Science Advances
RAYAAAS

Supplementary Materials for
Direct observational evidence of strong CO; uptake in the Southern Ocean

Yuanxu Dong et al.

Corresponding author: Yuanxu Dong, ydong@geomar.de

Sci. Adv. 10, eadn5781 (2024)
DOI: 10.1126/sciadv.adn5781

This PDF file includes:

Supplementary Text
Figs. S1 to S12
Table S1
References



Supplementary Text

Eddy covariance observations in the Southern Ocean

The basic information of the seven cruises with eddy covariance (EC) observations is
summarized in Table S1. The seven cruises took place from 2019 to 2020 on the research vessel
RRS James Clark Ross (JCR; JR18004, JR18005, JR19001, JR19002, and JR30001) and RRS
Discovery (DY111, DY113). The setup of the EC systems on both ships can be found in previous
research (22, 52). Detailed information for these seven cruises can be found in the cruise reports
available by searching the cruise name on the website of the British Oceanographic Data Centre
(https://www.bodc.ac.uk/). JR30001 is a long cruise that includes several successive short cruises
in the Southern Ocean. The cruise report of JR30001 is not yet available, but the EC system and
the underway system are the same and have the same configuration as the systems used on other
cruises on the JCR.

The three-dimensional (3D) sonic anemometer plus a motion sensor (IMU — Systron Donner
MotionPak Il or LPMS) were deployed on the top of the bow mast. The motion sensor is used to
detect ship motions, and a motion correction is applied to the 3D wind signals to obtain the true
wind velocity (53). All these cruises used a closed-path gas analyzer plus a dryer (to remove
water vapor fluctuations) to measure the EC flux, which is recommended to make reliable EC
air-sea CO> flux measurements (54-57). The EC systems on JCR used a Picarro G2311-f cavity
ring-down spectrometer (Picarro Inc., Santa Clara, California, USA) as the gas analyzer, while
the system based on Discovery used an L1-7200 (LICOR Biosciences, Lincoln, Nebraska, USA)
infrared gas analyzer. A previous study (22) demonstrated that these setups provide reliable EC
air-sea CO- flux observations.

In addition, underway seawater measurements (sea surface temperature, salinity, and seawater
CO: fugacity) and atmospheric measurements (air temperature, pressure, relative humidity, and
atmospheric CO- fugacity) were also made during all these cruises (22).

fCO2w products

fCOaw observations from four (JR18004, JR18005, JR19001, and JR19002) of seven cruises
have been included in the SOCAT v2021 dataset, which might contribute to the relatively strong
correlation between Fsocat sub and Fec. However, the fCO2y from cruises DY 113 and JR30001
are not included in the SOCAT v2021, but Fig. 3 in the main text shows that the observation-
based fluxes can still reproduce the observed flux variabilities during these two cruises. In
addition, the Fsoccom sub (N0t using the cruise data) also reasonably reproduced the observed flux
variabilities similar to the Fsocat su. This suggests that the agreement of the Fsocat sub With the
EC observations is not mainly due to the co-located fCO»y data.

The MPI-SOMFFN flux product (44) has a 1° x 1°, monthly resolution, while the CarboScope
flux product (26) has three versions with different resolutions. The one with 2° latitude x 2.5°
longitude, daily resolution is primarily used. To examine if the resolution of the product impacts
our results, we subsample the MPI-SOMFFN flux product and the CarboScope flux products
with three resolutions (2° x 2.5°, daily; 2° x 2.5°, monthly; 1° x 1°, daily). The subsampled
fluxes from these products with different resolutions are generally comparable with each other
(Fig. S6). First, the refined temporal (daily) resolution substantially improves the agreement
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between the subsampled flux and the EC flux. In addition, increasing the spatial resolution from
2° latitude x 2.5° longitude to 1° x 1° does not apparently improve the agreement between the
subsampled flux and the EC flux (Fig. S6).

SOCCOM fCO,w estimates are calculated from the float pH measurements and the LIARv2
multiple linear regression alkalinity calculation (32). For the SOCAT plus SOCCOM-based flux,
the float fCO2w estimates are first averaged in 1° by 1°, monthly bins, which are subsequently
averaged with the equivalent SOCAT 1° by 1°, monthly bins. Air-sea fluxes are then calculated
using the same procedure as the other MPI-SOMFFN and CarboScope products. For the
SOCCOM-weighted flux, the same procedure is followed, except that south of 30°S and from
2014 onwards, only float data is used. This flux product was conceived as a test to determine
how much the air-sea flux would change if weighted heavily toward the float fCO,\, estimates
(10).

Gas transfer velocity

Widely used Kesgo parameterizations are either based on the global bomb-1*C inventory (Keso_14c)
(e.g., 19) or based on dual-tracer observations ( Keso_tracer) (€.9., 58). The global bomb-**C
inventory provides a single mean Kego value (18.2 +3.6 cm h™t or 16.5 + 3.2 cm h™t for
unnormalized K) (28) for the global ocean over a half-century timescale, orders of magnitude
longer than the timescale associated with gas exchange (minutes to hours). The Keso_tracer Was
based on a fit to observations typically collected over a few days. The short-term (e.g., hourly)
gas exchange at high and low wind speeds tends to be averaged to an intermediate wind speed
over a relatively long timescale (e.g., a few days). Therefore, Keso_14c and to a lesser extent
Kego_tracer at low (below 5 m s™) and high wind speeds (above 13 m s™) are extrapolations from
Keeo at intermediate wind speed by assuming a quadratic Keso-wind speed relationship.

The variability in the EC-derived Keeo at intermediate wind speeds (on the order of 60%, i.e., the
standard deviation relative to the mean Kego) is substantially higher than can be explained by
measurement uncertainty alone (~30%) (22). This suggests that processes other than wind speed
(e.g., surfactants, waves) are influencing gas exchange (52, 54, 59, 60). The non-zero Kegeo at low
wind speed is most likely influenced by chemical enhancement in air-sea CO> exchange (61),
which is not included in the *C-based parameterization and cannot be observed by dual-tracer
observations. Chemical enhancement is implicitly captured by EC observations and is included
in EC-based Keso parameterizations. At high wind speeds, ocean waves and bubbles may play an
important role in air-sea CO> exchange (54, 59). larger Kego may occur in regions with higher
significant wave height (Hs) at the same wind speed (21). Our Southern Ocean observations
(mostly east of South America) were not in a region with extremely high wave height because
the westerly propagation of the wave energy is largely hindered by the South American
landmass. The Hs of our observations is on the order of ~2.5 m (subsampled from the ERA5
reanalysis wave data set), while the mean Hs for the entire Southern Ocean is ~4 m (62).
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Fig. S1. Monthly, latitudinal, and longitudinal variations of the Southern Ocean CO; flux on
average from 2015 to 2020. This figure represents the entire Southern Ocean (not subsampled). The
thick blue, green, yellow, and red lines represent SOCAT (shipboard)-based, SOCCOM (float)-weighted,
and SOCAT plus SOCCOM-based flux products (updates of the data in 10, available from 2015 to 2020
inclusive), and the ensemble mean of eight global ocean biogeochemistry models (23), respectively. The
eight thin lines correspond to eight individual models. (A) Bi-monthly averaged CO; flux from the
observation-based products and models of the Southern Ocean. (B) Latitudinal variation of the CO, flux
from observation-based products and models in the summertime Southern Ocean (November to April).
(C) Longitudinal variation of the CO; flux from observation-based products and models in the
summertime Southern Ocean (latitude < 35°S).
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Fig. S2. Map of seven research cruises in the Southern Ocean in 2019 and 2020. Cruises JR18004,
JR18005, JR19001, JR19002, and JR30001 were collected on research ship RRS James Clark Ross, while
cruises DY111 and DY113 were collected on research vessel RRS Discovery. Fronts constructed from
satellite altimetry data (25) shown as the red, brown, and black curves are for the Subantarctic Front
(SAF), the Polar Front (PF), and the southern Antarctic Circumpolar Current Front (SACCF),
respectively.
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Fig. S3. Latitudinal (A) and longitudinal (B) breakdown of the EC CO; flux measurements and
subsampled flux estimates. The four bars with different colors represent the mean of hourly EC flux
measurements from the seven cruises (black), subsampled flux from SOCAT-based flux products with
(filled blue) and without (unfilled blue) temperature corrections, and SOCCOM-weighted flux products
(red). Open circles denote the two SOCAT-based flux products obtained using the same available
interpolation methods as those for the SOCCOM-weighted products. Error bars reflecting one standard
deviation provide a measure of uncertainty. Refer to the caption of Fig. 1 in the main text for the
definition of the fronts SAF, PF, and SACCF.
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Fig. S4. Time series of hourly EC flux and bulk air-sea CO, flux during seven cruises in the
Southern Ocean (A) and the comparison between the hourly EC flux and bulk flux (B). The bulk
flux is calculated using the in-situ fCO, and wind speed measurements and a commonly used gas transfer
velocity parameterization (19).



JR18004 JR18005 DY111 JR19001 JR18002! DY113 JR30001

10 A
l_" J
© N
|
S
©
=
E
X
=
=
o)
]
—309 — ECflux —— Model
15 29 39 58 69 81 94 344354364 326 340 349 2 4965 395062 335348356
2019 2019 2019 2019 2020 2020 2020

Day in year

Fig. S5. Flux time series with a daily running mean. EC air-sea CO; flux measurements (black) from
seven Southern Ocean cruises and subsampled model flux estimates (green, 23).
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Fig. S6. Subsampled CO; flux according to the time and location of the EC flux measurements
(black) from four SOCAT-based products: Subsampled MIP-SOMFFN flux product (44) with 1° x 1°,
monthly resolution (blue in A); CarboScope flux product (26) with: 2° latitude x 2.5° longitude, monthly
resolution (red in A); 2° latitude x 2.5° longitude, daily resolution (blue in B); 1°x 1°, daily resolution
(red in B). The correlation coefficient (r) between the subsampled flux and the EC flux is indicated in the
legend.
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Fig. S7. The mean of the subsampled SOCAT-based CO; flux with different averaging time scales.
The subsample is according to the time and location of each hourly EC flux. The solid-vertical line
represents the 1-day time scale, and the dashed-horizontal line corresponds to the average of the mean
flux with time scales between 16 and 32 hrs.
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Fig. S8. The mean of the variables with different sampling time intervals. A: The mean of the entire
EC flux from seven cruises. B-D: The mean of the EC flux (B), the air-sea CO; fugacity difference
(AfCO,, C), and the square of 10-meter wind speed (U1, D) from cruise JR18005. The solid-vertical line
represents the 1-day time scale, and the dashed-horizontal line corresponds to the average of the mean

flux with time scales between 16

and 32 hrs.
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Fig. S9. Gas transfer velocities (Kgeo) Versus wind speed. Red dots represent 1 m st ERA5 wind speed
(hourly resolution, 46) bin averages of the EC-derived Kggo, While blue squares denote 1 m s* JRA55
wind speed (3 hours resolution, 63) bin averages of the EC-derived Kgeo. Solid curves represent the Keso
parameterizations constrained by the EC observations (bin averages) and using the subsampled ERA5
(red) and JRAS55 wind speeds (blue), respectively. Dashed lines denote the Kesso parameterization
constrained by the global **C inventory and using the global ERA5 (purple) and JRAS55 wind speed
product (green), respectively.
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Fig. S10. Observation-based estimates of the annual mean CO; flux in the Southern Ocean (south of
45° here). The three bars on the left represent the fluxes averaged over 2009-2018, while the two bars on
the right indicate the fluxes averaged over 2015-2020. From left to right: Ensemble mean of seven
SOCAT-based flux products (12) with temperature corrections (filled blue) (13), flux constrained by the
aircraft observations (purple) (29), ensemble mean of seven SOCAT-based flux products (12) without
temperature corrections (two unfilled blue bars), ensemble mean of two SOCCOM-weighted flux
products (red). Open circles denote the two SOCAT-based flux products obtained using the same
available interpolation methods as those for the SOCCOM-weighted products. Error bars denote one
standard deviation.
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Fig. S11. SOCAT shipboard and SOCCOM float sampling distributions in the austral summer
from 2015 to 2020 inclusive. Colors represent measured (A) and derived (B) seawater fCO.y. Fronts
constructed from satellite altimetry data (25) shown as the red, brown, and black curves are for the
Subantarctic Front (SAF), the Polar Front (PF), and the southern Antarctic Circumpolar Current Front
(SACCEF), respectively.
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Fig. S12. EC air-sea CO; flux measurements and subsampled CO; fluxes from eight individual
GOBMs with a daily running mean. The black line in each subplot represents the EC flux data, while
the colored line in each subplot corresponds to the subsampled model flux. See (23) and references
therein for details of these eight models: CESM-ETHZ (64), FESOM-2.1-REcoM2 (24), NEMO3.6-
PISCESv2-gas (65), NEMO-PISCES (66), NEMO-PlankTOM12 (67), MICOM-HAMOCC (68), MOM6-
COBALT (69), MPIOM-HAMOCCSG (70). The name of each model, the correlation coefficient between
the subsampled model flux and the EC flux, and the mean difference between the EC flux and the
subsampled model flux are indicated in the legend of each subplot.



Tab. S1. Basic information for the seven Southern Ocean cruises on which air-sea EC CO; fluxes

were measured.

Cruise names | Platform Sonic anemometer Gas Date and time
analyser
JR 18004 | RRS James Metek uSonic-3 G2311-f + | 11 Jan.—15 Feb. 2019
Clark Ross Scientific + motion | dryer
18005 24 Feb.—14 Apr. 2019
(JCR) sensor
19001 6 Nov.—26 Dec. 2019
19002 27 Dec. 2019-7 Mar.
2020
30001 1 Dec. 2020-31 Dec.
2020
DY |111 RRS Discovery | Gill R3-50 + motion | LI-7200 + | 2 Dec. 2019-2 Jan. 2020
sensor dryer
113 5 Feb.—12 Mar. 2020
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