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Inconsistency between ship-
and Argo float-based pCO2 at
the intense upwelling region of
the Drake Passage,
Southern Ocean

Yingxu Wu1,2 and Di Qi1*

1Polar and Marine Research Institute, Jimei University, Xiamen, China, 2Ocean and Earth Science,
National Oceanography Centre Southampton, University of Southampton, Southampton,
United Kingdom
The Southern Ocean absorbs a quarter of anthropogenic carbon dioxide (CO2)

from the atmosphere to modulate the climate system. However, less attention

has been paid to the CO2 outgassing phenomenon at the Antarctic

Circumpolar Current (ACC) region of the Southern Ocean due to strong

upwelling. Recent studies using autonomous biogeochemical-Argo float

revealed a greater winter CO2 outgassing than previously estimated at ACC

zone of the Southern Ocean, which, however, remains controversial and

urgently needs to be validated. Here we take the Drake Passage as a case

study to present new insights into the Southern Ocean carbon cycle and

examine the validity of float-based CO2 outgassing. Upon integrating the ship-

based data over the past two decades, we investigate the spatiotemporal

variability of sea surface CO2 partial pressure (pCO2) in Drake Passage. We

show that Drake Passage is acting as a year-round weak CO2 sink, although

some CO2 uptake is counteracted by winter CO2 outgassing. The float-based

pCO2 values are overall higher than ship-based values in winter, by 6 to 20

µatm (averaged 14 µatm) at the most intensive upwelling region. We then

develop a surface carbon balance calculation (considering mixing between

surface, subsurface, and upwelled waters) to estimate the potential of surface

pCO2 increase due to upwelling, and we find that upwelling of CO2-rich

subsurface waters in Drake Passage cannot support an excess DpCO2 of 14

µatm as suggested by float detections. We further compare our results to

previous study and find that, although we used same datasets and obtained

comparable results, the way to conclude the bias in float-based pCO2 would

cause significant difference: an uncertainty of ±2.7% (i.e., ± 11 µatm) in float-

based pCO2 estimated by other study seems acceptable, however, it is five

times larger than the typical ship-based pCO2 uncertainty ( ± 2 µatm), and
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would cause ~180% bias in CO2 flux estimates. Going forward, there is special

need for caution when interpreting the float-based CO2 flux; meanwhile,

further comparisons and corrections between float- and ship-based pCO2

are clearly warranted.
KEYWORDS

CO2 partial pressure, upwelling, CO2 outgassing, Drake Passage, Southern Ocean
1 Introduction

The Southern Ocean plays an outsized role in the global

carbon cycle and therefore regulating the global climate system

(Sarmiento & Toggweiler, 1984; Gruber et al., 2019a; Gruber

et al., 2019b). The Southern Ocean (south of 30°S) is responsible

for a disproportionately large percentage (~40%) of the total

oceanic sink of anthropogenic CO2 (Mikaloff Fletcher et al.,

2006; Gruber et al., 2009; DeVries, 2014; Gruber et al., 2019a;

Gruber et al., 2019b), as well as the large-scale control of nutrient

supplies to the low-latitude oceans and therefore the magnitude

of low-latitude biological productivity (Sarmiento et al., 2004).

Observations and models have demonstrated large variability in

the efficiency of uptake of CO2 in the Southern Ocean over the

past few decades. The strength of the Southern Ocean CO2 sink

was reported to have slackened from the 1980s to the early 2000s

due to the increase in Southern Ocean winds which enhances the

upwelling and outgassing of natural CO2 (Le Quéré et al., 2007;

Lovenduski et al., 2008). In contrast, recent studies

(Landschützer et al., 2015; Munro et al., 2015b) suggest

reinvigoration of the Southern Ocean CO2 uptake since 2002,

due to the cooling in the Pacific Ocean, enhanced stratification

in the Atlantic and Indian Ocean sectors, and a reduced

overturning (Landschützer et al., 2015; DeVries et al., 2017;

Gruber et al., 2019b).

The Southern Ocean is uniquely important due in large part

to its circulation. Deep waters from both the Atlantic and the

Indo-Pacific are upwelled to the surface, and then transformed

into intermediate waters or denser bottom waters (Lumpkin &

Speer, 2007; Marshall & Speer, 2012; Talley, 2013). The

upwelling mostly occurs at the southern portion of the

Antarctic Circumpolar Current (ACC) (Orsi et al., 1995;

Thorpe et al., 2002; Chapman et al., 2020), where deep waters

return to the upper ocean via wind-driven Ekman transport

(Marshall & Speer, 2012) and release the remineralized CO2 that

has been accumulated and isolated from the atmosphere over

centuries. Such CO2 release is concentrated to a relatively

narrow band between 50°S and 65°S (Chen et al., 2022).

Previous studies (e.g., Wu et al., 2019) have demonstrated a

strong latitudinal gradient in surface dissolved inorganic carbon
02
(DIC), where DIC is highest in the high-latitude Southern Ocean

as a consequence of low temperature and upwelling; and high-

DIC subsurface waters outcrop along the upwelling pathway.

However, this might not be identical to the partial pressure of

CO2 (pCO2, which fundamentally matters to air-sea CO2

exchange) given that pCO2 is also regulated by the excess total

alkalinity (TA), seawater temperature and salinity, resulting in a

distinct vertical distribution of pCO2 (Chen et al., 2022).

Therefore, a more comprehensive understanding of the

upwelling impacts on surface pCO2 is required to decipher the

mechanism of upwelling-induced deep CO2 release.

Despite its vital impact on the carbon cycle and climate

system, the Southern Ocean remains one of the most poorly

sampled regions of the global ocean and characterized by large

uncertainty in CO2 flux estimates (Bakker et al., 2016; Gruber

et al., 2019b; Friedlingstein et al., 2022). The Drake Passage is,

however, an exception with a lot of high-frequency and high-

resolution observational data made since 2002 as part of the

Drake Passage Time-series Project. The carbon cycle and

carbonate system in Drake Passage is consequently better

understood (Munro et al., 2015a; Munro et al., 2015b; Fay

et al., 2018) than elsewhere in the Southern Ocean, and

suggested to be representative of a broader region in the

subpolar Southern Ocean in both seasonality and long-term

CO2 trends.

With the aim of filling data gaps and gaining better

understandings of the Southern Ocean carbon cycle, starting

since 2014, the Southern Ocean Carbon and Climate

Observations and Modeling (SOCCOM) program has

deployed the first biogeochemical float array across the

Southern Ocean. More than 200 floats, equipped with oxygen,

nitrate, pH, and bio-optical sensors (Johnson et al., 2017) have

been released (https://soccom.princeton.edu/). The carbonate

system data (e.g., pCO2) were derived from the float-measured

pH and algorithm-calculated TA. Based on the first several years

of limited SOCCOM data, Williams et al. (2017); Gray et al.

(2018) and Bushinsky et al. (2019) showed a surprisingly large

CO2 outgassing signal around the ACC zone, in particular in

winter, at a much greater rate (0.36 Pg C year-1) than previous

ship-based estimates (from -0.05 to 0.03 Pg C year-1; according
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to Landschützer et al., 2014 and Takahashi et al., 2009). They

attributed the increases in the carbon and nutrient content of

surface waters in the high-latitude Southern Ocean primarily to

the scarcity of pCO2 observations prior to the float

measurements being available as well as interannual variability,

e.g., a positive Southern Ocean Annular Mode Index over 2014-

2017 resulted in increased wind-driven upwelling (Lovenduski

et al., 2007; Lovenduski et al., 2008). However, some recent

evidences with independent approaches (e.g., airborne

observations, uncrewed surface vehicle observations,

reconstructions of winter data, and paired CO2-O2 metrics;

Long et al., 2021; Mackay & Watson, 2021; Sutton et al., 2021;

Wu et al., 2022) showed that the biogeochemical-Argo might

have overestimated sea surface pCO2, thus adding more

controversy to the accurate estimates of CO2 flux. The

discrepancy between ship-based and float-based estimates of

surface pCO2 and air-sea exchange therefore motivated us to

examine the validity of such strong CO2 outgassing in the ACC

zone of the Southern Ocean. For this purpose, we take advantage

of the Drake Passage dataset and its representation of the

subpolar Southern Ocean carbon cycle to investigate the ship-

based seasonal variability of sea surface pCO2. In order to gain a

mechanistic understanding, we develop a surface carbon balance

calculation (accounting for deep entrainment of CO2 from

subsurface water and upwelled water) to estimate the

theoretical value of winter surface pCO2 under the influence of

vertical mixing and upwelling.
2 Materials and methods

2.1 Study area: Drake Passage

The strong flow of the zonally unbounded Antarctic

Circumpolar Current (ACC) is constricted to as narrow as

~800 km, making Drake Passage a natural laboratory for

investigating the entire ACC system over a relatively short

distance (Sprintall et al., 2012). We followed the previous

studies (Munro et al., 2015a; Munro et al., 2015b) to divide

Drake Passage into four regions according to its unique physical

oceanography and geographic settings. The four regions

(Figure 1A) in Drake Passage are oriented parallel to the

Antarctic Polar Front (APF) and the mean flow of the ACC,

with two of them (R1 and R2) located north of the APF and the

other two (R3 and R4) located south of the APF. The

Subantarctic Front (SAF) locates within R1, the APF locates

between R2 and R3.
2.2 Data source

We used several observational datasets containing surface

pCO2 and carbonate system parameters as described below. The
Frontiers in Marine Science 03
austral summer is defined as from January to March, and so on

for the other seasons.

2.2.1 The time-series data in Drake Passage
Discrete surface samples for parameters (e.g., salinity,

macronutrients, and DIC) as well as high-frequency underway

pCO2 measurements were collected and measured on five to

eight transects of Drake Passage per year by the Antarctic

Research Supply Vessel Laurence M. Gould. The carbonate

system parameters as well as other biogeochemical variables

measured onboard (referred to as Drake Passage Time-series,

DPT) allow for a comprehensive understanding of the

biogeochemistry in Drake Passage. The DPT dataset during

2002 to 2017 (Figure 1A) was downloaded from https://www.

ldeo.columbia.edu/res/pi/CO2/. The analytical precision was ±2

μatm for underway pCO2, and approximately ±1 μmol kg-1 for

DIC (Munro et al., 2015a; Munro et al., 2015b). TA was

calculated from DIC, pCO2, temperature, salinity, phosphate,

and silicate data. The estimated accuracy of each TA value was 2

μmol kg-1 based on the analytical precision of pCO2 and DIC

(Takahashi et al., 2014; Munro et al., 2015a; Munro et al., 2015b).

The computed TA values were relatively close to the measured

TA values (of the samples with pCO2, DIC, and TA

measurements) by titration (root-mean-square deviation of ±4

μmol kg-1).

We also took advantage of the existing water column profiles

in Drake Passage in March 2006, February and September 2009

(Figure 1A). The data were obtained from the GLODAPv2.2020

dataset (Olsen et al., 2020), with uncertainties of 4 μmol kg-1 and

6 μmol kg-1 for DIC and TA, respectively.

2.2.2 SOCCOM float data
The SOCCOM Biogeochemical-Argo float data were

downloaded from https://soccom.princeton.edu/, and 8 floats

intersecting Drake Passage (from 2014 to 2020) were used in this

study (Figure 1B). The float measures water column pH, oxygen,

nitrate, fluorescence, and backscattering (Johnson et al., 2017).

Carbonate system parameters including pCO2 and others are

first calculated from sensor-measured temperature, salinity, pH,

LIAR algorithm-estimated TA, and silicate and phosphate

concentrations (Williams et al., 2016; Williams et al., 2017;

Carter et al., 2018). All float data were quality controlled as

described in Johnson et al. (2017). Specifically, the quality

control of pH data is based on the crossover analysis for deep

waters between float and shipboard (including available

Southern Ocean dataset and SOCCOM deployment cruises)

measurements. The empirical algorithm for estimating in-situ

pH as a function of temperature, salinity, pressure, and O2 is

determined for shipboard bottle measurements at 1000-2000 m

depth, which is then applied to float-measured temperature,

salinity, pressure, and O2. By comparing the two pH values at

1500 m depth, an offset in pH is applied to the entire float profile.

The measured pH has a reported uncertainty of 1% (equivalent
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B

A

FIGURE 1

The observations from ship-based underway measurements and biogeochemical-Argo float in the Drake Passage. (A) underway pCO2

measurements indicated by grey lines. The black dashed line indicates the location of SAF, black solid line indicates APF, and black dotted line
indicates southern ACC front (front data obtained from Orsi et al., 1995; Thorpe et al., 2002). The cruises with water column sampling are
denoted by purple and pink lines, in February 2009 and March 2006/September 2009, respectively. The coordinates of the box corners from
the top corner of R1 to the bottom corner of R4 are: 55.06°S, 63.29°W; 57.52°S, 70.97°W; 56.49°S, 61.87°W; 58.95°S, 69.85°W; 57.92°S, 60.39°
W; 60.38°S, 68.71°W; 59.34°S, 58.85°W; 61.81°S, 67.54°W; 60.77°S, 57.26°W; and 63.24°S, 66.35°W. (B) Argo floats that intersected the study
area. Eight floats were selected.
Frontiers in Marine Science frontiersin.org04
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to 0.005) respectively (Johnson et al., 2017), and the estimated

TA and pCO2 have a reported uncertainty of 5.6 μmol kg-1 and

2.7% respectively (Williams et al., 2017).

The uncertainty associated with the float-estimated pCO2

mainly results from three factors: accuracy of the estimated TA,

accuracy of the measured pH, and the choice of equilibrium

constants used for calculating the carbonate system (Williams

et al., 2017). Among them, the accuracy of the measured pH was

proven to be the dominant factor (Williams et al., 2017;

Takeshita et al., 2018). According to a quality control

assessment through December 2016 (Johnson et al., 2017), the

pH sensor was recorded to have the lowest percentage (88%) of

good data return, while the oxygen sensor had the best

percentage (100%) of good data return. Some previous efforts

have been made to reveal the mismatch between float-based and

ship-based pH values (Álvarez et al., 2020; Wu et al., 2022).
2.3 Data processing

2.3.1 Detrend of pCO2

In order to prevent the temporal CO2 trends from generating

artificial spatial variability due to anthropogenic CO2 influence,

we detrended the surface pCO2 and normalized it to a reference

year 2005 for a better comparison with global studies (e.g.,

Takahashi et al., 2014). The rate of trend of 1.67 μatm yr-1

accounting for increasing atmospheric CO2 during the 2002-

2017 period was determined from the underway pCO2

measurements used in this study (Figure 2A). The rate varies

slightly across the particular region (R1-R4) in the Drake

Passage, with deviations less than 0.23 μatm yr-1 (Figures 2B–

E), which equals to 2.76 μatm bias for a 12-year normalization

from 2005 to 2017. This is within the uncertainty of pCO2

measurements and therefore could be negligible. We further

applied this rate to the entire Drake Passage when normalizing

the ship-based and float-based pCO2 to 2005.

2.3.2 Surface carbon balance calculation
Figure 3 shows the seasonal changes in water mass

properties in Drake Passage (Evans et al., 2014). In winter, a

large amount of Antarctic Winter Water (AAWW) and

Antarctic Intermediate Water (AAIW) are formed due

primarily to strong surface cooling and consequent deep

mixed layers, whilst in summer, AAWW is eroded through

surface warming and interior mixing with surface water until the

following winter. Compared to the surface water in either

summer or winter, AAWW is supposed to exhibit increased

salinity and DIC (Table 1). By quantifying the individual

contributions of Summer Surface Water (SSW) and AAWW

to the surface carbon balance in Winter Surface Water (WSW),
Frontiers in Marine Science
 05
we can then reach an estimate of how seasonal water mass

transformation changes surface DIC and pCO2.

Due to the fact that most of the float-observed strong CO2

outgassing occurs in the ACC zone (Williams et al., 2017; Gray

et al., 2018), we combined zone R3 and R4 (south of APF and

north of southern ACC) in Drake Passage (Figure 1) to

investigate the surface carbon balance. During the mixing of

SSW and AAWW to form WSW, the fraction of AAWW

(fAAWW) was calculated as the amount necessary to change the

surface concentration [X] of a specific tracer from its observed

value at the beginning of the entrainment (i.e., summer months)

period to the value at the end of the entrainment (i.e., winter

months), according to Equations 1 and 2:

f SSW +    fAAWW  ¼  1 (1)

(½X�SSW �   f SSW)   +   (½X�AAWW � fAAWW)   =   ½X�WSW (2)

where [X]SSW is the concentration in Summer Surface Water,

and [X]WSW is for Winter Surface Water. In addition, we also

considered the mixture of Upper Circumpolar Deep Water

(UCDW) and SSW to form WSW which is an extreme

scenario that barely happens in the study area (Figure 3A). In

this case the endmember AAWW was replaced by UCDW. Two

conservative parameters, total alkalinity (TA) and absolute

salinity (SA), were chosen to quantify this process separately.

The absolute salinity is defined as the mass fraction of salt in

seawater as opposed to practical salinity which is essentially a

measure of the conductivity of seawater to describe the salt

content of seawater; absolute salinity is an SI unit of

concentration with units of g kg-1.

The AAWW water mass is defined by its characteristic

ranges in absolute salinity and conservative temperature

(Tcons), with SA ranging from 34 g kg-1 to 34.3 g kg-1, and

Tcons ranging from -2°C to 1°C (Evans et al., 2014). The

conservative temperature is a new standard for ocean

temperature adopted by the oceanographic community as part

of the Thermodynamic Equation of Seawater – 2010 (TOES-10),

which is based on a hypothetical adiabatic and isohaline change

in pressure to the sea surface. Table 1 summarizes the average

values of the two tracers as well as the carbonate parameters in

each mixing endmember; the values for AAWW and UCDW

were taken from depth profile data, and the values for SSW and

WSW were taken from the detrended surface underway data.

The Gibbs-SeaWater Toolbox was used to calculate absolute

salinity and conservative temperature.

Uncertainties for the calculated fractions of different water

masses and the subsequent mixed DIC and pCO2 were estimated

from a 1000-iteration Monte Carlo analysis that contained

uncertainties of each input parameters as listed in Table 1. The

principle of Monte Carlo analysis follows Wu et al. (2019).
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3 Results

3.1 Spatiotemporal variability of ship-
based surface pCO2 in Drake Passage

The surface pCO2 (normalized to reference year 2005)

displayed distinct patterns in each season across the four regions
Frontiers in Marine Science 06
in Drake Passage (Figure 4). Spatially, surface pCO2 exhibit an

overall decreasing trend against latitude in spring, autumn, and

winter; however, became more dynamic in summer due to the

possible interaction with biological activity (Brown et al., 2019).

Noteworthy, a hotspot of high pCO2 was found in R4 particularly

in spring and winter, which is due to upwelling around ACC zone.

The latitudinal gradient in pCO2 was sizable in both summer and
B

C

D

E

A

FIGURE 2

The inter-annual variation in surface pCO2 in the Drake Passage (A) and specifically in its four regions (B–E) The grey dots are the raw pCO2

data, the red dots are the monthly mean pCO2 values. The slope of linear regression is used to detrend surface pCO2.
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winter, with spatial variation of up to 50 μatm in winter.

Temporally, summer surface waters pCO2 ranged from 300 to

370 μatm, which were mostly undersaturated with respect to the

atmospheric pCO2 (366 μatm in 2005); however, most of them
Frontiers in Marine Science 07
became supersaturated in winter. The regions south of the APF

experienced the greatest seasonal variation in pCO2 (~80 μatm).

Figures 5, 6 show the seasonal variation of surface pCO2 and

DpCO2 (sea surface pCO2 minus atmospheric pCO2) from R1 to
B

A

FIGURE 3

Schematic showing the changes in the distributions of water masses during (A) summer and (B) winter in depth vs. latitude coordinates. The
black circles with dots represent the direction of the zonal winds out of the page. SSW, Summer Surface Water; WSW, Winter Surface Water;
AAWW, Antarctic Winter Water; SAMW, Subantarctic Mode Water; AAIW, Antarctic Intermediate Water; UCDW/LCDW, Upper/Lower Circumpolar
Deep Water. Figure modified from Evans et al. (2014).
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R4. Overall, the region acts as a weak sink of CO2 from the

atmosphere (Fig. 6E), with R1 and R2 being a near neutral region

(winter CO2 source counteracted by summer sink), and R3 and

R4 being a sink region (persistent CO2 sink except for a couple of

months). The maxima of surface ocean pCO2 were often reached

in austral winter, when upward transport of deep water brings

CO2-rich water to the surface, and the minima were mostly

observed in summer, when biological production draws down

the surface CO2 level (Takahashi et al., 2009). The seasonal

amplitude of DpCO2 is generally less than 10 μatm throughout

Drake Passage (Figures 6A–D), in agreement with the

comprehensive study of surface pCO2 in Drake Passage carried

out by Fay et al. (2018) and Munro et al. (2015b).
3.2 Comparisons between ship- and
float-based carbonate parameters

We constrained the 8 floats within R1-R4 regions. For

comparison between different sampling years, both the ship-

based and float-based pCO2 were adjusted to the reference year

2005 according to the reported rates of anthropogenic change in the

Southern Ocean (see Section 2.3.1). Since the Argo float collected

data from surface to deep (2000 m) during a 10-day cycle, it

happened that most of the data located in R4, and most of them

were collected in winter. Significant disagreement between the ship-

and float-based pCO2 and DpCO2 were found in R4 (Figures 4–6).
Frontiers in Marine Science 08
In R4, float-based pCO2 and DpCO2 were significantly

higher than ship-based except for a couple of months

(November and December). Since the atmospheric pCO2 is

rather stable in the southern hemisphere, the deviations in

pCO2 are therefore equivalent to deviations in DpCO2. Such

deviations (float minus ship) seem to be consistent through

February to September, ranging from 6 to 24 μatm (averaged 14

μatm), with largest deviations in autumn and winter (May to

August). This suggests a possible overestimation of pCO2 and

DpCO2 by float-based observations. In terms of pCO2, this

overestimation means 2-6% uncertainty (6-24 μatm divided by

mean pCO2 of 363 μatm); however, in terms of DpCO2, this

would mean 100-400% uncertainty (6-24 μatm divided by mean

of absolute DpCO2 value of 6 μatm).
4 Discussion

4.1 The theoretical envelope of
upwelling-induced pCO2

Tracer values from Table 1 were applied to Equations 1-2 to

estimate the fractions of AAWW and SSW present in surface

water. DIC is conservative regarding the mixing process but

affected by biogeochemical processes, therefore we calculated

(using Equation 2) the concentrations of ‘mixed’ DIC in WSW

just from mixing of AAWW and SSW DIC values; pCO2 is not

conservative regarding the mixing process, the values of ‘mixed’

pCO2 in WSW were therefore calculated from the carbonate

system with the inputs of ‘mixed’ TA and ‘mixed’ DIC, using

CO2SYS (Van Heuven et al., 2011). The choice of dissociation

constants was following the global scale studies such as Wu

et al. (2019).

Using TA as tracer resulted in calculated fractions of

AAWW=13% and SSW=87% (fraction uncertainty of 20%),

and subsequent mixed DIC of 2139 ± 13 μmol kg-1 and pCO2

= 307 ± 27 μatm, both of which are less than the observed levels

in the WSW and atmosphere. Using salinity as tracer resulted in

calculated fractions of AAWW = 48% (more upwelled waters

than TA-derived) and SSW = 52% (fraction uncertainty of 24%),

and subsequent mixed DIC of 2153 ± 15 μmol kg-1 and pCO2 =

337 ± 22 μatm, still less than the observed levels in the WSW

and atmosphere.

Moreover, even if we accounted for the mixture between

UCDW, AAWW, and SSW to form WSW, the results still

yielded lower pCO2 (‘mixed’ pCO2 ranged between 310 ± 30

and 330 ± 34 μatm, with UCDW fraction ranging from 6 ± 10%

to 14 ± 10% depending on different tracers) than the

atmospheric level. Although it seems counterintuitive because

UCDW endmember could provide enormous natural carbon to

the surface ocean (DeVries et al., 2017), the mixed pCO2 would

be as low as calculated because of the countering effect from high

upwelled TA (Wu et al., 2019; Chen et al., 2022).
TABLE 1 Values of absolute salinity (SA), conservative temperature
(Tcons), TA, and DIC in each endmember water mass.

SA
(g kg-1)

Tcons

(°C)
TA

(mmol kg-1)
DIC (mmol kg-1)

AAWW

value 34.1 -0.67 2301.3 2174.2

n 91 91 37 40

S.D. 0.07 0.58 7.6 17.6

SSW

value 33.9 2.39 2275.3 2133.8

n 12846 12846 12798 12167

S.D. 0.09 0.80 6.9 12.4

WSW

value 34.0 -1.33 2279.0 2164.8

n 7102 7102 7091 6573

S.D. 0.10 0.29 7.8 10.0

UCDW

value 34.7 1.91 2335.1 2249.5

n 92 92 32 44

S.D. 0.08 0.23 9.2 8.9
The surface waters were defined as depths shallower than 30 m. The values for surface
endmembers SSW and WSW were determined from the DPT dataset, and the values for
subsurface endmembers AAWW and UCDW were determined from the GLODAPv2
dataset, with depth profiles from cruises in March 2006, February 2009, and September
2009, respectively.
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Despite that the estimated surface pCO2 from winter

entrainment and upwelling exhibited deviations between

different choice of tracers, they served as sensitivity test to

each other and both suggested much lower levels of pCO2

than atmospheric level. The physically ‘mixed’ pCO2 was

therefore not capable of inducing strong CO2 outgassing

(consistent with Figure 5); R4 thus remained a CO2 sink

region, which also agrees well with a previous assessment that

Drake Passage is overall a persistent CO2 sink in all regions

(Munro et al., 2015b; Fay et al., 2018).
4.2 Is the strong winter CO2 source
plausible?

Our results imply that Drake Passage is a weak oceanic sink

for CO2 (Figure 6) and challenge the finding from SOCCOM

float data that high-latitude Southern Ocean releases substantial

CO2 (Williams et al., 2017; Gray et al., 2018; Bushinsky et al.,

2019). Both approaches used in this study suggest that it is

implausible that winter entrainment/upwelling of deep waters

into Drake Passage surface layer could produce a magnitude in
Frontiers in Marine Science 09
DpCO2 of as large as 40 μatm (which was suggested by float

estimations; Williams et al., 2017) or a remarkable natural CO2

outgassing signal (Bushinsky et al., 2019). The upwelling of high

pCO2 subsurface waters is therefore limited in causing large

winter outgassing from just beneath the surface mixed layer in

Drake Passage of the high-latitude Southern Ocean. Although

we did not extend our approach to the wider Southern Ocean

due to the lack of ship-based data that prohibited the

constructions of surface carbon balance calculation, we

presume that the proposed theoretical framework for Drake

Passage would also work for the Indo-Pacific sector which are

hot spots for upwelling of natural CO2 from Indo-Pacific Deep

Water (Chen et al., 2022; Prend et al., 2022). It is reasonable that

some discrepancies between ship- and float-derive pCO2 could

be attributed to episodic or short-term (weekly to monthly)

variabilities during the float observation (e.g., storms and

mesoscale events) which would cause peaks in pCO2 (Kwak

et al., 2021; Nicholson et al., 2022). However, our study reveals

that the inconsistency existed throughout the observation on a

longer timescale (yearly; Figure 6D). Furthermore, our study is

also in line with some other studies applying novel techniques

(Long et al., 2021; Mackay & Watson, 2021; Sutton et al., 2021;
B

C D

A

FIGURE 4

The spatial distribution of ship-based and float-based pCO2 in each season in the surface Drake Passage. (A–D) spring to winter. pCO2 was
normalized to year 2005.
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Wu et al., 2022) to indicate the possible overestimation of CO2

outgassing by SOCCOM floats which could be due to erroneous

pH measurements or carbonate system-related biases (Álvarez

et al., 2020; Wu et al., 2022).

Although it seems contradictory that Fay et al. (2018) and

our study have used similar datasets (both used DPT and

SOCCOM datasets) but came to different conclusions

regarding the consistency between ship- and float-based pCO2

(Fay et al. claimed that the float-based pCO2 fall within the range

of ship-based values given the uncertainty on the estimates),

their study indeed revealed the overall higher float-based pCO2
Frontiers in Marine Science 10
than ship-based, particularly in winter, which is consistent with

our findings. Fay et al. (2018) showed in their crossover analysis

between ship- and float-based pCO2 in their Figure 9B equally

large discrepancies and highly variable difference (i.e., large

standard deviation). All of their findings consistently pointed

to the fact that bias in float-based pCO2 is considerable.

However, Fay et al. (2018) used a different averaging approach

to obtain the final uncertainty value (grey box in their

Figure 9B), during which process the overall uncertainty

reduced to ±11 matm, i.e., within the range of observational

uncertainties as these authors argue. Noteworthy, ± 11 μatm is
B

C

D

A

FIGURE 5

The comparison between ship-based and float-based monthly pCO2 in each region (A–D) of the Drake Passage.
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B

C

D

E

A

FIGURE 6

The comparison between ship-based and float-based monthly DpCO2 in each region of the Drake Passage. (A–D) monthly DpCO2 in different
regions from R1 to R4. (E) the spatial pattern of DpCO2. DpCO2 means difference between the sea surface and atmospheric pCO2. The error
bars represent the standard deviations of monthly mean values.
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by no means an acceptable uncertainty range for the pCO2

observation, which is five times larger than the typical ship-

based pCO2 uncertainty of ±2 μatm (Pierrot et al., 2009). In all

cases, pCO2 is eventually used to calculate air-sea CO2 flux based

on FCO2 = k×a×DpCO2, where k is CO2 gas transfer velocity, a is

the CO2 solubility, and DpCO2 is the difference between sea

surface and atmospheric level. Given that atmospheric pCO2 is

stable and can be regarded as a constant at short timescale, the

uncertainty of FCO2 would largely depend on the uncertainty of

DpCO2, in their case this would cause ~180% uncertainty in FCO2
estimates and therefore cannot be ignored.
5 Conclusion

The autonomous biogeochemical-Argo floats have collected

tremendous invaluable data to understand the global ocean

carbon cycle, and made great efforts to fill the data gaps in the

highly under-sampled Southern Ocean. Since the first few

carbonate system studies from the SOCCOM project

(Williams et al., 2017; Gray et al., 2018; Bushinsky et al., 2019)

that revealed a striking CO2 outgassing signal due to upwelling

in the high-latitude Southern Ocean (particularly in winter),

there has been debates on the float-based data quality and the

magnitude of float-derived Southern Ocean CO2 flux (e.g.,

Álvarez et al., 2020; Long et al., 2021; Mackay & Watson,

2021; Sutton et al., 2021; Wu et al., 2022). In this study, we

chose the Drake Passage as a window of research to address the

above issues, because it has been extensively observed by both

ships and floats. We collected all ship-based pCO2 observations

in Drake Passage during 2002-2017 and compared them with 8

series of float-based observations in the same region during

2014-2020. The detrended ship- and float-based pCO2 showed

similar spatiotemporal patterns, however, a discrepancy of 14

μatm (float > ship) was found. We further applied an

independent approach based on surface carbon balance to

estimate the theoretical value of surface pCO2 if it was

enhanced by upwelling, and suggested that upwelling is

insufficient to cause the above discrepancy. These findings are

against the previous statements (e.g., Fay et al., 2018) that float-

based pCO2 fall within the range of ship-based values given the

uncertainty on the estimates, although we both have found

comparable deviations (averaged 14 μatm, with maximum of

24 μatm) to theirs (averaged 11 μatm, with maximum of 25

μatm). This is because the way that Fay et al. (2018) reported

their results was based on relative uncertainty, therefore an

uncertainty in pCO2 ± 2.7% (equivalent to ±11 μatm) would

sound reasonable, although ±11 μatm is already five times larger

than the general ship-based pCO2 uncertainty. We argue that

more cautions have to be made in reporting/estimating the

uncertainty, because essentially the ±2.7% pCO2 uncertainty

would mean ~180% uncertainty in CO2 flux estimates.
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