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Supplementary Methods 14 

The following sections describe in detail the methodologies of determination of the 15 

values for the parameters that are relevant to the calculation of the CO2 flux across the sea 16 

surface. 17 

pCO2 analysis 18 

An automated pCO2 monitoring system1 was installed and operated onshore at the Korean 19 

Antarctic Station, Jang Bogo (JBG). The surface seawater was pumped up from ca. 50 m far from 20 

the shore. The monitoring system relies on non-dispersive infrared spectroscopic detector (LI-7000, 21 

Li-Cor Inc.) and shower-type equilibrator to measure dissolved pCO2 continually. 22 

In situ temperature  23 

The in situ seawater temperature was measured by a SBE38 (Seabird Scientific Co.) 50 24 

meters offshore at the Korean Antarctic Station Jang Bogo (JBG) at the sample intake for the pCO2 25 

automatic analyzing system. During parts of June-July 2016, parts of October and November 2016, 26 

and December 2016 through June 2017, and since April 2019, the SBE38 was out of order and in 27 

situ temperature was not logged.  In order to fill in these data gaps, we performed the following.   28 
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For the data gaps in winter and springtime (June to November) in 2016, the seawater 29 

temperature was near the freezing point and varied little. Thus, we estimated the in situ temperature 30 

by linear interpolation against time. For the summertime data gap, the seawater warms up by 31 

insolation and is spatially and temporally variable because of mixing and stirring water masses 32 

which does not allow us to apply the simple linear interpolation. Instead, we estimate the in situ 33 

temperature from the seawater temperature in the equilibrator assuming that the heat conduction 34 

along the conduit from the offshore to the laboratory remains constant throughout the season.  35 

Using the data from the previous summertime, a second-order polynomial relationship between 36 

the in situ temperature and the seawater temperature in the equilibrator was established. This 37 

allowed us to estimate in situ seawater temperature from November 2016 to January 2017 and 38 

since November 2019 with a small offset (black dots in Fig. S1a).  39 

 

Fig. S1| In situ (a) temperature and (b) salinity of the seawater near the coast of the Jang Bogo station. 
 
 

A second temperature logger (SBE56, Seabird Scientific Co.) was moored nearby SBE38 40 
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in 2017 and the temperatures between them are the same within their mutual uncertainty (+/- 41 

0.002). Thus, the temperature recorded from January-June 2017 and April-November 2019 by the 42 

SBE56 was substituted for this portion of the data gap of the SBE38 temperature (cyan dots in Fig. 43 

S1a).  Any remaining data gaps were not filled in since there was no corresponding pCO2 data. 44 

Salinity  45 

Salinity was measured by a SBE45 (Seabird Scientific Co.) in the seawater drawn to the 46 

pCO2 automatic analyzing system. As shown in Fig. S1b (cyan dots) the SBE45 salinity had drifted. 47 

Since 2017, salinity has also been measured using another sensor, model SBE19+ (Seabird 48 

Scientific Co.), from the discrete seawater samples collected in a large bucket (red dots in Fig. 49 

S1b). Salinity logged in from 2017 to 2019 was adjusted to the values from SBE19+ using a fourth-50 

order polynomial fit of the salinity difference between SBE45 and SBE19+ against time (navy 51 

color dots in Fig. S1b). For the salinity of 2015 and 2016, we assumed the mean salinity from April 52 

to October (wintertime) should be the same as the representative mean value of 34.8(±0.07) 53 

obtained in the same months of 2017. Since the wintertime temperature was constant near freezing 54 

point for the same periods and the freezing point of seawater changes by salinity and pressure2, 55 

the assumption is justified. The salinity difference, ΔS, between the representative wintertime 56 

salinity and the measured SBE45 salinity was determined and extracted a linear fit of ΔS against 57 

time.  Finally, this linear fit of ΔS to the salinity values in 2015 and 2016 was applied to adjust the 58 

drift (blue dots in Fig. S1b). Between April and August in 2019 and in January of 2020, salinity 59 

was not logged due to communication failure of SBE45, which was replaced by interpolating the 60 

salinities from SBE19+.  61 

Calibration of the pCO2 system  62 
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At the early stage of measurement the automated pCO2 analyzing system was calibrated 63 

using four standard gases (0, 203.9, 349.5, 429.5 ppm) purchased in local. The scale of the local 64 

standard gases was about 4 ppm lower than NOAA calibration scale on the basis of the comparison 65 

of the atmospheric mole fractions of the CO2 measured at both the Jang Bogo (JBG) and the South 66 

Pole (SPO) as shown in Fig. S2a. This was confirmed by the comparison of the atmospheric CO2 67 

mole fractions at the NOAA/ESRL network of Syowa, Palmer, and Cape Grim, which spread over 68 

Antarctica and the Southern Ocean. Thus, we corrected the CO2 mole fractions measured by the 69 

pCO2 system by developing a relationship with the CO2 mole fractions at SPO. We first extracted 70 

a linear relationship (inset in Fig. S2a) between the values obtained between April 1st and August 71 

31st in 2015 and 2017 (see boxed regions in Fig. S2a), during which we expect biological 72 

production in the Southern Ocean3 and biomass burning in the Southern Hemisphere4, 5 to be 73 

minimal.  74 

 

Fig. S2| (a) Atmospheric CO2 mole fractions measured at Jang Bogo (JBG) and South Pole (SPO), 
Antarctica and (b) dissolved CO2 mole fractions obtained at JBG. Blue symbol indicates SPO, yellow 
for JBG, and Red for the values determined by local standards scale. The inset in (a) shows the relation 
between the atmospheric CO2 mole fraction at SPO and JBG selected during the periods shown in black 
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box. 
 
 

The pCO2 analyzing system has been calibrated using standard gases from NOAA/ESRL 75 

since January 5, 2018. As shown in Fig. S2a, the atmospheric CO2 mole fractions corrected by the 76 

SPO observations reveal continuity with those calibrated by the NOAA standard gases. This allows 77 

us to apply the linear relationship between SPO and JBG to the CO2 mole fractions measured from 78 

the equilibrator, where dissolved CO2 in seawater was equilibrated with the headspace air. Because 79 

the seasonal variation of pCO2 in the ocean is approximately one hundred times more than that in 80 

the atmosphere on annual basis, the small difference (~4 ppm) between the local and NOAA 81 

standard scales results in merely a 1.9% change on average in values of dissolved CO2 mole 82 

fractions as Fig. S2b shows.  83 

 
Fig. S3| (a) 10-minute mean neutral wind speed at 10 m height (U10N) observed onboard the R/V Araon 
in the region of the TNB polynya and the wind speeds at an AWS station, Manuela (MLA), on 
Inexpressible Island from 2012 to 2020, (b) 2-dimensional histogram plot of U10N from both the R/V 
Araon within the TNB polynya and MLA binned every 2 m s-1 and (c) the spatial distribution of the U10N 
onboard the R/V Araon within the TNB polynya from 2012 to 2020. The white circles in (b) represent 
the maximum data frequency within 3 standard deviations (σ) of Gaussian fit at the given value of the 
U10N from either the R/V Araon or MLA, and gray circles are outlier of  3 σ. Thick black line designates 
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the linear regression fit for them, thin gray line indicates the linear regression using the raw data obtained 
from both measurements, and one-to-one reference is depicted by thick light gray line.  The gray lines in 
(c) designate the R/V Araon ship tracks. 
 
 

Derivation of neutral wind at 10 m height at Manuela Automatic Weather Station  84 

We developed a parameterization of the neutral wind speed at 10 m above sea level (U10N) 85 

from comparison of the wind observed onboard R/V Araon within the TNB polynya (Fig. S3c) and 86 

at Manuela Automatic Weather Station (MLA) on Inexpressible Island 87 

(http://www.amrc.ssec.wise.edu). The wind onboard R/V Araon was measured by a wind sensor 88 

(R.M. Young Co. Model 05106-8M) mounted in the foremast, 29 m above sea level. True wind 89 

speeds were calculated by taking the ship speed, direction and heading into account 6 and corrected 90 

to U10N using the bulk air-sea flux algorithm COARE 3.67, 8. To determine U10N, the atmospheric 91 

temperature, pressure, and relative humidity, sea surface temperature and salinity, and ship position 92 

that were obtained in situ were fed into the COARE program while the default values of the other 93 

auxiliary parameters were used. We assume the mean U10N for 10 minutes to be representative in 94 

the TNB polynya (Fig. S3a).  95 

The wind speeds at MLA were corrected to U10N using a COARE bulk flux algorithm 96 

(cor_ice_2.m)9 assuming that the ground was covered by snow all-around year and that the 97 

atmospheric temperature is the same as that in the snow10. Then, we selected the wind speeds 98 

measured at MLA at the same time the 10-m neutral wind speeds onboard R/V Araon were logged 99 

(Fig. S3a). These pair of U10N were binned and counted every 2 m s-1. The pair of U10N from R/V 100 

Araon and MLA corresponding to the maximum frequency at the given value of U10N from either 101 

R/V Araon or MLA were selected as the representative.  A linear regression passing through the 102 

origin (black line in Fig. S3b) was determined from the pair of U10N after further selecting the 103 
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values within the 3 standard deviations of the Gaussian fit of the histogram for both (white circle 104 

in Fig. S3b). This linear regression indicates that U10N at Manuela is about 43(±15)% higher than 105 

the value observed onboard R/V Araon in the TNB polynya. De Jong and colleagues11 also 106 

recognized stronger wind at MLA compared to that onboard and derived from the several days 107 

observations during February and March in 2013. They scaled down by 0.76 to get wind speed at 108 

10 m high using 3-hour mean wind speed at MLA, which is as about 9% larger than what we 109 

derived above. 110 

Wind  comparison over the Terra Nova Bay polynya 111 

 To compare the wind speeds over the TNB polynya to the point values observed at the 112 

Manuela AWS, various wind data products were employed. These include NCEP/NCAR 113 

Reanalysis1 (NCEP1), NCEP-DOE AMIP-II Reanalysis (NCEP2), ERA5, MERRA2, and JRA55. 114 

Table S1 lists brief information of the data products including temporal and spatial resolution. Fig. 115 

S4 shows the seasonal variabilities of the neutral wind speeds at 10 high (U10N) over the TNB 116 

polynya. The in situ winds at MLA were transformed to the U10N at sea using the conversion factor 117 

drawn in Fig. S3b. In spite of the conversion via comparison to the winds onboard R/V Araon, the 118 

MLA winds are still higher than the shipboard wind in February and March, while being 119 

comparable in December and January when the winds were mild, indicating that the relationship 120 

of U10N between MLA and onboard R/V Araon weighs to the low wind field.  On the othe hand, 121 

among the wind data products NCEP2 appears compatible to the winds measured onboard R/V 122 

Araon and close to the in situ wind at MLA along the year, leading us to use the NCEP2 as the 123 

representative of the polynya around Antarctica. 124 

Table S1| Summary of the reanalysis products used in this study 125 
Short name Name Source Record 

period 
Temporal 
resolution 

Spatial 
resolution 

Reference 
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NCEP1 NCEP/NCAR 
Reanalysis 
1 

NCEP, 
NCAR 

1948 – 
Present 

6-hour 2.5°x2.5° Kalnay et al.(1996)12 

NCEP2 NCEP-DOE 
AMIP-II 
Reanalysis 

NCEP, 
DOE 

1979 – 
Present 

6-hour 2.5°x2.5° Kanamitsu et al. 
(2002)13 

ERA5 ECMWF 
Reanalysis 
v5 

ECMWF 1979 – 
Present 

1-hour 0.25°x0.25° Hersbach et al. 
(2020)14 

MERRA2 MERRA2 NASA 
GMAO 

1980 – 
Present 

1-hour 0.5°x0.625° Gelaro et al. (2017)15 

JRA55 Japanese 
55-year 
Reanalysis 

JMA 1958 – 
Present 

6-hour 1.25°x1.25° Kobayashi et al. 
(2015)16 

 126 

 Fig. S4| Comparison of monthly neutral wind speed at 10 m height (U10N) represented by box-whisker plot 127 

Calculation of polynya area 128 

Polynya is defined the sea area that is exposed to the atmosphere year-round within the 129 

area covered by sea ice. Most of the polynyas in Antarctica, however, is open to the open ocean in 130 

summer. Thus, we defined the northern boundary of summer polynya at the1000 m isobath in the 131 

continental shelf17. We relied on the sea ice concentration that was estimated using the ASI 132 

(ARTIST Sea Ice) algorithm18 applied to the microwave data observed by AMSR2 onboard with 133 



9 
 

a pixel resolution of 3.125 km by 3.125 km. Polynya area (Ap) was simply calculate by summing 134 

up the open ocean area in each pixel, which is simply gained by multiplying the area of each pixel 135 

by the fraction of the open ocean for the given pixel: 136 

 𝐴𝐴𝑝𝑝 =  � 3.1252 × (1 − 𝑓𝑓𝑠𝑠𝑠𝑠) (1) 
 

 

, where fsi indicates the fraction of sea ice. 137 

We used the AMSR2 sea ice data archived in University of Bremen (UB, seaice.uni-bremen.de/sea-138 

ice-concentration/) for 5 years from February in 2016 to January in 2020 to calculate the polynya 139 

area in Terra Nova Bay. In case of the major polynya areas, AMSR-E data archive in UB and the 140 

sea ice concentrations from SMMR onboard Nimbus-7 and SSM/I and SSMIS from the DMSP 141 

satellites compiled by National Snow and Ice Data Center (NSIDC) were added to extend back to 142 

1984 when the oldest polynya data in SOCAT were logged.  Due to different pixel resolution in 143 

the data products from UB (3.125 km) and NSIDC (25 km), the polynya areas differ between. 144 

Thus, we normalized NSIDC data such that monthly mean sea ice concentrations for the whole 145 

periods of observation be the same between the two data products: 146 

 
𝑁𝑁𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ×

(𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴)𝑚𝑚�������������

(𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)𝑚𝑚������������� (2) 

, where NANSIDC and ANSIDC indicate normalized and original sea ice area, and (𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴)𝑚𝑚������������� and 147 

(𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)𝑚𝑚�������������  for monthly means of AMSR-E and AMSR-2 and of NSIDC for given month, 148 

respectively. 149 

Calculation of CO2 flux across the surface 150 

The CO2 flux across the seawater surface was calculated using mass transfer model. This 151 

predicts the mass flux (j) as the product of gas transfer velocity (k) and CO2 concentration 152 
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difference across the water surface (Cw – L×Ca = ∆C):   153 

 𝑗𝑗 = 𝑘𝑘 × ∆C (3) 

or 154 

 𝑗𝑗 = 𝑘𝑘 × 𝐾𝐾𝑜𝑜 × ∆𝑝𝑝CO2 (4) 

, where Cw and Ca indicate CO2 concentrations dissolved in seawater and overlying in the air, 155 

respectively, L is Ostwald coefficient, and Ko is solubility of CO2. k is usually parameterized with 156 

neutral wind speed at 10 m above sea level (U10N). Most of the parameterizations relies on second 157 

order of U10N multiplied by coefficient.  158 

k parameterization is given at a specific thermodynamic conditions to define the diffusivity 159 

(D) of dissolved gas interested and viscosity (ν) of seawater, which needs to be corrected for to 160 

adjust these properties at the given temperature and salinity, which is represented by Schmidt 161 

number (Sc = ν/D). Complicate kinematic dynamics dictates that k varies with Scn inversely with 162 

the number n depending on the theoretical approach. All parameterizations we adopted here use 163 

the exponent n = ½ favoring the surface renewal19 or boundary layer model 20. 164 

 
𝑘𝑘 = 𝑓𝑓(𝑈𝑈10N) × �𝑆𝑆𝑆𝑆0

𝑆𝑆𝑆𝑆
 (5) 

When calculating the reference Schmidt number at 20°C and salinity 35 or freshwater, we did not 165 

simply choose 660 or 600, but calculated the reference Sc by inserting reference temperature and 166 

salinity to the components of Sc. 167 

Thus, we used the following parameterizations to determine gas transfer velocity, k 168 

(1) Wanninkhof parameterization 21 with short-term steady wind 169 
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 𝑘𝑘 = [2.5(0.5246 +  1.6256 ×10−2𝑡𝑡 + 4.9946×10−4𝑡𝑡2) + 0.3𝑢𝑢2]( 𝑁𝑁𝑆𝑆(𝑡𝑡,𝑆𝑆)

𝑁𝑁𝑆𝑆(20,35)
)−1/2 (6) 

(2) Wanninkhof parameterization21 with long-term average wind 170 

 
𝑘𝑘 = 0.39𝑢𝑢2(

𝑆𝑆𝑆𝑆(𝑡𝑡,𝑁𝑁)

𝑆𝑆𝑆𝑆(20,35)
)−1/2 (7) 

(3) Nightingale parameterization22 171 

 
𝑘𝑘 = [0.1𝑢𝑢 +  0.23𝑢𝑢2](

𝑆𝑆𝑆𝑆(𝑡𝑡,𝑁𝑁)

𝑆𝑆𝑆𝑆(20,0)
)−1/2 (8) 

(4) Takahashi parameterization23 172 

 
𝑘𝑘 = 0.26𝑢𝑢2(

𝑆𝑆𝑆𝑆(𝑡𝑡,𝑁𝑁)

𝑆𝑆𝑆𝑆(20,35)
)−1/2 (9) 

(5) Wanninkhof parameterization24  173 

 
𝑘𝑘 = 0.251𝑢𝑢2(

𝑆𝑆𝑆𝑆(𝑡𝑡,𝑁𝑁)

𝑆𝑆𝑆𝑆(20,35)
)−1/2 (9) 

CO2 concentrations were determined by the dry mole fractions measured on either air or 174 

water sides using the automated pCO2 analyzing system1. The analyzing system was calibrated 175 

with 3 standard gases and one CO2-free N2 gas every 6 hours. At each measurement of either 176 

ambient air or dissolved CO2, a calibration curve was derived by interpolated measurements of 177 

standard gases.  Mole fractions (xCO2) were converted to partial pressure by multiplying ambient 178 

pressure (Patm) at the given time taking into account the condition of saturated water vapor (pH2O) 179 

and finally to the fugacity coefficient (ϕCO2) of CO2 accounting for the stickiness among the 180 
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molecules colliding each other 25: 181 

 𝑓𝑓CO2 = 𝑥𝑥𝑥𝑥𝑥𝑥2(𝑃𝑃𝑎𝑎𝑡𝑡𝑚𝑚 − 𝑝𝑝H2O)𝜑𝜑CO2 (10) 

 Observed dissolved pCO2 was corrected for the thermal change in the seater between the 182 

ambient surface temperature and the temperature measured in the equilibrator driven by heat 183 

conduction while pumping the seawater 23: 184 

 ∂ ln 𝑝𝑝CO2𝑤𝑤

𝜕𝜕𝜕𝜕
= 0.0433 − 8.7 ×  10−5𝜕𝜕 (11) 

Air-sea CO2 gas exchange was estimated by the product of transfer coefficient and the difference 185 

of fugacity of CO2: 186 

 𝑗𝑗 = 𝜕𝜕𝑇𝑇 × ∆𝑓𝑓CO2 (12) 

Aforementioned, we assume that sea ice plays a role of lid in gas exchange in the polynya leading 187 

to the mass flow rate as the product of the polynya area and gas exchange rate: 188 

 𝐽𝐽 = 𝑗𝑗 × (1 − 𝑓𝑓𝑠𝑠𝑠𝑠)  × 𝐴𝐴𝑝𝑝 (13) 

where fsi indicates the fraction of sea ice area and Ap for the polynya area. 189 

Comparison of ∆fCO2 observed at JBG and onboard in the Terra Nova Bay polynya 190 

Shipboard observations of fCO2 in the TNB polynya were collected in the SOCAT database. 191 

In addition, the observations onboard R/V Araon in the TNB polynya was added to expand the 192 

database obtained onboard.  Assuming a month of period to circulate the surface mixed layer in 193 

the TNB polynya, monthly mean values of fCO2, temperature, and salinity were determined based 194 

on the calendar date. Likewise the same monthly mean values was estimated for the data obtained 195 

at JBG to investigate how much they are different. Monthly mean difference of the three 196 
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parameters between the two sets were compared to the precision of the monthly mean values 197 

obtained at JBG. As shown in Fig. S5 monthly mean fCO2 values in the TNB polynya were same 198 

as that measured at JBG within 3σ  except two points. The same is for temperature, but salinity 199 

difference is a bit significant due partly to the instrumental issue described in the section, Salinity, 200 

above.   201 

Fig. S5| Comparison of the difference between monthly mean values of ∆fCO2, sea surface 202 
temperature (SST) and sea surface salinity (SSS) against one standard deviation of the given 203 
parameters that was measured at JBG when shipboard observation was conducted 204 

Supplementary Discussion 205 

Variation of mixed layer depths in the TNB polynya 206 

  A variety of definition of the mixed layer depth (MLD) in the ocean is provide in literature, 207 

e.g. refs(26, 27). Here following the definition by DeJong et al.28, we determined MLD where σt 208 

increases great than or equal to 0.125 kg m-3  using temperature and salinity profiles gained from 209 

the historical collection of hydrographic stations in TNB from 1984 to 200429. The bottom depths 210 

of MLD were shoaled approximately from 500 m to near 10 m in December, then sustained at 211 

shallow depths in January, and gradually deepened in February (Fig. S6a). Temperature at the 212 

bottom depth of the MLD was increasing in December, lingered at high temperature in January, 213 
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and decreasing in February (Fig. S6b). It clearly suggests that radiative heating is the major driver 214 

to change MLD. The salinity at the bottom of MLD shows freshening in December by melting sea 215 

ice and glaciers. This freshening trend continues until late February and then gradually is salinity 216 

increasing (Fig. S6c).    217 

 218 

Fig. S6| Variations of (a) mixed layer depth (MLD) and (b) temperature and (c) salinity at the bottom of 
the MLD. Red circle indicates the individual MLDs at the given time and blue square represents mean 
value of the given day of year. 
 
 

 219 

  220 
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