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In situ measurements of sea surface temperature (SST), salinity (SSS), Total Alkalinity (AT) and Total Carbon (CT)
were obtained during austral summer (mid-February to mid-March) from 2005 to 2019 in the Southern Ocean
(SO), along a transect between Hobart, Tasmania and Dumont d’Urville French Antarctic Station. The studied
transect is divided in four regions from North to South: the Subtropical Zone (STZ), the Subantarctic Region
(SAR), the Antarctic Region (AAR) and the Coastal Antarctic Zone (CAZ). Latitudinal distribution of measured
SST, SSS, AT, CT as well as calculated pH, CO2 parameters (seawater fugacity of CO2 (fCO2sw), difference between
seawater and atmospheric fCO2 (ΔfCO2), CO2 flux (FCO2)) and satellite-derived Chlorophyll a (Chl-a) are dis
cussed. We show that the variability of physical and carbonate parameters in the STZ and north of the SAR are
related to the mesoscale activity. In the CAZ, the freshwater inputs from sea-ice melting strongly impact the
variability of all parameters. The comparison between physical and carbonate parameters highlights that AT and
CT are directly related to the latitudinal variability of SST and SSS. Study of the CO2 parameters shows that the
transect is a sink of CO2 during February and March, with a mean FCO2 of − 4.0 ± 2.8 mmol m− 2 d− 1. The most
negative values of FCO2 are found in the STZ and SAR north of 50◦ S and in the AAR south of 62◦ S, where
biological activity is high. New simple empirical relationships are developed for AT from SST and SSS and for CT
using SST, SSS and atmospheric fCO2 (fCO2atm) for the austral summer in the studied area. Using high resolution
SSS and SST from the SURVOSTRAL program, trends of AT and CT are determined in the SAR and the AAR from
2005 to 2019. SST, SSS and AT increase over this period in the SAR, which might be explained by the southward
migration of the Subtropical Front. In the AAR, no clear trend is detected. CT increases by 1.0 ± 0.2 and 0.8 ±
0.3 μmol kg− 1 yr− 1 in the SAR and AAR respectively. The trend in the AAR is attributed to the increase in
anthropogenic CO2 emissions in the atmosphere while, in the SAR, hydrographic changes also contribute to the
increase. Using the coefficient associated with fCO2atm in the equation of CT, we estimate the impact of atmo
spheric CO2 increase on CT at 1.18 ± 0.14 μmol kg− 1 yr− 1 and 1.07 ± 0.13 μmol kg− 1 yr− 1 in the SAR and AAR
respectively. Decreases in pH are observed in both regions (− 0.0018 ± 0.0001 and − 0.0026 ± 0.0003 yr− 1 in
the SAR and AAR respectively), indicating the sensitivity of surface waters in the area towards the development
of ocean acidification processes under rising anthropogenic emissions.

1. Introduction
Since the pre-industrial period, the atmospheric CO2 has increased
rapidly due to increasing human activities. Up to a quarter of these
anthropogenic CO2 emissions have been absorbed by the global ocean

since then (Sabine et al., 2004; DeVries, 2014), with increasing uptake
over the past decades (Gruber et al., 2019a, 2019b; Friedlingstein et al.,
2020). But this uptake has consequences on the biogeochemistry of the
ocean.
Over the past decades, increasing number of studies focused on the
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changes in the physical, carbonate and CO2 system to better constrain
the impact of anthropogenic carbon (Cant) on the global ocean. Under
increasing atmospheric CO2 concentration, CT inventory has changed.
Gruber et al. (2019a) estimated a total Cant inventory of 34.4 PgC
(petagrams of carbon) between 1994 and 2007 in the global ocean. In
surface waters, CT presents an increase around 1 ± 0.6 μmol kg− 1 yr− 1 in
different regions of the ocean (Bates et al., 2014; Takahashi et al., 2014;
Lauvset et al., 2015; Merlivat et al., 2018; Lo Monaco et al., 2021; Gregor
and Gruber, 2021), in part linked with the uptake of Cant. In the inter
mediate and deep waters, storage of Cant has also been observed, with
strong spatial variability (Gruber et al., 2009, 2019a; Murata et al.,
2010; Peng and Wanninkhof, 2010; Mahieu et al., 2020). As a conse
quence of the accumulation of Cant in the ocean, pH has decreased by 0.1
since the beginning of the industrial era, leading to ocean acidification
(Orr et al., 2005; Doney et al., 2009; Bates et al., 2014; Jiang et al.,
2019).
The Southern Ocean (SO) is the key region in terms of Cant uptake,
accounting for 40% of the global ocean anthropogenic CO2 absorption
(Sabine et al., 2004; Mikaloff Fletcher et al., 2006; DeVries, 2014). At
the surface, the waters unsaturated in CO2 with respect to the atmo
sphere enhance the uptake of CO2, while the intermediate and
bottom-water formation in this region favours the export and storage of
Cant at depth (Gruber et al., 2009; DeVries, 2014). Moreover, the cold
surface waters at high latitudes increase the solubility of CO2, favouring
the CO2 uptake compared to warmer waters.
The understanding of the carbon cycle dynamics and the impact on
the uptake of Cant requires a good spatial and temporal coverage of insitu data in the ocean, combining multiple parameters of the carbon
ate system, such as CT, AT, pH and CO2 fluxes. Strong efforts have been
made to increase these datasets, in particular measurements of surface
waters fugacity of CO2 (fCO2sw), allowing us to quantify the CO2 fluxes
(FCO2) between the ocean and the atmosphere. Most of these observa
tions are based on spring and summer cruises. They have revealed a
strong sink of CO2 during summer in the SO, with mean FCO2 around
− 3 mmol m− 2 d− 1 (Metzl et al., 1995; Brévière et al., 2006; Gray et al.,
2018). The most important sinks are located in the Subantarctic Zone,
Polar Front Zone and Seasonal Ice-free Zone during summer, with FCO2
values down to − 20 mmol m− 2 d− 1, and are associated with high bio
logical activity in the surface waters (Metzl et al., 1999; Brévière et al.,
2006; Gruber et al., 2009, 2019b; Gray et al., 2018). In contrast, the few
studies available based on winter cruises or autonomous observation
platforms have determined that this oceanic region was a source of CO2
during winter, with FCO2 values around 1 mmol m− 2 d− 1 (Metzl et al.,
1995, 1999, 2006; Gray et al., 2018). When focusing on longer time
scales, fCO2sw observations show an increasing rate similar to that of the
atmospheric fCO2 (fCO2atm) (~2 μatm yr− 1) (Metzl, 2009; Takahashi
et al., 2009; Munro et al., 2015; Lauvset et al., 2015; Xue et al., 2018;
Leseurre et al., 2022), even as the CO2 uptake by the SO has been
fluctuating over the past decades (Le Quéré et al., 2007; Lovenduski
et al., 2008; Lenton et al., 2013; Landschützer et al., 2015). The observed
increase in Cant in the SO drives the acidification of surface waters, with
a decrease in pH quantified around − 0.002 ± 0.001 yr− 1 (Midorikawa
et al., 2012; Takahashi et al., 2014; Munro et al., 2015; Lauvset et al.,
2015; Williams et al., 2015; Xue et al., 2018; Leseurre et al., 2022).
In the meantime, temperature and salinity observations are
recording changes in heat content and oceanic circulation in the SO.
Recent studies on the decadal evolution of temperature in the SO
highlighted a warming of Subantarctic Surface and Intermediate Waters
of around 0.2–0.3 ◦ C per decade, while south of the Polar Front, the
trend in SST is less clear, with small changes in the Antarctic Zone and a
cooling of surface waters in the sea-ice zone in eastern Antarctica (Ar
mour et al., 2016; Sallée, 2018; Auger et al., 2021). At the scale of the
whole SO, SSS observations over past decades show different trends.
While some studies present a freshening of surface waters (Durack and
Wijffels 2010; Durack et al., 2012; de Lavergne et al., 2014), others show
no significant trend (Midorokawa et al., 2012; Takahashi et al., 2014;

Morrow and Kestenare, 2014). However, variations in westerly wind
intensity, sea-ice concentration and gyre location have been observed in
the past decades, with possible impact on the SSS as well as SST, and to a
bigger scale, on SO circulation (Böning et al., 2008; de Lavergne et al.,
2014; Haumann et al., 2016; Morrow and Kestenare, 2017; Yang et al.,
2020).
Despite the increasing amount of surface observations, data resolu
tion is still sparse (Bakker et al., 2016; Gray et al., 2018). In particular,
direct in situ measurements of AT and CT are scarce (Metzl et al., 2006;
Laika et al., 2009; Midorikawa et al., 2012; Leseurre et al., 2022). The
few estimated trends of AT in the SO are often not significant or show
important errors (Lenton et al., 2012; Midorikawa et al., 2012; Taka
hashi et al., 2014; Xue et al., 2018). On the opposite, all studies agree on
an increase in CT in all regions of the SO, with rates around 0.7 ± 0.3
μmol kg− 1 yr− 1 (Lenton et al., 2012; Takahashi et al., 2014; Xue et al.,
2018; Leseurre et al., 2022). This lack of observation limits the under
standing of spatial distribution and temporal evolution of the carbonate
system. Empirical relationships of AT and CT using SST and SSS are often
used to complete the data coverage when no in situ measurements of the
carbonate parameters are available (Lee et al., 2000, 2006). Previous
studies have defined the equations of AT and CT in the SO, but these
equations have been determined over the entire SO or are limited to a
few cruises (Metzl et al., 1999; Lee et al., 2000, 2006; Laika et al., 2009).
Here we present the latitudinal distribution and decadal evolution of
SST, SSS and carbonate parameters (AT, CT, pH, fCO2sw, ΔfCO2 - the
difference between seawater and atmospheric fugacity, and FCO2) along
a transect south of Tasmania during austral summer (mid-February to
mid-March) for the period 2005–2019. In order to complete our dataset,
new simple empirical relationships of AT and CT are determined based
on SSS and SST measurements and are compared with equations pre
viously published in the SO. Temporal evolution of physical and car
bonate parameters are investigated from 2005 to 2019. Finally, we
discuss the impact of increasing Cant uptake on the CT inventory and on
ocean acidification.
2. Material and methods
2.1. Data collection and satellite observations
In situ measurements of SST, SSS, AT and CT were obtained onboard
RV L’Astrolabe between Hobart, Tasmania (43◦ S, 147◦ E) and Dumont
d’Urville, Antarctica (67◦ S, 140◦ E) (Fig. 1) in austral summer (midFebruary to mid-March) over the period 2005–2019 (Table 1). Contin
uous underway thermosalinograph measurements (SST, SSS) are part of
the SURVOSTRAL program since 1993, and data used in this study cover
the return trip during the entire period spanned by available AT and CT
data between 2005 and 2019. Transects located too far away from the
mean route were not considered. A total of 27 transects over 15 years
were used for this study (https://sss.sedoo.fr, see Alory et al., 2015).
These data were obtained at around 5 m depth every 1 min. The SSS
accuracy is estimated to be between 0.005 and 0.01 (Morrow and Kes
tenare, 2014).
AT and CT were measured directly as part of the MINERVE program
(https://campagnes.flotteoceanographique.fr/series/128/fr/),
that
aims to better understand the interannual variability of oceanatmosphere CO2 fluxes in the SO south of Tasmania. The data were
collected between 2005 and 2019 but because of measurement accuracy
issues, some transects were not used in this study, leading to a total of 9
cruises selected. For each AT and CT measurement, the closest SST and
SSS measurements from SURVOSTRAL were chosen.
AT and CT were measured from surface waters (at 5 m depth) every
25 min for the cruises from 2005 to 2010 and every 2 h for 2019.
Measurements were performed using a potentiometric method using a
closed cell (Goyet et al., 1991). Until 2010, measurements were made
using a fully automated system maintained at 18.0 ± 0.1 ◦ C. The pre
cision of AT and CT were estimated at 3.5 and 2.7 μmol kg− 1,
2
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Fig. 1. a) Location of transects (grey lines) between Hobart, Tasmania and Dumont d’Urville, Antarctic. Oceanographic fronts and studied regions are located. STZ:
Subtropical Zone, SAR: Subantarctic Region, AAR: Antarctic Region, CAZ: Coastal Antarctic Zone, STF: Subtropical Front, PF: Polar Front, SACCF: Southern Antarctic
Circumpolar Current Front. b) Latitudinal variation of Sea Surface Temperature (SST) and c) Salinity (SSS) from 2005 to 2019 collected at the same time as AT and
CT. SST and SSS data have been averaged on 0.25◦ latitude bins. The black curve represents the mean value and the shaded grey area corresponds to one stan
dard deviation.

hydrographic fronts (Orsi et al., 1995). These fronts are determined by
strong temperature and salinity gradients. Based on the definitions of
surface frontal signatures from Chaigneau and Morrow (2002), the
dataset was divided in four regions: The Subtropical Zone (STZ), north of
the Subtropical Front (STF); The Subantarctic Region (SAR), between
the STF and the Polar Front (PF); the Antarctic Region (AAR), between
the PF and the Southern Antarctic Circumpolar Current Front (SACCF);
and the Coastal Antarctic Zone (CAZ), south of the SACCF down to the
Antarctic coast (Fig. 1).
Using continuous SURVOSTRAL SST and SSS data for each cruise, we
determined the mean position of each front along the transect. The STF
is located around 46.2◦ S when SSS displays a strong gradient and SST
shows a significant rapid decrease in latitude. The PF is defined as the
northern limit of constant SSS of ~33.75 as well as a change in the slope
of SST, its mean position is located along our sections at around 53.5◦ S.
The position of the SACCF is delimited by the decrease in SST and the
increase in SSS at around 64.1◦ S. Within the SAR, the Subantarctic
Front, defined with a gradient of SST and SSS around 49–52◦ S, divides
the region into two zones, the Subantarctic Zone to the north and the
Polar Front Zone to the south. This is the strongest subsurface front in
the region and highly variable with strong mesoscale energy, yet on
average, the mean surface characteristics of SST and SSS gradients are
weaker (Fig. 1), so this front was not considered and the two zones were
merged into the SAR. The same choice was made for the other weaker
surface fronts associated with the Antarctic Circumpolar Current.

Table 1
Cruises of the RV L’Astrolabe used in this study from the SURVOSTRAL program
and availability of AT and CT measurements from the MINERVE program (HOBDDU define data for the outward cruise and DDU-HOB for the return cruise).
year

Hobart-Dumont
d’Urville

Dumont d’UrvilleHobart

Measured AT and CT

2005

18–23 Feb

26 Feb - 3 Mar

2006
2007
2008

17–22 Feb
18–23 Feb
18–23 Feb

25 Feb - 2 Mar
27 Feb - 4 Mar
27 Feb - 2 Mar

HOB-DDU, DDUHOB

2009
2010

18–23 Feb
19–23 Feb

27 Feb - 4 Mar
28 Feb - 5 Mar

2011
2012
2013
2014
2015
2016
2017
2018
2019

21–25 Feb

1–6 Mar
2–6 Mar
27 Feb - 4 Mar
12–16 Mar
14–18 Mar
1–5 Mar
2–7 Mar
28 Feb - 4 Mar
22–26 Feb

20–25 Feb
1–6 Mar
23–28 Feb
20–24 Feb
13–18 Feb

DDU-HOB
HOB-DDU, DDUHOB
DDU-HOB
HOB-DDU, DDUHOB

HOB-DDU

respectively. For 2019, discrete measurements were performed at
IMAGES-ESPACE-DEV, Perpignan. The final dataset used for this study
contains more than 188 000 measurements of in situ SST and SSS, and a
total of 1755 observations of AT, CT.
Biological activity along the section was estimated for February and
March of each year using 8-day composites of MODIS Aqua satellite
images of Chlorophyll a (Chl-a) concentration at 4 km resolution, over
the weeks covered by the cruises. Only data within a range of ±3◦ of
longitude from the mean transect were selected and were zonally
averaged for each available latitude.

2.3. Determination of AT and CT from empirical relationships
In order to complete the dataset and have a better understanding of
the long-term evolution of AT and CT, the carbonate parameters were
calculated using relevant parameters affecting their variability.
The relationships were determined using TableCurve 3D software.
Different equations forms (polynomial, logarithmic, exponential) were
tested for the relationships. The simplest relationships with the best fit
with measured data were chosen. Equations with associated coefficient
and standard error are presented and are compared with existing ones in
the Results and Discussion section.

2.2. Region determination and hydrographic fronts location
The SO is divided into multiple regions and zones, delimited by
3
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2.4. Air-sea CO2 flux

reanalysis project at 2.5◦ × 2.5◦ grid and linearly interpolated at the
position of each measurement along the transect (Data provided by the
NOAA Physical Sciences Laboratory, Boulder, Colorado, USA, from their
website at https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.
html).
The FCO2 was calculated using the following approximate formula
(neglecting the skin effect):

The fCO2sw was calculated with CO2SYS software (Lewis and Wal
lace, 1998) for Python (PyCO2SYS 1.6, Humphreys et al., 2022) using in
situ measurements of SST, SSS, AT and CT as well as mean silicate and
phosphate concentration for February and March of the World Ocean
Atlas 2018 dataset (Garcia et al., 2019). Dissociation constants defined
by Mehrbach et al. (1973) and refitted by Dickson and Millero (1987) as
well as KHSO4 dissociation constant from Dickson (1990) were used for
the calculation. In order to complete the carbonate parameters, pH was
also determined using PyCO2SYS.
The fCO2atm was obtained from monthly xCO2 measurements from
Cape Grim, Tasmania (https://gml.noaa.gov/dv/data/https://www.
csiro.au/greenhouse-gases/), converted into fCO2atm at 100% humidi
ty using monthly mean atmospheric pressure of the NCEP/NCAR

FCO2 = k SO (fCO2sw − fCO2atm )

(1)

where SO the solubility of seawater CO2 of Weiss (1974) and k, the gas
transfer velocity, calculated using the formula of Wanninkhof (2014):
(
)− 0.5
Sc
2
(2)
k = 0.251U10
660

Fig. 2. Latitudinal variations of a) SST, b) SSS), c) AT, d) CT, e) pH, f) calculated fCO2sw, g) ΔfCO2, h) FCO2 and i) MODIS Aqua satellite observation of mean Chl-a for
February and March between 2005 and 2019, for the years when AT and CT measurements are available. Dotted lines indicate the location of the fronts, from north to
south: Subtropical Front (STF), Polar Front (PF) and Southern Antarctic Circumpolar Current Front (SACCF).
4
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2008. The SSS close to the coasts of Antarctica is strongly influenced by
the formation and melting of sea-ice through the year and the lateral
advection of sea-ice along the coast (Morrow and Kestenare, 2017). The
peak in freshwaters recorded during summer in the CAZ are the conse
quence of late sea-ice melting, while the increase in SSS observed in
2008 may reflect less sea-ice and the presence of saltier shelf waters near
the coast of Antarctica, or early sea-ice formation during late summer
linked with brine rejection (Chaigneau and Morrow, 2002). The annual
SSS measurements from SURVOSTRAL over 2005–2019 clearly shows
the strong interannual variability depending on sea-ice melting and
formation (Supplementary Fig. 1).

where U10 is the wind speed at 10 m above sea level and Sc, the Schmidt
number.
The monthly mean wind speed was taken from the Remote Sensing
Systems website (Wentz et al., 2015; https://remss.com/measurements/
wind/) and was co-located at each measurement location.
3. Results and Discussion
3.1. Latitudinal distribution of surface physical, carbonate and CO2
parameters between Hobart and Dumont d’Urville
We first present the latitudinal distribution of physical (SST, SSS),
carbonate (AT, CT, pH) and CO2 parameters (fCO2sw, ΔfCO2 - the dif
ference between seawater and atmospheric fCO2, and FCO2) as well as
Chl-a satellite data along the transect for the period 2005–2019. We also
discuss the relation between measured physical and carbonate
parameters.

3.1.2. Carbonate parameters (AT, CT, pH)
The highest AT values (mean 2331.2 μmol kg− 1) are recorded in the
STZ before decreasing along the transect to reach a mean of 2279.4 ±
8.3 μmol kg− 1 at the PF (Fig. 2c). In the AAR, AT slightly increase
southward from 2279.8 ± 6.8 to 2293.1 ± 8.7 μmol kg− 1. In the CAZ, AT
shows strong variability, with mean value of 2294.4 ± 12.6 μmol kg− 1
and a minimum of 2248.0 μmol kg− 1 in 2009. Through the transect, AT
latitudinal distribution strongly resembles that of SSS, emphasizing that
AT variability is governed by the same factors impacting salinity
(Fig. 3b). Indeed, In the surface ocean, AT is dependent on salinity
changes through freshwater inputs and removal (precipitation-evapo
ration, sea-ice melting-formation), contributing to more than 80% of AT
variability (Millero et al., 1998; Fry et al., 2015). However, when
looking at the SSS-AT diagram (Fig. 3b), a linear relationship is only
observed north of the PF and during episodes of freshening of surface
waters in the CAZ. South of the PF, AT is inversely related to changes in
SST (Fig. 3a). This relationship can be explained by the presence of
upwelling of cold and AT-rich waters in the high latitudes of the SO
(Millero et al., 1998; Key et al., 2004; Fry et al., 2015; Fine et al., 2017).
The only exception to the SST-AT relationship south of the PF is in the
CAZ, when strong freshening of surface waters impact AT, while SST
does not register any major change. In the STZ and SAR, the strong
variability observed in the physical parameters seems to have a mod
erate impact on AT. However, some intense events such as the rapid drop
in SST and SSS at 45◦ S during 2005 cruise, lead to strong variability in
AT – in this case, a decrease in AT of around 25 μmol kg− 1. This high
lights the importance of both SSS and SST in the variability of AT.
CT presents a mean southward increase from 2058.9 ± 13.9 μmol
kg− 1 in the STZ to 2156.3 ± 19.4 μmol kg− 1 in the CAZ (Fig. 2d).
However, the rise in CT is not linear and changes of slope can be
observed at the position of the fronts. The latitudinal distribution of CT is
inversely related to the one of SST, as shown by the linear negative
relationship observed on the SST-CT diagram (Fig. 3c). The poleward
rise observed in CT concentration is influenced by the decrease in SST,
leading to an increase in solubility of CO2 at the ocean surface, but also,
to a smaller extent, by the upwelling of CT-rich waters south of the Polar
Front (Wu et al., 2019 and references therein). Like AT, no relationship is
observed between SSS and CT south of the PF (Fig. 3d). North of the PF,
however, a negative relationship is observed between both parameters.
During episodes of surface waters freshening in the CAZ, CT is also
affected by the decrease in SSS. Because the SST is only slightly affected
by these events, we observe no clear relationship between SST and CT
during these events, as seen for AT.
Besides changes in solubility and evaporation/precipitation, surface
CT is also influenced by biological processes (primary production,
calcification). Increase in biological activity at the surface ocean would
decrease the CT, as seen off the South-East coast of Madagascar in 2020
(Metzl et al., 2022). Along the studied transect, satellite images show
higher Chl-a concentration north of 51◦ S and south of 62◦ S (Fig. 2i).
However, the concentrations stay quite low and no clear decrease in CT
are observed at the same locations.
Finally, surface CT is also modulated by the difference in fCO2 be
tween the atmosphere and the surface ocean. Because of the increase in
anthropogenic emissions, variations in CT are not only from natural

3.1.1. SST and SSS
SST shows a southward decrease from 16.12 ± 1.89 ◦ C in the STZ to
− 0.10 ± 1.06 ◦ C in the CAZ (Fig. 2a). As described in the methodology
section, SST presents strong gradients at the position of hydrographical
fronts, leading to a non-linear cooling of surface waters along the tran
sect. During the 2007 cruise, mean SST in the AAR is 1.41 ◦ C cooler than
the mean of other years. South of Tasmania, the fronts associated with
the ACC are constrained by the Southeast Indian Ridge topography and
form a quasi-permanent meander extending northward at around 145◦ E
that brings colder waters up to 55◦ S of latitude (Sokolov and Rintoul,
2002; Park et al., 2019). The observed SST anomaly during 2007 can be
explained by the eastward location of the cruise compared to all other
cruises, and therefore crossing the meander formed with colder waters,
highlighting the strong spatial variability of the fronts. SSS also shows a
southward decrease from 35.27 ± 0.29 in the STZ to a value of 33.78 ±
0.05 at the PF (Fig. 2b). Surface waters in the STZ and the northern part
of the SAR along the transect are influenced by the southward transport
of subtropical warm and salty waters, originating from the Tasman Sea
and carried by the East Australian Current (EAC) and Tasman Outflow to
the East and by the Zeehan Current (ZC) to the West (Cresswell, 2000;
Ridgway, 2007; Herraiz-Borreguero and Rintoul, 2010, 2011; Morrow
and Kestenare, 2014; Pardo et al., 2017). Both SST and SSS present
strong mesoscale and interannual variability in the STZ and also in the
SAR. This variability can originate from two mechanisms. First, varia
tions in the strength of the ZC and the EAC have been linked to
large-scale changes in wind stress that impact on the southward trans
port of subtropical waters (Cai et al., 2005; Oliver et al., 2016; Oliver
and Holbrook, 2018). The other mechanism that contributes to this
variability is the presence of energetic mesoscale eddies and meanders
along the STF and SAF (Chaigneau et al., 2004; Sokolov and Rintoul,
2009; Herraiz-Borreguero and Rintoul, 2011; Morrow and Kestenare,
2014). Previous studies in the region also highlighted the presence of
cold-cores or cyclonic eddies originating from a meander (Morrow et al.,
2004; Moreau et al., 2017). In our case, the local drops in SST and SSS
observed in the STZ during 2005 and 2019 cruises could be explained by
the northward migration of a cyclonic eddies formed south of the SAF.
In the AAR, the salinity is quite stable, showing only a 0.09 ± 0.05
increase from north to south of the region, with little variability. As
described by Chaigneau and Morrow (2002) and Chaigneau et al.
(2004), the layer of near-constant salinity at the surface of this region
can be explained by strong Ekman and geostrophic currents, that
transport freshwater from sea-ice melt in a north-eastward direction
during spring and summer.
Finally, in the CAZ, SST rapidly decreases towards negative values
whereas SSS shows strong variability, with values ranging between
33.21 and 34.35. While SSS drops drastically to 33.62 and 33.21 during
the 2007 and 2009 cruises, respectively, we observe an increase in SSS in
5
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Fig. 3. Relationship between physical and carbonate parameters depending on latitude along the Hobart-Dumont d’Urville transect. a) SST-AT, b) SSS-AT, c) SST-CT,
d) SSS-CT.

origin but also from anthropogenic origin (Cant). While CT can be
measured in-situ, Cant cannot be measured directly. Multiple approaches
using carbonate system parameters have been carried out over these past
decades to quantify the uptake and storage of Cant by the ocean below
the surface and to identify the oceanic regions of importance for the sink
of CO2 and Cant (Chen, 1982, 1993; Coatanoan et al., 2001; Gruber et al.,
2009; Sabine and Tanhua, 2010 and references therein). But because of
the complexity of the spatial and temporal variability of physical and
biological processes occurring in the surface layer, the part of surface CT
from anthropogenic origin is difficult to differentiate from CT of natural
origin. The evolution of CT in a context of increasing anthropogenic
emission will be discussed in the last chapter.
In 2019, higher CT is observed in the STZ and north of the SAR, with a
mean value of 40.3 ± 3.8 μmol kg− 1 higher compared to the mean of
cruises between 2005 and 2010. Several factors could explain this major
shift in CT concentration. First, surface waters are affected by the
increasing uptake of Cant. In particular, subtropical and subantarctic
waters have high anthropogenic CO2 concentrations (Sabine et al., 2004;
Carroll et al., 2022), and over the past decades, an accumulation of Cant
in the upper water-column has been registered north of 50◦ S along a

transect close to this study (Carter et al., 2019). A part of the increase in
CT observed in 2019 could therefore originate from rising Cant in surface
waters. Then, because of the strong mesoscale activity in this region, a
part of this increase could also be related to the presence of a cyclonic
eddy along the cruise transect. Indeed, Moreau et al. (2017) showed that
the inner surface waters had higher CT concentrations compared to
waters outside the eddy. Finally, lower biological activity could also act
to increase the mean surface CT concentrations in this region, as seen in
Fig. 2i.
Surface pH, calculated using measured physical and carbonate pa
rameters, ranges between 8.028 and 8.219 (Fig. 2e). The highest values
are located around the STF and in the CAZ. Strong variability in pH is
observed in this latter zone, with a maximum difference of 0.188. 2019
values are clearly lower than during years 2005–2019. This trend will be
further discussed in the last section of the discussion.
3.1.3. Air-sea CO2 exchanges and biological activity
fCO2sw ranges between 245.0 and 410.1 μatm and the latitudinal
distribution shows strong variability (Fig. 2f). The highest mean values
are located at the northern and southern limit of the transect and
6

M. Brandon et al.

Deep-Sea Research Part I 187 (2022) 103836

between 51◦ S and 62◦ S, while waters around the STF (between 44 and
51◦ S) and in the AAR south of 62◦ S present values down to 300 μatm. In
the CAZ, fCO2sw presents a strong variability, with values between 245.0
and 400.1 μatm. Besides the spatial variability, changes in fCO2sw can be
observed at the temporal scale for a same location. The most striking
pattern is the mean increase of 34.6 μatm in fCO2sw in the 2019 cruise
compared to the period 2005–2010. A concomitant increase of 28.8
μatm is measured in the fCO2atm between 2005 and 2019, originating
from the rise in atmospheric CO2 throughout years. The highest mean
increase in fCO2sw compared to the atmosphere could originate from the
interannual variability in ocean dynamics and/or biological activity.
When considering the change in fCO2sw with respect to fCO2atm, the
ΔfCO2 values during 2019 are closer to the ones of the years 2005–2010,
highlighting that the equilibrium between atmosphere and ocean have
not changed much. Mean ΔfCO2 and FCO2 values range from − 56.5
μatm to − 4.0 μatm and from − 8.0 mmol m− 2 d− 1 to − 0.3 mmol m− 2 d− 1
respectively along the transect, and present similar trends to fCO2sw
(Fig. 2g and 2). Around the STF and in the AAR south of 62◦ S, the surface
waters are undersaturated with respect to the atmosphere, with mean
values of ΔfCO2 and FCO2 down to − 52.0 μatm and − 35.2 mmol m− 2
d− 1 respectively, defining these regions as strong sink of CO2. The areas
close to Tasmania coast and between 51 and 62◦ S show a reduced up
take in CO2, with punctual ΔfCO2 higher than 0, located in the southern
part of the SAR and at 61◦ S. The studied region is therefore a sink of CO2
during the end of summer, with a mean FCO2 of − 4.0 ± 2.8 mmol m− 2
d− 1. The spatial distribution in air-sea exchanges in CO2 have been
previously observed in the region south of Tasmania over the same
period of the year, with direct measurements of fCO2 (Metzl et al., 1999;
Brévière et al., 2006; Laika et al., 2009; Benallal et al., 2017). These
studies all showed sinks of CO2 north of 50◦ S approximately, with
minimum values between 300 and 320 μatm, and ΔfCO2 down to − 60
μatm. In the southern part of the SAR and northern part of the AAR, they
found a smaller sink or a small source, with ΔfCO2 around 0 μatm
(Brévière et al., 2006; Laika et al., 2009). In summer 2003, Brévière et al.
(2006) found low ΔfCO2 (around − 40 μatm), but this strong sink was
concomitant with unusually strong biological activity in the area, as
revealed by Chl-a concentration from satellite images. Finally, in the
southern part of the AAR and in the CAZ, Laika et al. (2009) and Benallal
et al. (2017) found a sink of CO2 with ΔfCO2 around − 40 μatm and FCO2
around − 4.0 ± 2.0 mmol m− 2 d− 1. The comparison of our dataset
(fCO2sw, ΔfCO2 and FCO2) with the measured ones in the literature
showed a very good agreement, confirming the validity of our calculated
values of fCO2sw and FCO2.
The strong sinks in CO2 north of 51◦ S and in the AAR south of 62◦ S
coincide with higher values of Chl-a along the transect (Fig. 2i). Satellite
images of Chl-a concentrations over the weeks covered by cruises show
values between 0.08 and 1.36 mg m− 3. The surface waters between 51
and 62◦ S are almost free of Chl-a, while north of 51◦ S and south of 62◦ S,
mean weekly Chl-a values reach values up to 1 mg m− 3, still with a
strong spatial and temporal variability within these areas. In the SO
south of Tasmania, high biological activity is observed from austral
spring to the end of austral summer, with strong phytoplankton blooms
north of 50◦ S and south of 60◦ S, caused by the development of lightly
silicified diatoms and coccolithophores in the north and highly silicified
diatoms in the south (Balch et al., 2016; Nissen et al., 2021). Despite the
difference in temporal and spatial resolution between CO2 fluxes from
in-situ data and Chl-a concentrations from 8-day composite satellite
images, the observed decreases in FCO2 towards more negative values
seem to be strongly controlled by higher biological activity along the
transect. Similar undersaturation of surface waters have been observed
in a context of high Chl-a concentration in the SO in previous studies,
confirming the direct influence of biological activity on the presence of
sinks of CO2 (Brévière et al., 2006; Lourantou and Metzl, 2011).

3.2. Processes affecting the variability of AT and CT
3.2.1. Drivers of AT variability
As previously seen, in the SO south of Tasmania, we observe a
relationship between AT and SSS in the surface waters north of the PF. In
the AAR however, AT is more related to changes in SST. Both parameters
are therefore useful to calculate AT along the studied transect. Here, we
determine an empirical relationship for AT using measured SSS and SST
along the transect. Because most of the measurements stop before
Dumont d‘Urville Station, the data available in the CAZ are not sufficient
to evaluate a robust relation between the parameters as well as their
temporal variability. Data in the STZ are not considered either, because
of the influence of the Tasmanian Coast and of the strong spatial vari
ability of the data in the STZ. The dataset is therefore composed of a total
of 1413 samples over 6 different years from 2005 to 2019 and located in
the SAR and AAR.
We determined a linear dependence between AT and SSS and SST,
resulting the following equation:
ATcalc = 762.69 ( ± 37.03) + 45.28 ( ± 1.11) * SSS − 2.15 ( ± 0.10) * SST

(3)

Coefficients are presented in Table 2. The difference between
measured AT and calculated AT using Equ. 3, ΔAT, is − 0.02 μmol kg− 1
with a root mean squared error (RMSE) of 6.71 μmol kg− 1. The simplest
relationships were chosen as more complex ones did not significantly
improved the fit. No major difference was observed between the
calculation of AT for the two regions individually or together. Therefore,
a unique equation for the area combining SAR and AAR was selected
(Equation (3) and Table 2).
Empirical relationships have been previously developed to calculate
AT from physical parameters in the SO, some of them being valid for the
whole SO (Lee et al., 2006) while others being valid for a specific region
of the SO (Metzl et al., 1999; Laika et al., 2009; Shadwick et al., 2015)
(Table 3). When using these equations, considerations should also be
taken on the period of time covered by the dataset used to develop the
relationship as well as the parameters used – for AT, equations are based
on SSS only (Metzl et al., 1999; Shadwick et al., 2015) or using both SSS
and SST (Lee et al., 2006; Laika et al., 2009) (Table 3). The highest bias
and RSME are given by the equation of Shadwick et al. (2015) (27.0 ±
29.3 μmol kg− 1). This can be explained by several factors: first, the
equation is defined from SSS only for an area close to the STF. When
using this equation for the entire transect through SAR and AAR, the
dependence of AT to changes in SST in the AAR is not considered, leading
to important bias in the calculation of AT. Moreover, the dataset used
includes measurements over several seasons, while our dataset is
restricted to the end of summer.
The other equations (Metzl et al., 1999; Lee et al., 2006; Laika et al.,
2009) are in better agreement with the measured AT. However, the error
on the calculation of AT using these formulas are still greater than when
using Equ. 3. In detail, Lee et al. (2006) and Laika et al. (2009) equations
are based on the relationship of AT with SSS and SST. While Lee et al.
(2006) equation is defined for the whole SO over all seasons, the
equation used in Laika et al. (2009) is based on spring-summer mea
surements of year 2005–2006 along the same transect used in this study.
Lee et al. (2006) calculated AT present slightly lower error compared to
Laika et al. (2009). Finally, Metzl et al. (1999) propose three equations
using SSS only. The shifts and RMSE on the calculation of AT are similar
to the two previous formulas described when considering both SAR and
AAR datasets together. However, when using Metzl et al. (1999) equa
tions for SAR and AAR separately, the equations are a better fit in the
SAR (mean shift of 4.4 ± 8.4 μmol kg− 1) than in the AAR (15.2 ± 16.6
μmol kg− 1). This confirms the need to use SST in addition to SSS in the
equation of AT when considering the AAR.
The new equation developed in this study confirms a better fit with
measured data compared to previously published equations, proving the
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Table 2
Coefficients of each term of the equation of AT = a + b*SSS + c*SST and CT = a + b*SSS + c*SST + d*(fCO2atm − 280).

AT
CT

Region

a
(Intercept)

SAR + AAR
SAR
AAR

762.69 ± 37.03
1431.45 ± 103.61
− 269.74 ± 256.1

b

c

d

(SSS)

(SST)

(fCO2atm)

45.28 ± 1.11
20.68 ± 3.22
70.42 ± 7.52

− 2.15 ± 0.10
− 10.45 ± 0.50
− 6.27 ± 0.26

0.56 ± 0.07
0.51 ± 0.06

Δ (measured – calculated)

RMSE

r2

− 0.02
0.00
0.25

6.71
8.63
8.15

0.61
0.76
0.62

Table 3
Equation of AT using physical parameters determined in the Southern Ocean.
ΔAT (μmol
kg− 1)

RMSE (μmol
kg− 1)

Area

Period

9.22

11.52

30◦ S - 60◦ S

All year

26.96

29.31

46.8◦ S-142◦ E

Spring to Autumn

AT = 434.711–2.599*SST + 54.671*SSS

11.86

13.74

43◦ S-67◦ S and 140◦ E − 147◦ E

AT = 37.58*SSS + 998.74

11.88

14.73

AT = 35.978*SSS + 1055.9

9.13

12.47

AT = 38.736*SSS + 960.5

10.87

14.02

AT = 45.28*SSS – 2.15*SST + 762.69

− 0.01

6.71

South-West Indian Ocean
(INDIGO-1)
South-West Indian Ocean
(INDIGO-3)
45◦ S-67◦ S and 140◦ E − 145◦ E
(WOCE/SR3)
43◦ S-67◦ S and 140◦ E − 147◦ E

Spring-summer 2005/
2006
March–April 1985

Reference

Equation

Lee et al. (2006)

AT = 2305 + 52.48*(SSS-35)+2.85*(SSS-35)2-0.49*(SST20) +0.086*(SST-20)2
AT = 53*SSS + 460

Shadwick et al.
(2015)
Laika et al. (2009)
Metzl et al. (1999)

This study

interest of its use to complete the missing AT values for long-term study
of AT variations during austral summer.

January–February 1987
August 1996
Mid-Frebruary to Midmarch

equation that can be used with widespread parameters.
We developed a new simple equation for the calculation of CT using
SSS, SST and fCO2atm. We use the term (fCO2atm – 280) in the equation to
refer to the evolution of fCO2atm since the beginning of industrial period.
Because the penetration of CO2 in the ocean can be different in the SAR
and AAR, we developed an equation for each region.

3.2.2. Drivers of CT variability
As described earlier, CT is linked to changes in SSS and SST in surface
waters. It is also influenced by variations of biological activity, albeit to
a lesser extent. Previous studies using empirical relationships to calcu
late CT are often based on SSS, SST and a parameter related to biological
activity such as Chl-a, Oxygen concentration or nutrients (Anderson and
Sarmiento, 1994; Lee et al., 2000; Lo Monaco et al., 2005; Bates et al.,
2006; Sarma et al., 2006; McNeil et al., 2007; Arrigo et al., 2010; Alin
et al., 2012). However, for our study, no in situ measurements of
nutrient or Chl-a are available. Moreover, satellite observations of Chl-a
are 8-daily or monthly means and can be missing because of the
important proportion of clouds in this region. The low-resolution Chl-a
dataset compared to the rapid changes in biological activity in this area
and to the high-resolution measurements of SST and SSS performed
every minute could result in inaccuracy in the calculation of CT. For
these reasons, we do not use biological activity-related parameter to
calculate CT in this study. We are aware that the absence of biological
activity-related parameter in the equation of CT increases the error on
the calculation, in particular when considering calculated CT to estimate
fCO2sw. However, the spatial distribution of CT is not firstly related to
changes in biological activity, as seen when comparing the latitudinal
variation in CT and Chl-a (Fig. 3d and i), and using SSS and SST can help
us retrieve the main CT signal. Finally, this equation does not aim to help
reconstruct fCO2sw data – that are often measured in-situ – but aims to
better constrain CT spatial and temporal variability in the SO based on
well-measured physical parameters.
CT is also dependent of atmospheric CO2 concentration, including
Cant. Over the past decades, anthropogenic emissions have risen, leading
to an increase in fCO2atm but also fCO2sw (Fig. 3f). This parameter is
therefore important when dealing with the evolution of CT through time.
Lefèvre et al. (2021) included the year as a parameter to take into ac
count the effect of atmospheric CO2 evolution on CT. Here we use
fCO2atm instead as it resulted in reduced bias in CT calculation compared
to the year. While CT is more directly related to changes in fCO2sw than
fCO2atm, the latter is measured at Cape Grim compared to fCO2sw that is
calculated from AT and CT. This answers the willingness to develop an

CTcalc = a + b * SSS + c * SST + d * (fCO2atm − 280)

(4)

Coefficients are presented in Table 2. ΔCT are 0.00 ± 8.63 μmol kg− 1
and 0.25 ± 8.15 μmol kg− 1 for SAR and AAR respectively. Because the
few available equations allowing to calculate CT in the surface SO use
biological activity-related parameters or parameters that are not directly
measured in our study (Lee et al., 2000; Laika et al., 2009), we could not
compare our results with previous studies.
Using high resolution SST and SSS measured during the SURVOS
TRAL cruises, when no in situ measurements of AT and CT are available,
and using fCO2atm from Cape Grim station, AT and CT could be recon
structed during austral summer of all years from 2005 to 2019.
3.3. Interannual variability south of Tasmania from 2005 to 2019
Interannual and decadal evolution of the measured SST and SSS as
well as AT and CT data over the period 2005–2019 are shown in Fig. 4
and Table 2 for the SAR and AAR. The trends are calculated using the
mean value of February–March transects of each year.
3.3.1. Interannual variability in the SAR
In the SAR, SST and SSS both increased on average by 0.05 ± 0.02 ◦ C
yr− 1 and 0.02 ± 0.00 yr− 1 respectively (Table 4 and Fig. 4a and c). The
surface waters south of Tasmania are influenced by the EAC, bringing
salty and warm subtropical waters along the east coast of Tasmania. The
volume of EAC flowing from the north depends on the wind stress curl.
Over the past decades and in the context of global warming and climate
change, an increase in wind stress curl have been observed in the Tas
man Sea concomitant with a southward expansion of the subtropical
gyre (Cai et al., 2005; Ridgway, 2007; Hill et al., 2008, 2011; Shears and
Bowen, 2017), leading to a shift of the STF towards higher latitudes. No
clear trend of STF shift was observed during austral summer (December
8
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Fig. 4. Interannual variability of SST,
SSS, AT,CT, pH and Chl-a from 2005 to
2019 for the SAR (a,c,e,g,I,k) and the
AAR (b,d,f,h,j,l) using measured SST and
SSS and calculated AT and CT from new
equations developed in section 3.2 (light
grey points are measured data of SST and
SSS and calculated AT and CT. Dark grey
points are yearly mean values and black
dashed line is the linear regression of the
mean values for each year as a function of
time. Red points are data were measured
AT and CT are available. For AT and CT
trends, only calculated data were used.

to March) over the 1994–2012 period on the same transect using the
13 ◦ C isotherm from TSG SST data to define the latitude of STF (Morrow
and Kestenare, 2014). However, using both the strong gradient in SSS
and the 13 ◦ C isotherm on our dataset, the position of the STF at the
surface seems to migrate southward during the period 2005–2019
(Supplementary Fig. 2). The increased inputs of warm and salty sub
tropical waters due to southward migration of the STF could explain the
increase in SST and SSS in this region. Increase in SST and SSS in other
part of the SO have also been observed in relation with the poleward
shift of subtropical gyres and SO fronts (Gille, 2008; Sokolov and Rin
toul, 2009; Armour et al., 2016; Sallée, 2018; Yang et al., 2020). A part
of the warming observed in surface waters of the SAR south of Tasmania

could originate from the increasing heat uptake observed in the SO
(Armour et al., 2016; Sallée, 2018; Auger et al., 2021). While some
large-scale studies show a clear increase in SST in the region north of the
PF in the SO, others present no clear trend, and similar observations
have also been made for SSS (Midorikawa et al., 2012; Takahashi et al.,
2014). However, the results may be difficult to compare depending on
the period and area considered. Along the studied transect, the observed
southward STF migration for the period 2005–2019 is smaller than the
interannual variability. Moreover, the STF shows a strong mesoscale
signature, with high variability of its position at the weekly scale, be
tween two cruises the same year.
Reconstructed AT increases by 0.7 ± 0.2 μmol kg− 1yr− 1 from 2005 to
9
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Kestenare (2014) demonstrated that interannual variability in SSS was
in part linked with sea-ice concentration, with years of higher sea-ice
concentration in winter-spring leading to lower mean SSS the
following summer, and vice versa.
As with SSS and SST, AT shows no significant trend in the AAR (pvalue = 0.93) (Fig. 4f) but presents interannual variability that is related
to SSS and SST variability. In contrast, CT presents a more robust trend,
with a rate of 0.8 ± 0.3 μmol kg− 1 yr− 1 through the period in the AAR (pvalue = 0.02) (Fig. 4h). As in the SAR, Chl-a show no significant trend in
the AAR (Fig. 4l). Therefore, we conclude that the biological activity has
no impact on the long-term trend in CT. However, we clearly see inter
annual variability in the biological activity. In particular, Chl-a shows a
strong peak of 0.25 mg m− 3 in 2010. In mid-February 2010, the calving
of Mertz Glacier Tongue (Young et al., 2010) released multi-year,
nutrient-rich sea-ice and led to increasing iron and light availability,
consequently creating a diatom bloom in the area close to Antarctic
Coast (Shadwick et al., 2013) and a higher biological activity in the area
over the years after the event (Liniger et al., 2020). These findings could
explain the slightly higher Chl-a concentration observed in the AAR after
2010 compared to the period before the calving event (Fig. 3). Because
SST, SSS and Chl-a show no significant trend during the period
2005–2019, the increase in CT is likely to originate from changes in
air-sea exchanges of CO2. Using the same methodology as in the SAR, we
estimate the influence of fCO2atm increase on CT of 1.07 ± 0.13 μmol
kg− 1 yr− 1. Over the same period, we calculate a pH decrease of − 0.0026
± 0.0003 yr− 1 (Fig. 4j). As in the SAR, the pH trend agrees with the
increase in CT observed in this region.

Table 4
Decadal trends of SST, SSS, AT and CT observed in the SAR and AAR south of
Tasmania over the period 2005–2019. The trend significance is computed using
Python’s module statsmodels with OLS regression model (Seabold and Perktold,
2010). r is the coefficient of correlation and p-value the probability of the null
hypothesis, p-value = 0.001 indicating a 100% confidence level in the trend.
SST (◦ C yr− 1)
SSS (yr− 1)
AT (μmol kg− 1yr− 1)
CT (μmol kg− 1yr− 1)
pH (yr− 1)
Chl-a (mg m−

3

yr− 1)

Region

Slope

Error

r

p-value

SAR
AAR
SAR
AAR
SAR
AAR
SAR
AAR
SAR
AAR
SAR
AAR

0.05
0.02
0.02
0.00
0.7
− 0.1
1.0
0.8
− 0.0018
− 0.0026
0.00
0.00

0.02
0.04
0.00
0.00
0.2
0.3
0.2
0.3
0.0001
0.0003
0.00
0.00

0.68
0.15
0.82
− 0.11
0.77
− 0.17
0.82
0.58
− 0.89
− 0.96
− 0.12
0.32

0.006
0.58
<0.001
0.71
<0.001
0.18
<0.001
0.02
<0.001
<0.001
0.68
0.25

2019 (Fig. 4e). While saltier waters tend to increase AT, the increase in
SST has the opposite effect. Using the coefficients of SST and SSS from AT
parametrization as well as the trends in SST and SSS in the SAR, we
estimate the increase in AT attributed to the rise in salinity to 0.91 ±
0.02, while the effect of SST is only − 0.11 ± 0.05. The observed trend in
AT is therefore primarily impacted by the change in SSS due to
increasing southward flow of subtropical waters through time. Longterm evolution of CT presents an increase of 1.0 ± 0.2 μmol kg− 1 yr− 1
(Fig. 4g). The CT interannual trend is also influenced by the southward
shift in subtropical waters. While the mean increase in SSS in the region
also acts to increase CT, the warming of surface waters reduces the CO2
solubility, decreasing CT. The − 0.53 ± 0.24 μmol kg− 1 yr− 1 decrease in
CT linked to the 0.05 ± 0.02 ◦ C yr− 1 increasing trend in SST in the SAR
would be in part compensated by the 0.42 ± 0.07 μmol kg− 1 yr− 1 rise
due to the increasing trend in SSS. Moreover, biological activity varia
tion can also affect the trend. In the SAR, interannual variability in Chl-a
is observed, but the amplitude of this variability is small. No significant
trend in the Chl-a concentration was observed during the period (0.00 ±
0.00 mg m− 3 yr− 1, p-value = 0.68) (Fig. 4k), confirming that the
observed trend in CT is not influenced by biological activity over this
period. Finally, CT is also dependent on the variability of atmospheric
CO2 concentration and its exchange with surface waters. The increase in
atmospheric CO2 explains in part the rise in CT. From 2005 to 2019, the
fCO2atm increased at a rate of 2.1 μatm yr− 1 at Cape Grim. Using the
coefficient allocated to fCO2atm-280 in the equation of CT, the estimated
impact of fCO2atm variability on CT trend is 1.18 ± 0.15 μmol kg− 1 yr− 1.
At the same time, pH decreases of − 0.0018 ± 0.0001 yr− 1 in the SAR
(Fig. 4i). These results, along with the observed increase in CT, are
consistent with the surface waters response to the rise in anthropogenic
CO2 uptake.

3.3.3. Influence of anthropogenic carbon on CT and pH
Estimates of long-term trends in CT present an increase through time
in all regions of the SO; with rates between 0.4 and 1.3 μmol kg− 1 yr− 1
(Midorikawa et al., 2012; Takahashi et al., 2014; Leseurre et al., 2022).
These trends reflect the combined influence of changes in CO2 solubility,
biological activity, oceanic circulation and in the difference between
atmospheric and surface-ocean fCO2 (Carroll et al., 2022). Previous
studies showed that the increase in CT due to a ~2 μatm yr− 1 rise in
atmospheric pCO2 is around 1 ± 0.2 μmol kg− 1 yr− 1 (Bates et al., 2002,
2012; Gruber et al., 2002; Lo Monaco et al., 2021). Using the coefficient
associated with fCO2atm in the equation of CT – and proposed here as to
reflect the impact of the increase in anthropogenic carbon emissions on
CT, our estimates of 1.18 ± 0.14 μmol kg− 1 yr− 1 and 1.07 ± 0.13 μmol
kg− 1 yr− 1 increase linked to fCO2atm trend in the SAR and AAR respec
tively are close to the expected trend. These estimates are subject to
environmental uncertainty linked with the numerous mechanisms
affecting CT in surface waters, as described earlier. In order to increase
the confidence on CT trends and better understand the rate associated
with anthropogenic emissions, observations on longer time periods are
needed.
While the estimation of Cant long-term evolution in surface waters is
difficult, the impact of increasing CT in surface waters on pH is un
equivocal. In the SO, the rate of decrease in pH is estimated around
0.002 ± 0.001 yr− 1 (Midorikawa et al., 2012; Takahashi et al., 2014;
Munro et al., 2015; Lauvset et al., 2015; Williams et al., 2015; Xue et al.,
2018; Leseurre et al., 2022). For the period 1969–2003 in the same study
area, Midorikawa et al. (2012) found a more rapid pH decrease south of
the PF (− 0,0020 ± 0,0003 yr− 1) than in the Subantarctic Zone and Polar
Front Zone (− 0,0011 ± 0,0005 and − 0,0013 ± 0,0004 yr− 1 respec
tively). More recently, in the western part of the Indian Southern Ocean,
Leseurre et al. (2022) also show higher decreasing rates of pH south of
the PF compared to the PFZ for observation sites that are not under the
influence of Crozet and Kerguelen islands. We observe the same differ
ence between the AAR and SAR in our study. As proposed by Mid
orikawa et al. (2012), while both regions are affected by the increase in
Cant in surface waters, the AAR is also subject to the upwelling of CT-rich
deep waters south of the PF. The slower decrease in pH estimated in the
SAR compared to the AAR could also originate from the evolution of AT

3.3.2. Interannual variability in the AAR
In the AAR, SST and SSS trends are not significant between 2005 and
2019 (Table 4), however they show interannual variability, with SST
and SSS amplitudes varying by up to 2 ◦ C and 0.2 respectively around
the mean (Table 4 and Fig. 4b and d). The SO SST over the past decades
presents different trends between north and south of the PF. North of the
PF, surface waters are warming faster than South of the PF. In the South,
SST increases more slowly in the Antarctic Zone, with a cooling in the
sea-ice zone in eastern Antarctica (Armour et al., 2016; Sallée, 2018;
Auger et al., 2021). The absence of significant change in SST in the entire
AAR during the 2005–2019 period compared to the SAR, could be
explained by this north-south difference. In the AAR, as defined in this
study, late-summer surface waters are influenced by the advection of
freshwater from regions of sea-ice melt and also high-salinity shelf wa
ters at the southern end from sea-ice formation, both processes leading
to a strong impact on SSS (Chaigneau et al., 2004). Indeed, Morrow and
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M. Brandon et al.

Deep-Sea Research Part I 187 (2022) 103836

through time. While in the AAR, no significant changes in AT are
observed (− 0.1 ± 0.3 μmol kg− 1 yr− 1), the rise in AT in the SAR (0.7 ±
0.2 μmol kg− 1 yr− 1) could counteract in part the impact of increasing CT
on pH. The calculated rates of pH decrease for the period 2005–2019 in
both the SAR and AAR in this study are higher than those observed for
the period 1969–2003 (− 0.0018 ± 0.0001 and − 0.0026 ± 0.0003 yr− 1
respectively). Similar observations have been made in the Mozambique
Channel (Lo Monaco et al., 2021). This increase in the acidification rate
is likely the result of the continuous increase in atmospheric CO2 and is
expected to further increase in the future (Jiang et al., 2019), with
irreversible damages on ecosystems, in particular calcifying organisms
(Doney et al., 2020).

the work reported in this paper.
Data availability
Data will be made available on request.
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4. Conclusion
The spatial and temporal variations in SST, SSS and the carbonate
parameters have been explored using Mid-February to Mid-March data
collected from 2005 to 2019 along a transect south of Tasmania. Lat
itudinal distribution of carbonate parameters reveals strong relationship
with physical parameters. SST, SSS and AT show high variability in the
STZ and in the northern part of the SAR impacted by the strong meso
scale activity in these areas. In the CAZ, all parameters are influenced by
the freshwater fluxes from sea-ice melting. CO2 parameters show that
the surface waters along the transect are a sink of CO2 during summer,
with a mean flux of − 4.0 ± 2.8 mmol m− 2 d− 1. The stronger sinks are
located north of 51◦ S (in the STZ and northern part of the SAR) and
south of 62◦ S, including the southern part of the AAR and the CAZ. They
are associated with higher biological activity compared to the area be
tween 51◦ S and 62◦ S. Relationships between physical and carbonate
parameters are used in the SAR and AAR to determine new empirical
relationship for the calculation of AT and CT, thus completing our dataset
when no carbonate parameters are available. Using these equations, we
calculated AT and CT for the period 2005–2019 in order to observe the
decadal change in the surface biogeochemistry in both the SAR and
AAR. In the SAR, the increase detected in SST and SSS has been linked to
a southward migration of the Subtropical Front caused by the intensi
fication of the wind stress curl and extension of the subtropical gyre
north of the region. This change in hydrography also impacts AT and CT
trends. CT increases by 1.0 ± 0.2 μmol kg− 1 yr− 1, which is attributed to
the STF migration and to the increase in fCO2atm. In the AAR, although
SST, SSS and AT show no significant trends, CT increases by 0.8 ± 0.3
μmol kg− 1 yr− 1. The sea-surface CT increase caused by the rise in fCO2atm
is estimated to be 1.18 ± 0.14 μmol kg− 1 yr− 1 and 1.07 ± 0.13 μmol
kg− 1 yr− 1 in the SAR and AAR respectively. These estimates are close to
the expected 1 μmol kg− 1 yr− 1 increase in CT linked to the +2.1 ppm
yr− 1 of CO2 recorded in the atmosphere during the period. Finally, the
increase in CT leads to an important decrease in pH (− 0.0018 ± 0.0001
and − 0.0026 ± 0.0003 yr− 1 in the SAR and AAR respectively), implying
a contribution towards ocean acidification processes and potential
changes on the biogeochemistry of the ocean.
The AT and CT empirical relationships determined in this study, as
well as the decadal evolution of physical and carbonate parameters in
the SO bring new perspectives for the study of long-term evolution of the
carbonate system. Monitoring of physical and biogeochemical parame
ters in the SO on regular and long-term basis are needed for a more
complete study of the changes in ocean dynamics as well as carbonate
and CO2 systems from seasonal to decadal scales. Moreover, with the
improvements of satellite observations of SST and SSS (Fine et al., 2017;
Land et al., 2019), the calculation of AT and CT from empirical re
lationships could provide an even larger view of the carbonate system
evolution in space and time.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.dsr.2022.103836.
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Grelet, J., Jacquin, S., Kestenare, É., 2015. The French contribution to the voluntary
observing ships network of sea surface salinity. Deep Sea Res. Oceanogr. Res. Pap.
105, 1–18. https://doi.org/10.1016/j.dsr.2015.08.005.
Anderson, L.A., Sarmiento, J.L., 1994. Redfield ratios of remineralization determined by
nutrient data analysis. Global Biogeochem. Cycles 8, 65–80. https://doi.org/
10.1029/93GB03318.
Armour, K.C., Marshall, J., Scott, J.R., Donohoe, A., Newsom, E.R., 2016. Southern
Ocean warming delayed by circumpolar upwelling and equatorward transport. Nat.
Geosci. 9, 549–554. https://doi.org/10.1038/ngeo2731.
Arrigo, K.R., Pabi, S., van Dijken, G.L., Maslowski, W., 2010. air-sea flux of CO2 in the
Arctic ocean, 1998–2003. J. Geophys. Res. 115, G04024 https://doi.org/10.1029/
2009JG001224.
Auger, M., Morrow, R., Kestenare, E., Sallée, J.-B., Cowley, R., 2021. Southern Ocean insitu temperature trends over 25 years emerge from interannual variability. Nat.
Commun. 12, 514. https://doi.org/10.1038/s41467-020-20781-1.
Bakker, D.C.E., Pfeil, B., Landa, C.S., Metzl, N., O’Brien, K.M., Olsen, A., Smith, K.,
Cosca, C., Harasawa, S., Jones, S.D., Nakaoka, S., Nojiri, Y., Schuster, U.,
Steinhoff, T., Sweeney, C., Takahashi, T., Tilbrook, B., Wada, C., Wanninkhof, R.,
Alin, S.R., Balestrini, C.F., Barbero, L., Bates, N.R., Bianchi, A.A., Bonou, F.,
Boutin, J., Bozec, Y., Burger, E.F., Cai, W.-J., Castle, R.D., Chen, L., Chierici, M.,
Currie, K., Evans, W., Featherstone, C., Feely, R.A., Fransson, A., Goyet, C.,
Greenwood, N., Gregor, L., Hankin, S., Hardman-Mountford, N.J., Harlay, J.,
Hauck, J., Hoppema, M., Humphreys, M.P., Hunt, C.W., Huss, B., Ibánhez, J.S.P.,
Johannessen, T., Keeling, R., Kitidis, V., Körtzinger, A., Kozyr, A., Krasakopoulou, E.,
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Muller-Karger, F., Olafsson, J., Santa-Casiano, M., 2014. A time-series view of
changing ocean chemistry due to ocean uptake of anthropogenic CO2 and ocean
acidification. oceanog 27, 126–141. https://doi.org/10.5670/oceanog.2014.16.

Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
11

M. Brandon et al.

Deep-Sea Research Part I 187 (2022) 103836

Bates, N.R., Best, M.H.P., Neely, K., Garley, R., Dickson, A.G., Johnson, R.J., 2012.
Detecting anthropogenic carbon dioxide uptake and ocean acidification in the North
Atlantic Ocean. Biogeosciences 9, 2509–2522. https://doi.org/10.5194/bg-9-25092012.
Bates, N.R., Pequignet, A.C., Johnson, R.J., Gruber, N., 2002. A short-term sink for
atmospheric CO2 in subtropical mode water of the North Atlantic Ocean. Nature 420,
489–493. https://doi.org/10.1038/nature01253.
Bates, N.R., Pequignet, A.C., Sabine, C.L., 2006. Ocean carbon cycling in the Indian
Ocean: 1. Spatiotemporal variability of inorganic carbon and air-sea CO2 gas
exchange. Global Biogeochem. Cycles 20, GB3020. https://doi.org/10.1029/
2005GB002491.
Benallal, M.A., Moussa, H., Lencina-Avila, J.M., Touratier, F., Goyet, C., El Jai, M.C.,
Poisson, N., Poisson, A., 2017. Satellite-derived CO2 flux in the surface seawater of
the Austral Ocean south of Australia. Int. J. Rem. Sens. 38, 1600–1625. https://doi.
org/10.1080/01431161.2017.1286054.
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