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Abstract: The Southern Ocean plays a pivotal role in controlling the most critical greenhouse gas, 12 

carbon dioxide (CO2), in the atmosphere1, 2. However, insufficient observations, particularly in the 13 

Antarctic Sea Ice Zone (ASIZ; south of 60°S), hinders accurate estimation of the Southern Ocean 14 

sink strength of atmospheric CO2
3, 4. Here, we show that Antarctic polynyas play a significant role 15 

in the CO2 budget of the Southern Ocean based on the 5-year continuous observations at the 16 

Korean Antarctic Station, Jang Bogo, in the Terra Nova Bay (TNB) polynya, Ross Sea, Antarctica 17 

and on the compilation of shipboard observations in the major Antarctic polynyas. The seasonal 18 

variation of the fugacity of dissolved CO2 (fCO2) between them shows in accordance, which was 19 

dominated by biological and physical processes in different seasons. Antarctic polynyas absorb 20 

atmospheric CO2 at a rate of 9 to 14 Tg C a-1, that is comparable to or more than the amount 21 

outgassed in the ASIZ, concentrating in the summer season from December to March. As the 22 

summer drawdown of fCO2 in the polynya is dominantly driven by phytoplankton blooms which 23 

is in turn maintained by the supply of iron from circumpolar deep water and glacier melt water5, 24 

we expect this CO2 sink in the Antarctic polynyas to be enhanced in the future, resulting in a 25 

negative feedback with future climate change. 26 

   27 
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Approximately one quarter of the atmospheric CO2 emitted by anthropogenic activities is 28 

taken up by the ocean, and one half of it takes place in the Southern Hemispheric oceans3. However, 29 

it is uncertain how significantly the Southern Ocean, south of 50°S, contributes to the atmospheric 30 

CO2 variation since its sink strength varies widely from 0.05 to 0.6 Pg C a-1 1, 3, 6, 7. Various ocean 31 

and climate processes8, 9 are attributed to these uncertainties, yet the low observation density 32 

among the ocean basins in spatial and temporal coverage hampers the accurate estimate and 33 

prediction of the role of the Southern Ocean in the atmospheric CO2 cycle3, 10. The Southern Ocean 34 

exhibits added complexity in the CO2 cycle because it is covered by a vast area of sea ice, which 35 

wanes and waxes seasonally. Recent intensified freshening by the decrease of sea ice extent 36 

enhances biological uptake of atmospheric CO2 associated with strong and shoaling stratification 37 

of the surface mixed layer in the Western Antarctic Peninsula11. The Antarctic sea ice zone (ASIZ), 38 

the ocean surrounding Antarctica that includes varying degrees of sea ice, can be a source or sink 39 

of the atmospheric CO2 depending on the season and sea ice concentration. Shipboard and float 40 

observations of the fugacity of dissolved CO2 (fCO2) in the surface ocean indicate emission of ~10 41 

Tg C a-1 to the atmosphere3, 12 in the ASIZ, while model calculation predicts a sink on an annual 42 

basis4, 13.  43 

Inside the ASIZ, katabatic winds traverse down the ice sheets, eventually blowing the sea 44 

ice away from the ice shelf edge to open the ocean to the atmosphere, forming polynyas 45 

surrounding Antarctica. Polynyas provide a unique conduit for heat and mass flux from the 46 

continental shelf ocean water since the water column is exposed to the atmosphere during the 47 

winter, and form dense water by brine rejection due to the formation of sea ice on the surface. The 48 

polynyas surrounding Antarctica produce source water that feeds the Antarctic Bottom Water 49 

(AABW)14, 15. Therefore, the material collected at the polynyas’ air-sea interface is sequestered to 50 
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AABW for several hundreds to thousand years16. Sparse observations of dissolved seawater fCO2 51 

in the Antarctic polynyas show a drawdown of CO2 in the summer driven by phytoplankton blooms 52 

that leads to uptake of atmospheric CO2
17. Lack of year-round observations, however, may bias 53 

the estimation of annual CO2 flux in the Antarctic polynyas to that in summer season because even 54 

fewer observations exist in the fall, winter, and spring. 55 

To bridge the seasonal gap of air-sea CO2 flux in the Antarctic polynyas, we conducted 56 

continuous observations of fCO2 in the air and the seawater in the Terra Nova Bay (TNB) polynya 57 

of the Ross Sea, Antarctica, since February, 2015 (Fig. 1) at the Korean Antarctic Station, Jang 58 

Bogo (JBG) (see Supplementary Information (SI) for details of method). Seawater was pumped to 59 

the automated fCO2 analyzing system18 installed in the laboratory onshore. In addition to dissolved 60 

CO2, in situ seawater temperature and salinity and atmospheric CO2 were monitored together. As 61 

the surface seawater circulates clockwise in TNB at a few tens of cm s-1 along the coast19, 20, the 62 

fCO2 observation at JBG likely represents the surface TNB fCO2 since it occurs downstream of the 63 

surface waters of the TNB polynya. Sea ice concentration was estimated from the microwave data 64 

observed by AMSR-2 (seaice.uni-bremen.de) with the spatial resolution of 3.125 × 3.125 km2 21. 65 

The dissolved fCO2 in the TNB polynya seasonally varied from ~230 µatm to ~340 µatm, 66 

which is approximately one hundred times larger than the seasonal variation of atmospheric CO2 67 

concentrations (Fig. 2a). In early summer (December), the dissolved fCO2 initially decreased 68 

rapidly with values ranging from 13 µatm d-1 for 10 days in 2016 to 40 µatm d-1 for 3 days in 2017. 69 

This sharp drawdown of dissolved fCO2 did not immediately follow the sudden shrink of sea-ice 70 

concentration (Fig. 2a), but was delayed approximately from 10 days in 2017 to 40 days in 2015 71 

and 2018. This is opposite to what has been presumed to be the impact of the sea-ice on the 72 

dissolved fCO2 in the surface waters during polar spring associated with algae blooms, known as 73 
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the seasonal rectification hypothesis22. In addition, dilution of brine and dissolution of carbonate 74 

precipitate in sea ice enhances the decrease of fCO2 concentration during warming in the spring23. 75 

Our observation, however, does not support such vernal rectification processes of supersaturated 76 

fCO2 in the surface waters, but instead shows a continual increase of fCO2 in spite of disappearing 77 

sea ice. Therefore, we propose that the stratification of surface water driven by the combined effect 78 

of radiative heating and freshening by melting of sea ice to be the prime precondition that initiates 79 

the drop in the dissolved fCO2 in the surface mixed layer in the TNB polynya. Historical 80 

measurements of the profiles of temperature and salinity in the TNB polynya24 suggests 81 

stratification of the surface water starts developing in December with a very shallow mixed layer 82 

depth in January, which is similar to the seasonal trend of the dissolved fCO2 in the TNB polynya 83 

but a month behind the beginning of the sea ice concentration decrease (Fig. S6). Mooring data of 84 

temperature and salinity at 140 m deep in the TNB polynya also indicates deep convection of 85 

surface seawater until December24.   86 

The decrease of dissolved fCO2 continued until the late summer (the middle of February) 87 

reaching the minimum daily values with the record low value of 93 µatm in 2016 and high value 88 

of 211 µatm in 2018 (Fig. 2a), which coincide with maximum freshening in individual years (Fig. 89 

2b). This suggests the stimulation of primary production by melting seawater or glacial melt water. 90 

Abruptly, the dissolved fCO2 increased rapidly with the onset of increase of the salinity and wind 91 

speed that enhanced the uptake of atmospheric CO2 (Fig. 2b, c) and deepening of the mixed layer 92 

(Fig. S6), which in turn entrains the deep water containing high fCO2. In the fall, the biological 93 

production decreases precipitously leading to less CO2 consumption, coupled with the continued 94 

increase in wind speed, further increasing the uptake of atmospheric CO2 and entrainment of deep 95 

seawater. As the fall proceeds, sea ice production increases due to the high katabatic winds (Fig. 96 
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2a, c) and generates salty dense water, allowing vertical deep convection. This deep convection 97 

mixes water with high dissolved fCO2 of ~440 µatm to the surface ocean that continues to increase 98 

above the equilibrium with respect to atmospheric CO2, until reaching the deep water fCO2 values. 99 

The increase of dissolved fCO2 slowed down with the increase of the sea ice concentration in the 100 

TNB polynya.  101 

Sea-to-air CO2 flux in the TNB polynya was calculated by the product of the gas transfer 102 

velocity (k), the fCO2 difference between the surface seawater and the overlying air (∆fCO2), and 103 

the CO2 solubility at the temperature and salinity of the surface seawater25 (See SI for details) (Fig. 104 

2d). Apart from the case of fCO2 itself in either the atmosphere or ocean, ∆fCO2 variability is not 105 

relevant to the secular trend, but mostly to the physical, chemical and biological processes in the 106 

ocean. Therefore, it is not necessary to be normalized to a specific time. Since the solubility effect 107 

on the CO2 flux is in general compensated by gas and momentum diffusivities in seawater26, the 108 

range of variation of the sea surface temperature from -1.95 to 2.49°C and the salinity from 31.9 109 

to 35.2 during the observation periods (Fig. 2b) influenced the CO2 flux by merely 0.3% (1σ). The 110 

product of k and solubility termed the transfer coefficient, Tr (Fig. 2c), is therefore useful3 as an 111 

indicator to the intensity of physical processes in gas exchange mostly driven by wind.  112 

Wind speed generates upper-ocean turbulence that drives the gas transfer velocity and 113 

impacts the CO2 flux directly. We adopted the Takahashi parameterization3 for k that was 114 

determined on the basis of global budget of bomb 14C and global mean wind speed, because it has 115 

been used to estimate global sea-to-air CO2 flux including the ASIZ using shipborne observations. 116 

This parameterization, however, gives 50% less gas transfer velocity than the Wanninkhof 117 

quadratic parameterization27, 10% larger than the Nightingale second-order polynomial 118 

parameterization28 on average, both of which are often used to estimate CO2 flux in the ocean. 119 
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Nonetheless, recent updated Wanninkhof parameterization29 and direct determination of k in the 120 

ASIZ based on micrometeorological technique30 are comparable to the Takahashi 121 

parameterization3. Here, we used the Wanninkhof27 and Nightingale28 parameterizations to 122 

estimate the maximal and minimal uncertainty of the flux.  We use NCEP Reanalysis II data 123 

products31 (NCEP2) as the representative wind field (Fig 2c) of the monthly mean neutral winds 124 

at 10 m high (U10N) in addition to a comparison of several wind data products, e.g. NCEP1, JRA55, 125 

MERRA2, ERA5, and in situ shipboard and Automated Weather System observations at Manuela 126 

(MLA) on Inexpressible Island, located in the middle of the katabatic wind downhill from the 127 

Nansen ice shelf   (see SI for details). The monthly mean U10N of NCEP2 product reproduces the 128 

shipboard U10N in TNB measured onboard the Korean Ice Breaker R/V Araon and is close to the 129 

in situ wind at MLA among the reanalysis wind products (Fig. S5). Furthermore, NCEP2 has been 130 

used to estimate global air-sea CO2 exchange including the ASIZ3, giving us the opportunity to 131 

compare the CO2 flux directly without the potential bias due to the variability in wind speed among 132 

the wind products32.   133 

The impact of wind speed on CO2 flux is demonstrated by comparing the monthly mean 134 

CO2 fluxes in summer and early fall from January to March during the observation periods (Fig. 135 

2d). Despite the low monthly mean magnitude of ∆fCO2 (–140 to –89 µatm) in March every year 136 

that is almost half that in February (–255 to –167 µatm), the CO2 flux in February (–20 to –13 g C 137 

m-2 month) and March (–20 to –12 g C m-2 month) are nearly equivalent because the wind speed 138 

is approximately 20% stronger in March. On the other hand, CO2 monthly mean fluxes in January 139 

(–14 to –5 g C m-2 month-1) are almost twice smaller than the values in February while the monthly 140 

mean magnitude of ∆fCO2 (–209 to –126 µatm) in January is slightly (approximately 10 %) smaller. 141 

This is simply due to moderate wind speeds in January every year.  142 
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The relative contributions of ∆fCO2, Tr, and polynya area to the CO2 mass flow rate can be 143 

visualized by the normalized monthly means with respect to that in February, the month that the 144 

monthly CO2 mass flow rate to the TNB polynya is largest (Fig. 3a). Here, we have introduced the 145 

CO2 mass flow rate, MFR, to distinguish the polynya area effects on the CO2 flux and is defined 146 

as the product of the CO2 flux by polynya area, thus the unit of mass per time. The seasonal 147 

variation of normalized MFR almost exactly follows that of the normalized ∆fCO2 because its two 148 

orders of magnitude difference between summer and winter overwhelms less than one order of 149 

magnitude variation for Tr and polynya area (Fig. 3a), stressing the critical role of biological 150 

activity in summer and vertical convection of the water column in winter in the TNB polynya. 151 

However, during the wide open polynya period wind plays a significant role. MFR to the TNB 152 

polynya was low in the early summer (December) due to the lowest Tr, showed strongest uptake 153 

in the late summer (February) due to increased Tr and maximal magnitude of ∆fCO2 and polynya 154 

area, and returned to early summer values in the mid-fall (April) due to decreased magnitude of 155 

∆fCO2 and polynya area even at high wind speeds. Early fall (March) exhibits the moderate 156 

decrease in magnitude of both ∆fCO2 and polynya area, but enhances MFR due to strong wind 157 

approaching those in the winter, which in turn leads to the significant contribution of Tr. Thus, the 158 

late summer (February) and early fall (March) are important contributors to carbon uptake by the 159 

ocean in the TNB polynya. This is clearly demonstrated by the cumulative carbon content absorbed 160 

by the TNB polynya (Fig. 3b). Even the steep accumulation of CO2 emission in winter and spring 161 

by the strong in situ wind at MLA was eventually compensated by the strong CO2 uptake during 162 

the late summer and early fall orchestrated by the high magnitude of ∆fCO2, wide open polynya, 163 

and considerable wind force in March. 164 

In spite of the equivalent source (winter and spring) and sink (summer and fall) periods, 165 
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the total emission of CO2 is merely 14% of total absorption on a yearly basis because of small 166 

polynya area and near CO2 saturation.  In fact, the sum of MFR in summer and early fall (January 167 

to March) is equivalent to the total annual carbon uptake (−113−57+7   Gg C) emphasizing the 168 

importance of biological activity and large polynya area in summer in the CO2 flux in the TNB 169 

polynya rather than strong wind in winter (Fig. 3b). Weighting the variation of the sea ice 170 

concentration in the TNB polynya, the annual CO2 flux is estimated to be −31−16+1 g C m-2 a-1. This 171 

is more than 2-fold larger than any values observed in the polynyas and the continental shelves 172 

surrounding the Antarctic continent on annual basis17, 33. When applying wind data products other 173 

than NCEP2, the amount of annual carbon uptake is between –44 Gg C and –74 Gg C a-1 by ERA5, 174 

JRA55, MERRA2, and NCEP1 because their winds are biased to be weak year-round (Fig. S7).  175 

However, the strong in situ wind at MLA asserts annual uptake of atmospheric CO2 by −99−49+30 176 

Gg C only, close to, although lesser than, the value estimated by NCEP2 on average.  177 

Previous estimates of the CO2 flux were made based on shipboard observations at random 178 

times during the annual cycle, often missing much of the important rapidly varying periods17. For 179 

the sake of the comparison of CO2 flux in the TNB polynya, we also utilized shipboard 180 

observations compiled from both onboard Korean Ice Breaker R/V Araon and the Surface Ocean 181 

CO2 Atlas (SOCAT) database version 202134 (Fig. 4). Accounting for the circulation time scale of 182 

a month for surface current19, 20, we compared monthly mean values of observations at the JBG 183 

station to that for shipboard observation conducted in the same month in order to attest how 184 

representative the environmental parameters relevant to dissolved fCO2 logged at JBG (see Fig. 185 

2d). Analytical method and data treatment for dissolved CO2 onboard R/V Araon is the same as 186 

that at JBG18. Areal normalization was applied by assigning the data points in the given grid of 187 

0.25°×0.25° for a given month (e.g., see the pixel shown in the TNB polynya in Fig. 1). SOCAT 188 
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provides dry mole fraction of dissolved CO2 (xCO2), atmospheric pressure, sea surface temperature, 189 

and sea surface salinity, by which ∆fCO2 can be derived. Among the months when both JBG and 190 

shipboard observations were conducted, all but February, 2018, and December, 2019, are within 191 

3σ of the monthly variability of fCO2 at JBG, and all months overlap each other within their 192 

variability (Fig. 2d and S5), suggesting that fCO2 at JBG captures the variability of fCO2 in the 193 

TNB polynya and supporting that JBG locates downstream of the clockwise circulation of TNB. 194 

Accounting for the rapid decrease in fCO2 in early summer (December), the difference greater than 195 

3σ in December, 2019, will not be unexpected. Comparison of sea surface temperature and salinity 196 

also strengthens the representativeness of the JBG observation as their difference in values 197 

between JBG and shipboard is within 3σ of in situ variability except in December, 2019, which 198 

again stresses the precipitous change in SST and SSS (Fig. 2b).  For the case of calculating CO2 199 

flux using the shipboard and SOCAT data sets, we assume that the long record of the atmospheric 200 

CO2 concentration at South Pole (www.esrl.noaa.gov/gmd/obop/spo) and NCEP2 reanalysis wind 201 

product are representative for the TNB polynya and the polynyas surrounding Antarctica as well.   202 

Although the shipboard observations have been conducted occasionally for 20 years, they 203 

were concentrated in the summer and early fall from December to March (Fig. 4). During this 204 

season,  113−7+57Gg of atmospheric CO2 was taken up by the TNB polynya on average (Fig 4d), 205 

which is merely 9% smaller on average than the estimate based on the continuous observation of 206 

fCO2 at JBG for the same season. The small discrepancy comes mostly from the difference in fCO2 207 

as the monthly mean wind speeds and polynya areas are indifferent year to year (Fig. 4a).   208 

Encouraged by the similarity in the annual MFR between the long-term JBG measurements 209 

and the SOCAT and R/V Araon spatial observations in the TNB polynya, we further explored MFR 210 

in the major polynyas surrounding Antarctica by the same approach as done to the TNB polynya 211 
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(Fig. 4). Polynyas in the Ross Sea, Amundsen Sea, Weddell Sea, Prydz bay, and Mertz bay were 212 

chosen as they account for ~75% of the polynya area surrounding Antarctica35 (Fig. 1). The 213 

magnitude of mean ∆fCO2 in the surface water is high in the summer and early fall (December to 214 

March) reaching -98 µatm, and significantly lower in winter and spring like the case of the TNB 215 

polynya measured at JBG (Fig. 4a). This suggests a low fCO2 in the summer surrounding 216 

Antarctica to be a general feature driven by the marine primary production35. Due to fewer 217 

observations in seasons other than summer, it is hard to generalize seasonal variation of fCO2 in 218 

the Antarctic polynyas. However, their similar features of seasonal variation to the TNB polynya 219 

allow us to use the current historic fCO2 data to estimate the CO2 flux and MFR in the polynyas 220 

surrounding Antarctica. Similar to TNB, the mean Tr varied throughout the year opposite to the 221 

magnitude of ∆fCO2 (Fig. 4b). The polynya areas starts increasing in spring along with radiative 222 

heating, and reaches a maximum in late summer (Fig. 4c).  223 

MFR in the major polynyas were calculated by multiplying monthly mean ∆fCO2, Tr, and 224 

polynya area for the given polynyas (Fig. 4d). Polynya areas were derived from the microwave 225 

data observed by AMSR-E and AMSR-221 (seaice.uni-bremen.de). AMSR-E and AMSR-2 were 226 

not operational before 2002 and the transition period of the instruments in 2011 and 2012. Thus, 227 

we adopted the NSIDC data product36 to complete the hiatus after adjusting the monthly mean sea 228 

ice concentrations to be consistent between them (see the method in SI). Lack of CO2 flux in June 229 

and September due to no fCO2 data in SOCAT was replaced by interpolation of the area-weighted 230 

mean flux of these major polynyas. The near saturation of the surface fCO2 and small polynya area 231 

in winter and spring results in little impact to the annual MFR. Similar to the TNB polynya, the 232 

CO2 flux in summer and early fall appears critical in the determination of annual MFR (Fig. 4d). 233 

Mean monthly MFR accelerated with time in summer due to an increase in polynya area and the 234 
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magnitude of ∆fCO2 associated with intensifying primary production35. The total MFR in the major 235 

polynyas is estimated to be −7−3+0.1 Tg a-1 based on our calculation. Our estimate of the CO2 uptake 236 

strength could be reduced to –3 to –4 Tg C a-1 using the wind products other than NCEP2 (Fig. 237 

4d), which is unlikely in light of the comparison of various wind products described earlier. On 238 

the other hand, an extensive air-sea flux study in the Ross Sea17 estimated the CO2 sink as –7.5 Tg 239 

C a-1 using shipboard wind and Wanninkhof parameterization27, the value approximately 30% 240 

larger than our estimate in the Ross Sea polynya.  A modelling study argued much stronger uptake 241 

of atmospheric CO2 in the Ross Sea polynya37. Accounting for the stronger shipboard wind than 242 

the reanalysis wind, the different fCO2 database and sea ice concentration used, this would accord 243 

well with our estimate. Extending the major polynya areas to the entire polynyas surrounding 244 

Antarctica35, the total MFR is increased to −9−5+0.1 Tg a-1. Our estimate of the uptake strength of 245 

atmospheric CO2 in the Antarctic polynyas is nearly equivalent to that in the south of 60°S 246 

surrounding Antarctica3, but with opposite sign, implying that a significant contribution of the 247 

Antarctic polynyas in the Southern Ocean (i.e., the uptake by the Antarctic polynyas is comparable 248 

to the outgassing by the Southern Ocean in the south of 60°S).  249 

Primary production in the Southern Ocean is limited in spite of the sufficient amount of 250 

nutrients due to a deficiency in the amount of iron available. However, on the Antarctic continental 251 

shelf, a variety of sources of dissolved iron — the key micro-nutrient that triggers primary 252 

production in the Southern Ocean38 — allows phytoplankton to thrive when sun light is available, 253 

leading to the enhancement of carbon fixation and atmospheric CO2 uptake by the ocean. Melting 254 

ice sheets appear to be a primary source of the dissolved iron5. Recent acceleration of ice sheet 255 

retreat associated with positive trend of Southern Annular Mode39, which forces the supply of the 256 

circumpolar deep water towards the Antarctic continental shelf, will elevate the supply of dissolved 257 
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iron. Together with the relatively long exposure to sun light, we expect the CO2 sink in the 258 

Antarctic polynyas to be enhanced in the future, resulting in a negative feedback with future 259 

climate change. 260 

 261 
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Figures 429 

Fig. 1| Location of the Terra Nova Bay (TNB) polynya. Northern edge of the TNB polynya is 430 

bounded by the Jang Bogo (JBG) station allowing us to monitor the fCO2 in the downstream 431 

surface waters. Blue tone with white contour lines in the TNB polynya indicates the 5-year mean 432 

sea ice concentrations in percentage from February 2015 to January 2020 that were estimated by 433 

the AMSR2 sea ice product from University of Bremen21. Inset represents major polynyas around 434 

Antarctica indicated by purple tone where its intensity translates the mean ∆fCO2 in the given gird 435 

which was calculated using the SOCAT products version 202134. The northern bound of the 436 

polynya was defined by the depth of 1000 m in bathymetry of the continental shelf35. The TNB 437 

polynya region defined in this study is also marked by the same scale of the purple tone as for the 438 

major polynyas in the map, and by the blue box in the inset. Wind speed measured at Manuela 439 

Automatic Weather Station (MLA) on Inexpressible Island, which is positioned at the center of 440 

katabatic wind, was used to define the representative wind data product over the TNB and major 441 

polynyas. Atmospheric CO2 concentrations measured at the South Pole Observatory (SPO) run by 442 

NOAA air sampling network was assumed to be representative for the Antarctic polynyas. 443 

 444 
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Fig. 2| 5-year observations of (a) atmospheric (pink) and ocean fCO2 (red), and sea ice 445 

concentrations (blue), of (b) temperature (blue) and salinity (red), of (c) neutral wind speeds at 10 446 

m above sea level (blue) and daily mean transfer coefficients, Tr, (red), and of (d) monthly box-447 

whisker plot of ∆fCO2 (blue) and of daily mean CO2 flux (red) in the TNB polynya. Cyan- and 448 

orange-colored stepwise thick lines indicate monthly mean values for the blue and red parameters, 449 

respectively. Thick circle and square symbols represent monthly mean values for shipboard 450 

observations in the TNB polynya by R/V Araon and from the SOCAT products, respectively, and 451 

the symbol colors of cyan and orange corresponds to the blue and red parameters, respectively. In 452 

(d) the middle line of the box-whisker represents medium, the box for lower and upper quartiles, 453 

and the whisker for minimum and maximum values.      454 

 455 
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 Fig. 3| (a) Monthly mean normalized ratio of the ∆fCO2 (green), the transfer coefficient, Tr (red), 456 

open water area in the TNB Polynya (blue) and the CO2 mass flow rate, MFR, (black) and (b) 457 

cumulative MFR (red) based on the 5-year observations. The normalized ratio is defined by 458 𝑋𝑋� �𝑋𝑋�𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�� , where 𝑋𝑋� is the monthly mean and �𝑋𝑋�𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� is the absolute mean value for February.  459 

Thin lines and red and purple thick lines in (a) and (b) refer to the various wind products indexed 460 

in (b), which were fed into the calculation of Tr in (a) and the cumulative MFR using the Takahashi3 461 

parameterization. For comparison, upper and lower bounds in orange shade in (b) indicate the 462 

maximal and minimal magnitudes of MFR calculated by the Wanninkhof27 and Nightingale28 463 

parameterizations, respectively. The green-gray and black-gray stitched lines in (a) designate 464 

negative sign with the absolute values assigned on the ordinate. Light gray and light cyan shades 465 

in each panel indicate winter and summer, respectively.   466 

467 
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Fig. 4| Seasonal variations of (a) ∆fCO2, (b) transfer coefficients, Tr, (c) polynya fractions, φ, and 468 

(d) the CO2 mass flow rates, MFR, in the TNB polynya and the major polynyas. Thin lines with 469 

color codes in (a), (b), and (c) indicate the polynyas indexed in (a), and those in (d) are for the 470 

wind products applied to calculate MFR. Red thick line represents the mean values for the 471 

Antarctic polynyas, and blue and green for the TNB polynya based on JBG and shipboard 472 

observations, respectively. Orange and cyan shades in (b) and (d) indicate uncertainties calculated 473 

by the Wanninkhof27 and Nightingale28 parameterizations for maximum and minimum magnitudes, 474 

respectively. Note that units for MFR in (d) differ between the total Antarctic polynyas (red) and 475 

TNB polynya (blue and green). Light gray and light cyan shades indicate winter and summer 476 

season, respectively. 477 

 478 
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