment contributed the §fCO, increase of 27.2 patm, while
SST and SSS contributed the 3fCO, decrease of 0.3 patm
(Table 2). In the cyclonic eddy, the contribution of DIC
enrichment by upwelling was largely balanced by cooling. In
the non-eddy region, however, the contribution of DIC
enrichment by upwelling was rarely balanced by cooling; this
was the main reason for maximum fCO, observation in the non-
eddy region. DIC enrichment in the non-eddy region was
presumably associated with the upwelling because it was
observed in the area surrounding the cyclonic eddy.

Variations of sea-air CO, fluxes

AfCO, (surface fCO, — atmospheric fCO,) varied from 5.2 to
25.7 patm; it had consistently positive values. AfCO, exhibited
high spatial variability, such that values were high within the
anticyclonic eddy and low within the cyclonic eddy (Figure 7A).
Wind speed obtained from the R/V ISABU automatic weather
station had a range of 0.6-15.8 m s™' and exhibited high spatial
variability, such that values were elevated in the non-eddy region
(Figure 7B). Sea-air CO, fluxes were calculated from AfCO, and
wind speed. In the study area, sea-air CO, fluxes ranged from
0.011 to 9.92 mmol m™ day" and all values were positive,
indicating that the entire study area acted as a CO, source
during the research period (Figure 7C). The estimated mean sea-
air CO, fluxes in the cyclonic eddy, anticyclonic eddy, and non-
eddy region were 1.10 £ 0.75, 0.64 + 0.66, and 1.42 £ 1.12 mmol
m™ day’, respectively. The sea-air CO, fluxes considerably
varied according to eddy type; they were almost twofold
higher in the cyclonic eddy than in the anticyclonic eddy. In
the cyclonic eddy and non-eddy regions, upwelling caused
surface fCO, to increase, thereby increasing sea-air CO, flux.
However, the CO, flux was slightly greater in the non-eddy
region than in the cyclonic eddy. The mean AfCO, was higher in
the cyclonic eddy than in the non-eddy region, but CO, flux was
higher in the non-eddy region because of the high wind speed
(Figure 7). In addition, maximum AfCO, was observed in the
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non-eddy region because the DIC enrichment caused by
upwelling was rarely offset by cooling in this region.

The study area was located in the northern Philippine Sea,
where surface fCO, was nearly equilibrated with atmospheric
CO,, and the sea-air CO, flux was therefore rather small (< 0.6
mmol m2 day'l; Takahashi et al., 2002; Takahashi et al., 2009;
Ishii et al., 2014; Yasunaka et al., 2019). In this study, CO, flux
in the anticyclonic eddy was similar to previously reported
results. However, CO, fluxes in the cyclonic eddy and non-
eddy region were approximately twofold greater than in
previous studies. The cyclonic eddy caused the CO, flux to
increase because of the upwelling of high-fCO, deep water. In
the non-eddy region, high CO, fluxes were observed in the area
surrounding the cyclonic eddy, indicating that the non-eddy
region was affected by the upwelling of high-fCO, deep water.
In the study area, a cyclonic eddy with a width of 120-160 km
propagated westward at a rate of 8 km day . After the cyclonic
eddy had passed, the waters surrounding the cyclonic eddy had
high DIC concentrations, which caused surface fCO, to
increase during the warming of cold upwelled water. Indeed,
the waters surrounding the cyclonic eddy showed higher CO,
fluxes compared with the area around the anticyclonic
eddy (Figure 7C).

Conclusions

This study examined how mesoscale eddies affect surface
fCO, and sea-air CO, flux in the northern Philippine Sea.
Surface fCO, showed high spatial variability, such that values
were high in the non-eddy region and cyclonic eddy, while they
were low within the anticyclonic eddy. Temperature was a major
factor controlling surface fCO, in the anticyclonic eddy, but such
an effect was not observed in the cyclonic eddy. Surface fCO, was
influenced by the upwelling of high-fCO, deep water in the non-
eddy region and cyclonic eddy. In the northern Philippine Sea,
surface fCO, was strongly positively correlated with SST within
cyclonic and anticyclonic eddies, while it showed no correlation
in the non-eddy region. In the subtropical northeastern Pacific,
in contrast, surface fCO, showed a positive linear relationship
with SST outside of a cyclonic eddy and a negative relationship
with SST within the cyclonic eddy (Chen et al., 2007). This
discrepancy was presumably related to different vertical
gradients of temperature and DIC below the mixed layer in
these two areas; such gradients drive the vertical transport of
temperature and DIC. Therefore, the effects of mesoscale eddies
on surface fCO, were highly variable in the open ocean. To
overcome this problem, more intensive surveys must be
conducted across broad areas of the open ocean.

In the northern Philippine Sea, a cyclonic eddy caused
surface fCO, to increase because of the upwelling of high-
fCO, deep water, thereby increasing local sea-air CO, flux,
which was nearly twofold greater than the flux within an
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anticyclonic eddy. However, surface fCO, and sea-air CO, flux
were not strongly affected by the anticyclonic eddy. Numerous
researchers have attempted to estimate surface fCO, and sea-air
CO, flux in the open ocean using the general surface fCO, and
SST relationship (Olsen et al., 2004; Park and Wanninkhof,
2012). However, in open-ocean areas where multiple eddies are
present, sea-air CO, flux estimated in this manner might be
considerably underestimated within cyclonic eddies and the
surrounding areas because cyclonic eddies increase CO, flux
due to the upwelling of high-fCO, deep water. Therefore,
estimation of sea-air CO, flux using the general surface fCO,
and SST relationship should be avoided in the open ocean where
cyclonic eddies occur.
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