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Abstract

The anthropogenic carbon (Cant) concentration at 40°S in the Atlantic Ocean was calculated over the
period 1972-2014. The C* method was used to eliminate the biological fraction of the total DIC, both
AOU and NOs were used in the calculations. With the use of a multiple linear regression method the
size of the oceanic CO; sink over this period was determined as 34.9 * 3.19 mol m for Cant-aou and
35.9 + 3.71 mol m for Cant.no3. Roughly 100% of the total DIC increase over this period can be related
to the increase in Cint concentration. In the depth range where the products of organic matter
remineralization are high on top of the Cacincrease, the decreased TA/DIC ratio results in an
increased sensitivity for the pCO,, pH and H* ions. The carbonate system acts as a whole and is
altered upon additions of CO; to the surface ocean.
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1 Introduction

The global carbon cycle plays an important role in regulating the climate system. The Earth has three
main carbon storage reservoirs of which the exchange rates are fast enough to fluctuate over
decades: the atmosphere, the terrestrial biosphere and the ocean. The relative sizes of these
reservoirs are: 1:5:60 (Sabine and Tanhua, 2010). Carbon dioxide (CO;) is constantly added to the
atmosphere, mainly through fossil fuel burning, and transferred to those reservoirs through complex
reactions (Gruber et al., 2004) (Figure 1).
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Figure 1: Schematic of the global carbon cycle. The magnitude of the different reservoirs is shown and the fluxes
between them. In black are the fluxes that already existed before the industrial revolution and the red numbers show the
anthropogenic perturbation. The red numbers are calculated from a mean over the period from 2000-2009. (IPCC 2013,
chpt. 6, Ciais et al., 2013)

Since the Industrial Revolution the atmospheric CO, concentration has increased from ~283 in 1800
to over 418 ppm in 2022, which is the highest value in 3 million years (Trans and Keeling for NOAA,
Berends et al., 2021). This extra inorganic carbon is added to the atmosphere in the form of COx(g)
and is well mixed throughout the whole atmosphere (below 100 km) (Jacob, 1999). Fossil fuel
burning, production of cement and agriculture account for 40% of this extra CO, called
anthropogenic carbon (Cant) (Gruber et al., 2019, Houghton et al., 2017). About 30% of this Cant is
dissolved and stored in the ocean (Gruber et al., 2019).The oceanic CO, uptake at the surface ocean
is highest in the mid-latitudes and the high-latitude North Atlantic. Central, intermediate and deep
water masses are formed at these locations, transporting anthropogenic carbon into the inner ocean



(Friedlingstein et al., 2022). Strong winds and low temperatures enhance the uptake at these
locations (Takahashi et al., 2009).

This research is focused on a transect in the
South Atlantic Ocean around latitude 40°S
(Figure 3). This is an area of high primary
productivity in the open ocean and therefore
the biological pump (section 2.2) is active
(Tuerena et al., 2019). In the subtropical gyre,
north of the transect (Figure 2), the waters are
macro-nutrient limited and iron-rich, while the
Antarctic circumpolar current (ACC) is iron-
limited but has high macro-nutrient
concentrations, both resulting in unfavorable
conditions for phytoplankton to grow (Browning
et al., 2014). The subtropical convergence zone

South Atlantic Current

(STCZ) is the meeting point of the southwards (——%f“m‘ , .
flowing subtropical gyre waters and the W s e oW T e e
northwards flowing ACC leading to a zone of Figure 2: surface currents in the South Atlantic Ocean (Stramma

high nutrient availability and phytoplankton and England, 1999)
growth. Figure 3 shows the locations of the
stations around the transect that are used in this study.
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Figure 3: Station locations of the different cruises around the transect. The cruises that happened within the same year (or
one year apart) were grouped together as one. The background color is the depth of the ocean in meters, made by making
use of the GEBCO 2023 dataset.

The location of the transect at 40°S is an interesting region for carbonate chemistry. It is found at the
border between the Atlantic Ocean and the Southern Ocean. Three main water masses in the
Atlantic Ocean are found at the location of this transect (section 2.5), out of which the Antarctic
Intermediate Water is formed slightly more south of the transect and carries a high concentration of



Cant (Gruber et al., 2019). Because it is still largely unknown how the biological cycle and the rest of
the ocean will react to an increasing Cant concentration in the surface ocean, it is an interesting first
step to a more complete understanding of the carbonate chemistry in the ocean to calculate the Cunt
concentration at this transect.

In this research the effect of the increase in the C,nt concentration at 40°S on several carbonate
system parameters will be calculated. The increase in Cant concentration between 1972 and every
following year with datapoints on the transect will be calculated by using a multiple linear regression
method (MLR) in combination with the C* method. The increase in Cane Will be calculated for every
water mass along the transect to see how the anthropogenic carbon distribution over depth has
changed over time. The increase in DIC will be compared to the increase in Cant Over time and the
influence of Cant on pH, pCO, and H* ions will be discussed. Upon addition of Can: to the ocean the
relative change in CO2 may not be equal to the change in DIC, this is expressed in the Revelle Factor
(section 2.1). At last the increase in Cant Will be compared to the increase in the atmospheric pCO;
concentration.

2 Background

2.1 Carbonate chemistry in the ocean
About 30% of anthropogenic carbon is dissolved and stored in the ocean. Dissolution takes place at
the air-sea interface, according to the following reaction (Zeebe and Wolf-Gladrow, 2001):

CO,(g) = CO4(aq) (Eq. 1)

The time scale for equilibrium at the air-sea exchange is about one year (Jones et al., 2014). The rate
at which global surface water CO(aqg) concentration increases is therefore closely synched with the
atmospheric CO, concentration (Takahashi et al., 2009). Regionally, however, biological or physical
processes can considerably alter the surface water CO, concentration.

Part of the dissolved CO; will react with water to form carbonic acid (Equation 3). This equilibrium
occurs slowly, which means that almost all of the dissolved CO; will stay in the form CO»(aq). For
convenience CO,* is defined as the sum of aqueous CO, and carbonic acid:

CO,*(aq) = COz(aq) + H2COs(aq) (Eq. 2)

Carbonic acid is a weak acid that will dissociate into a bicarbonate ion and a proton. Bicarbonate will
then partly dissociate into a carbonate ion and a proton. Most of the CO,(aq) will react with
carbonate ions to form bicarbonate.

CO,*(aq) +H,0 = HCOy + H* = COs% + 2H* (Eq. 3)

With equilibrium constants K; and K3, that are related to the concentrations:

_ [HCoJH] Eq. 4

K, N (Eq. 4)

- [Coz ] (Ea. 5)
[HC03]



The different components of the carbonate
system determine the seawater pH; at pH
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The values of the equilibrium constants are equivalence points (Zeebe and Wolf-Gladrow, 2001)

dependent on temperature (T), pressure (P)

and salinity (S); a decreasing T, P and S (with respect to the reference of T=25°C, S= 35 and P=1 atm)
will increase the pK values and thus the relative proportions of the different carbon species will shift
towards more protonated species. The effect of an increase in pressure is less pronounced (Zeebe
and Wolf-Gladrow, 2001). Species with a higher charge are more sensitive to changes in salinity than
species with a lower charge, with an increasing salinity the pK value will decrease.

The sum of the total concentration of aqueous CO,, HCO3~, and COs?"in a solution make up total
dissolved inorganic carbon species (DIC):

DIC= [CO,*] + [HCO57] + [CO5?] (Eq. 6)

The pCO; is the partial pressure of CO; in the gas phase, which is in equilibrium with the dissolved
CO; in the seawater. The net air-sea CO; exchange can be estimated from the difference between the
pCO; in the ocean and the pCO; in the atmosphere (Zeebe and Wolf-Gladrow, 2001).

Alkalinity can be described as the excess of proton acceptors over proton donors relative to a defined
zero level of protons (ZLP) (Dickson, 1981). In other words, it is the acid neutralization capacity of a
medium. The most dominant proton acceptors in the ocean are the carbonate ion, bicarbonate ion,
boric acid and the hydroxide ion. Alkalinity also includes minor species that only become important
at extreme pH values (Zeebe and Wolf-Gladrow, 2001). The following simplified equation includes
>99.8 of its total elements (Humphreys et al., 2018). The carbonate ion is counted twice because it
can absorb two protons to reach the ZLP:

TA=[HCO5s] + 2[CO3*] + [B(OH)4] +[OH] =[H*] (+ minor components) (Eq. 7)

Alkalinity can also be described in terms of conservative ions; the sum of the major cations, Na*, K-,
Mg?* and Ca?* in seawater is not fully compensated by the sum of the major anions, CI- and SO4%. This
small imbalance in charge is responsible for the alkalinity in the ocean and is mainly compensated by
the anions of the carbonate system. The charge difference fluctuates upon salinity changes that
mainly happen in the surface ocean. The composition of conservative ions does not change upon
addition or removal of CO; to the ocean, meaning that the alkalinity will stay constant (Figure 5). The
concentration of conservative ions does change due to precipitation or dissolution of CaCOs3,
changing the alkalinity by 2 mol per mol CaCOs (Zeebe and Wolf-Gladrow, 2001).

Following Wolf-Gladrow et al. (2007), all the nutrients in the alkalinity expression can be grouped
together as a nitrate unit. To do this a constant Redfield Ratio (Equation 14) is assumed for the



contribution of the different nutrients to the TA, the Redfield Ratio of NO3 :PO4 :S04% is 16 :1:2.4 is
used. The increase in TA when 1 mole of organic matter is dissolved is:

ATA=2-COy>- 822D oy =2 05> - 136 NOs (Eq. 8)
Sulfate is counted twice in Dickson’s definition for 2.5, §
alkalinity, the extended version of equation 7 (see : /s:""
appendix 1), because two protons can be ‘ XA CaCOy diSSO|Uti0;/ A
absorbed before reaching the ZLP. e ’
24 /\ /

Figure 5 shows the effect of different processes
on the TA, DIC, pH and CO,*. With the invasion of
CO; into the ocean the TA remains unchanged and
the DIC increases. As a response to the increase
in CO,* concentration in the ocean the carbonate
speciation changed, decreasing the pH. Release of
CO; to the atmosphere would lead to the opposite
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The buffer capacity (Equation 9) is the amount of ’Cﬂ% formation / A%

acid or base that can be neutralized by the 1.95 > 205 21 215
solution so the pH does not change drastically. In DIC (mmol kg™

a.solutlon that is pure Wate_r’ the buffer CaF_)aCIty 1S Figure 5: The effect of different processes on the DIC, TA and
high at a very low or very high pH, where either pH (Zeebe and Wolf-Gladrow, 2001)

the H*, or the OH" concentration is very small,

because that is then all bound to the acid or base that is added. In the pH range where the buffer
capacity is high, the pH changes relatively little. In a weak acid or base solution, like the ocean, there
is another pH range where the pH change is relatively small, this is where the pH is equal to the
equilibrium constant. Enough species in the solution can accept a proton to neutralize the change in
pH.

_dlacid]

B="or (Eq. 9)

In seawater the buffer P
capacity is highest at a pH = Total
of ~9, mostly due to the . 00016 Carbonate
. . > Borate
ions in the carbonate < -
system (Figure 6). When G 00012
the buffer capacity is high, &
the speciation of the weak ke 00008
acid changes, meaning that E 0.0004
the fraction of the weak ‘
acid and its conjugate base 0 — |
is about equal. When the 45 >3 G'S/ﬁ” 8'\ 95
ratio of the acid and its . » ) _ _

. . Figure 6: Buffer capacities of different components in seawater (Middelburg et al.,
conjugate base is out of 2019)

balance, the weak acid is

‘completely used up’ and the pH will change drastically upon addition of more acid. Acidification
causes the pH to move further away from the pK value, hereby decreasing the buffer capacity and
carbonate ion concentration. This is one of the reasons why less CO; can be taken up by the ocean
without causing a change in pH (as reviewed by Middelburg 2019, Zeebe and Wolf-Gladrow, 2001).



The carbonate system, in combination with the boron compounds serves as a pH buffer in the ocean.
The response of the system to the uptake of CO; is expressed in terms of relative changes in CO; and
DIC that make up the Revelle factor. As the CO, concentration in the ocean increases, the speciation
of the different carbonate species changes and the pH decreases. Where the CO; and HCO5
concentrations increase, the CO3> concentration decreases. This shows that the increase in DIC is not
equal to the increase in CO,. The Revelle Factor is given in equation 10, assuming constant alkalinity:

_d[coz] /dDIC
~ [coz2] ! pIc

(Eq. 10)

The relative increase in CO; is larger than the increase in DIC upon the addition of CO, to the ocean,
meaning that the Revelle Factor will increase (Zeebe and Wolf-Gladrow, 2001). With an increasing
Revelle Factor the buffer capacity will decrease and therefore the sink efficiency is expected to

decrease (Jiang et al., 2019).

With any two given parameters of the CO; system, the rest can be calculated via mass balance and
equilibrium equations. However, not all parameters can be measured directly from seawater and
thus always have to be calculated (Zeebe and Wolf-Gladrow, 2001).

2.2 Biological pump

The carbon pump is the process that transports CO, from the surface ocean into the ocean interior.
The carbon pump can be separated into a solubility pump and a biological pump, of which the latter
can be split up into a soft tissue pump and a carbonate pump.

More than 50% of global primary
production occurs in the surface ocean
by marine microorganisms (Mdller-
Karger et al. 2005). With their large
variety and exceptional abundance
marine microorganisms play an
important role in regulating the
climate (Das and Mangwani, 2015).
DIC and nutrients are used to build
organic carbon in the surface ocean
(Equation 11) (Figure 7, POC and DOC)
and when this is transported into the
deep sea the organic carbon is
decomposed and DIC and nutrients
are released back into the water
column (reverse of equation 11). The
biological pump essentially transports
inorganic and organic carbon against
the vertical DIC gradient into the deep
ocean (Figure 7, PIC, POC, DOC are
remineralized into DIC) (Sarmiento
and Gruber, 2006). The formation of
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Figure 7: Biological activity regulates the organic and inorganic carbon
pathways in the surface ocean. Like in figure 1 the red numbers show the
anthropogenic carbon contribution while the black arrows show the natural
fluxes. A net uptake of anthropogenic CO2 of 1.9 Pg C yr is visible at the ir-
sea interface (Sabine et al., 2004, Clement, 2018)

organic matter lowers the atmospheric CO, concentration locally by lowering the DIC in surface
waters, causing atmospheric CO; to infiltrate the water (Equation 11). The soft tissue pump is the
part of the biological pump that transports organic carbon from the surface into the deep ocean and
contributes the largest part to the DIC (Figure 7, POC+DOC—DIC). The carbonate pump represents
the precipitation and dissolution (at depth) of CaCOs (Sigman and Hain 2012). The formation of
carbonate minerals locally increases the CO, concentration (Equation 12).



CO; + H,0 = CH,0 + 02 (Eq. 11)
Ca?* + 2HCO; = CaCO03 + CO, +H,0 (Eq. 12)

Marine plankton take up nutrients in an atomic ratio of C:N:P:0 106: 16: 1: -170 (Equation 13)
(Redfield et al., 1963, Johnson et al., 2022).

106 COZ + 16 HN03 + H3PO4 +122 Hzo = (CHzO)los(NH3)15H3PO4 +170 Oz(Eq. 13)

This reaction can be extended by other elements that can be important, depending on the
application. The equation shows that 170 moles of oxygen are used to degrade 1 mole of organic
matter and 16 moles of nitrate, 106 moles of carbon and 1 mole of phosphate are released. The
elemental ratio shown is equation 13 changes lattitudally and per ecosystem. The warm, nutrient-
depleted gyre waters for example vary significantly from the cold, nutrient-rich waters in the high
latitudes (Martiny et al., 2013). Assuming that oxygen saturation was reached when the water mass
was at the surface, the apparent oxygen utilization (AOU) can be calculated:

AOU= Ozsat _ ozmeasured (Eq 14)

The oxygen defict can be used to calculate the original organic matter concentration, assuming a
constant Redfield Ratio over time and depth. Because the different nutrients are found in constant
ratios, the original organic matter concentration can also be calculated by the increase in nutrient
concentrations.

CaCOs produced in the surface layer can settle down to the ocean interior and either accumulate on
the sea floor or dissolve (Equation 12). The solubility of calcium carbonate increases with a decrease
in temperature and an increase in pressure. Carbonate solubility therefore increases with depth,
partly due to thermodynamics and partly as a result of respiration of organic matter (the soft tissue
pump) (Boudreau et al. 2018, Boudreau et al. 2010). If the waters were to resurface in equatorial
regions, the water column would degas as a consequence of the warming of the waters and the
resulting decrease in solubility.

At the carbonate compensation depth (CCD) the particle settling rate is equal to the dissolution rate;
below the CCD the dissolution rate is higher than the sedimentation rate and the sediments here will
be carbonate-free. During periods of ocean acidification the CCD will rise on a short timescale due to
the reduced carbonate flux. But on the long term the CCD would deepen because the carbonate
enriched waters from the surface will reach the deep ocean and that will reduce the dissolution
(Boudreau et al. 2018).

2.3 Solubility pump

The physical CO, uptake by the ocean is controlled by the large scale overturning circulation. Surface
water flows from the equator towards the poles losing heat on its way due to the temperature
gradient with the overlaying air. Once the water mass has arrived at the poles its density has
increased due to cooling and evaporation, which increases the salinity. This high density water sinks
at the poles and is transported into the deep ocean. As long as the water is in contact with the
atmosphere, it can exchange CO,, which can then be transported into the ocean interior at locations
of deep water formation (Rahmsorf, 2002, Wunsch, 2002). Cold, deep waters are enriched in DIC this
is because the solubility of CO, increases with decreasing temperatures. The storage rates of
(anthropogenic) carbon vary spatially over the world and are highest at locations of deep water
formation. Due to the slow mixing into the ocean interior and the few locations of deep water
formation, the spatial spread of anthropogenic carbon is limited (Sabine et al., 2010).



2.4 Future scenarios for the carbon pump

The upward flux from the deep ocean, carrying nutrients, declines globally as a result of increasing
temperatures and freshening of the surface ocean. This decreases the density and makes the water
mass less prone to sinking, weakening the overturning circulation. Primary production decreases as a
consequence of the limited nutrient availability. This decreases the vertical DIC gradient and
essentially reduces the CO, uptake (Yamamoto et al., 2017). Under nutrient stress smaller
phytoplankton are preferred over larger ones due to their relatively larger surface area through
which the uptake of nutrients is more efficient. The sinking particulate carbonate flux decreases as a
result of this community shift, also because the export of smaller sized particles is less powerful (Fu
et al., 2016). Moreover, the balance between autotrophic and heterotrophic organisms is predicted
to change. Consequently, increased recycling and respiration in warmer water causes the DIC to be
retained in the surface waters thus potentially decreasing the biological pump (Wohlers et al., 2009).

Next to the increase in temperatures, the surface water density will be further decreased by an
intensified hydrological cycle, bringing more fresh water to the surface ocean and further weakening
the overturning circulation (Troggweiler and Russell, 2008). This results in a reduced CO, uptake at
high latitudes. The weaker equatorial upwelling has an opposite result: the uptake of CO; is increased
here as a result of the decreased upward carbon transport (Yamamoto et al., 2017, Sallée et al.,
2021). The reduced carbonate export related to the reduced nutrient supply to the surface ocean is
predicted to dominate, overall decreasing the carbon export (Zickfeld et al., 2008).

Due to the increased pCO; in the surface ocean and the coupled decrease in pH, the concentration of
the carbonate ion decreases while the bicarbonate ion concentration increases (Equation 3). Marine
calcifying organisms have to overcome the challenge of enhanced dissolution because the water can
become under-saturated with respect to CaCOs; (Das and Mangwani, 2015). Especially at higher
latitudes where the CaCOj; saturation is lower which results in CaCO; undersaturation after a slight
decrease in pH (Orr et al., 2005 in Sabine et al., 2010). It is hard to predict how the community will
change upon increasing anthropogenic carbon concentrations because the response towards
acidification is species-specific, but the community structure will change (Price et al., 2007,
Dutkiewicz et al., 2015). A model study by Dutkiewicz et al. (2015) shows that the effect of
acidification on the ecological function of the plankton community had a greater impact than
reduced nutrient supply or warming.

2.5 Water mass description

In this study neutral density levels (y) are used to look at the depth in the ocean instead of looking at
the depth in meters. Neutral density levels are a function of pressure, temperature and salinity but
also of longitude and latitude and it accurately approximates isopycnal surfaces (Jackett and
McDougall, 1997). Because water masses in the deep ocean flow along these isopycnal surfaces it is
more robust to describe things along neutral surfaces instead of depth.

The South Atlantic Ocean can be vertically divided into four main layers. South Atlantic Central Water
(SACW) is located in the South Atlantic current which comprises the southernmost part of the
subtropical gyre. The subtropical gyre flows between 15°S and 40°S (Figure 2) and brings warm
tropical surface waters southwards in the Brazil current. The surface waters in the transect are
composed of SACW with a neutral density level of 26.0 <y < 27.5 kg m-3 (Figure 8) (Liu and Tanhua,
2020). The SACW is relatively warm and nutrient-poor compared to the Antarctic Intermediate Water
(AAIW) that is found underneath (Stramma and England, 1999). Central waters have a linear T-S
relationship, with low nutrient concentrations. They are commonly subducted below the thermocline
and during winter they are formed in a subsurface layer with uniform densities (Stramma and
England, 1999). Vertically central waters formed in the East Atlantic are found below central waters
formed in the West Atlantic. The lower part of central waters can be described by mode water. The
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transport and formation of mode and central waters are influenced by surface currents (Liu and
Tanhua, 2021).

The Atlantic Ocean receives water from the Indian Ocean through Agulhas intrusions. Agulha leakage
around the southern edge of Africa carries warm, saline water from the Indian Ocean into the
Atlantic Ocean. The Agulhas escape from the western boundary current in the Indian Ocean (Beal et
al., 2011). This Indian Ocean water contributes to the upper layers of the Atlantic Ocean and makes
the eastern part of the basin more nutrient-rich (Liu and Tanhua, 2021).

Due to the increasing temperatures on earth more and more Antarctic melt water will enter the
ocean. Ocean water close to Antarctica is generally macro-nutrient loaded but the primary
productivity is low. this could be explained by strong wind forcing and sediment rich melt water input
that result in turbid waters (Schloss et al., 2012). Glaciers terminating on land transport sediment-
laden meltwater to the ocean and result in turbid waters where the light penetration is limited,
reducing the primary production. The nutrient concentration remains therefore higher in the waters
transported to the Southern Ocean and South Atlantic which may result in higher primary production
and carbon uptake there (Jones et al., 2023). As more glaciers will end on land in the future, the
nutrient fluxes in the Southern Ocean may change.

AAIW is found below the SACW and is formed in the densest part of the southern Subantarctic zone
between 55°S and 40°S (Figure 8). The AAIW is found between 500 and 1200m and carries low
salinity (34.20610.083) water northwards along the continental slope (Talley, 1996, Liu and Tanhua,
2021). The water mass is formed in surface regions of the ACC, and contains a high oxygen(
300.7+16.2 umol m3) and a relatively low silicate concentration (21.09+4.66 umol m3). Intermediate
water from the Indian Ocean may also contribute to the South Atlantic AAIW through Agulhas
leakage (Liu and Tanhua, 2021, Stramma and England, 1999). The AAIW has a neutral density surface
of 26.95 <y < 27.50 kg m-3 (Liu and Tanhua, 2021).

Underneath the AAIW the North Atlantic

Deep Water (NADW) is found, this water °
mass flows southward (Figure 9) and is
formed by deep water formation in the
North Atlantic with a density of 27.85 <y < 2000
28.10 kg m-3 the water mass is found
between 1500 and 3500 m depth (Liu and
Tanhua, 2021). The water mass is
transported into the southern hemisphere
by the deep western boundary current. 5000
Depending on how far north the water was

formed the water flows at a deeper level "o oo o e w0, o dmw  How e
(Stramma and England, 1999). The water Figure 8 Water masses in the Atlantic Ocean, the numbers stand for
mass can be found all the way south to 50°S  the salinity (Tulley et al., 2011)

where it mixes with the Antarctic bottom

waters (Liu and Tanhua, 2021). NADW can be identified as a water mass with a very high oxygen
concentration (278.0+4.6 umol m3), a low nutrient concentration(16.80+0.48 umol m™ for NOs,
1.10+0.05 umol m= for PO,4) and a very high salinity (35.083+0.019) (Talley et al., 2011).

STUW STUW

1000

3000

Depth (m)

4000
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Antarctic Bottom Water (AABW) flows below 4000m and is formed south of the ACC in the Wendell
Sea through mixing of the Circumpolar Deep Water (CDW) and the Wendell Sea bottom water
(WSBW) and has a density of y > 28.20 kg m-3 (Liu and Tanhua, 2021). The relatively warm CDW
arrives from the north with the ACC and mixes with the very cold WSBW arriving from the south (Liu
and Tanhua, 2021). AABW can be described by

|
very high salinity (34.830+0.009), high silicate AN

Pacific-indonesian

content (124.87+2.36 umol m3) and low . ,\‘ M
temperatures (-0.46+0.24 °C) (Liu and Tanhua, AN DN , )
2021). AABW joins the ACC and flows into the XNg, W S o oon

Cape basin from the south, close to the African 52 , o

continent the water is diffracted and part of it N5 &S &

returns towards the Agulhas region (Saunders / / 7 w
et al., 1995). After crossing the ACC the AABW 5 PACIFIC
exchanges water with the NADW. %‘ig

Figure 9: Global overturning circulation, numbers B N,L/\N

showing the transported volume by each water mass
(Meredith et al., 2011)

2.6 Anthropogenic carbon in the Atlantic Ocean

Deep water formed in the North Atlantic Ocean mainly stays within the Atlantic basin, thereby
forming a confined reservoir for anthropogenic carbon. This basin has been thoroughly investigated
and Gruber et al. (2019) showed it was the biggest anthropogenic carbon reservoir on earth in the
period 1994-2007. The reservoir owes its large anthropogenic carbon storage capacity to the deep
water formation in the North Atlantic.

The upper overturning cell in the South Atlantic, creating the AAIW, takes up a lot of anthropogenic
carbon which is stored between 30°S and 50°S, this is the second deepest anthropogenic carbon
reservoir on earth (Gruber et al., 2019). Anthropogenic carbon is taken up at the surface and
transported along sloping Isoneutral surfaces into the internal ocean. Investigating the Cant
distribution along these surfaces is therefore informative.

For both the AAIW and the AABW part of the newly formed water is transported into the Indian
ocean (Stramma and England, 1999). The potential anthropogenic carbon it contains is therefore
distributed over a larger area than in the North Atlantic, but it has been less investigated. Miller et
al. (2023) found a shift in the main anthropogenic carbon storage reservoir in the Atlantic Ocean
from the North, to the South Atlantic in the period from 1994 to 2014. This is another reason why the
transect at 40°S is an interesting sight to study.

3. Methods and methodology

3.1 C* calculation

The Global Ocean Data Analysis Project version 2 (GLODAPv2.2022) was used to obtain the data on
the transect. The cruises that had datapoints between 38°S and 42°S and that had data for all the
different components needed to calculate the anthropogenic carbon concentration were selected.
Further quality control was done by Louise Delaigue. To calculate Cint concentration the C* method
was used, this method is based on the fact that changes in the DIC concentration are caused by a
combination of natural and anthropogenic processes (Gruber et al., 1996). The anthropogenic
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fraction of the total DIC is outweighed by the natural DIC fraction, this is why it is important to
eliminate this natural fraction:

Cant = DICreasured — DICyio — chphys (Eq 15)

The fraction of the DIC that is added by the carbonate pump is removed first:

C

*— — . - .
C*= DICmeasured— 8o - AOU = 0.5 - TA (EQ. 164)
C
C*= DICmeasured_ 6@ ° PO4_ 0.5 ° TA (quGB)
C
C*= DlCmeasured_ 6@ * NO3 - 0.5 * TA (Eq16c)

In theory, all these methods should give the same C* value. | decided to continue with the C* values
where nitrate and AOU were used in the calculations to minimize the error in the C*. Phosphate was
excluded because of its lower concentration in the ocean (Eq. 13), that resulted in a bigger error
window for the C* than when nitrate or AOU was used.

Equation 17 for C* is not complete because the DIC and TA are not only affected by the carbonate
pump but also by the soft tissue pump. As organic matter is degraded nutrients are released into the
water column (Eqg. 11/ 13), decreasing TA. The complete equation for C* is then, using the nitrate
unit (Eq. 8):

C

*= DI -
Cmeasured 6—AOU

-AOU—-0.5 - (TA + 1.36 - NOs) (Eq. 17a)

C*= DICieasured — 5% -NO3—0.5 - (TA + 1.36 - NO3) (Eq. 17s)

The C* value reflects the natural and anthropogenic CO, exchange through the air-sea interface and
should stay about constant with depth, as the increase due to biology has been corrected for (Gruber
et al., 2019). In this calculation a surface concentration of zero for AOU and nitrate is expected, this is
however not the case as can be seen in figure 10.

To correct for this the surface water concentrations where the water masses are formed are
subtracted from the concentration measured at depth:

*= DICmeasured— 5= - (NO3 gepin - NO3surace) = 0.5 - (TA+136 - NO)  (Eq. 185)

C*= DICrmeasured — 6_ACW * (AOUgepth — AOUsurface) —0.5 - (TA+1.36 - NO3)  (Eq. 18g)

The formation regions of the water masses found at the transect at 40°S are shown in figure 10, the
conditions from which these regions are selected were made by Lui and Tanhua (2021). For NADW
the upper NADW formation region was used to calculate the initial conditions.
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AOU in the Atlantic ocean NOjs in the Atlantic ocean
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Figure 10: AOU and NOs concentrations in the Atlantic Ocean. The Location of the transect is pointed out with the black line.
The colored regions are the locations of water mass formations of the different water masses, according to Liu and Tanhua
(2021)

3.2 eMLR method to calculate C*

In order to calculate the Cine concentration using coefficient values, the C* is calculated again but
now the MLR method is applied that generates coefficient values. An eMLR is a statistical approach
to to find the relative importance of several (independent) coefficients based on fitting lines through
the datapoints. With those independent coefficients the dependent variable, C* in this case, is
calculated. The relationship between the independent coefficients is used to calculate the C* in the
end, by multiplying the coefficient with their corresponding variable:

Ce(tr) =ar+ by« Tefty) + by - T2 (ta)+ c1- Taty) +c1- T2 (t1) ...tz1 - Ti(ta) (Eq. 19,)
CH(t2) =ax+ by - Ta(ta) + b1 - To? (t2)+ 1 - Ta(ta) + €1 - To? (t2) otza - Ti(t2) (Eqg. 19g)

The possible coefficients used in this study are temperature, salinity, nitrate, silicic acid, oxygen and
AOU. How many and which coefficients are used depends on the fit. A probalistic approach is used to
find out which coefficients will be used, according to Gruber et al. (2019). A minimum of 2 and a
maximum of 5 coefficients were used, which led to a total of 56 combinations. Out of these
combinations the 10 runs with the slope values closest to 1 were selected and mean value for each
coefficient is calculated. With those mean values the C,n: is calculated, making use of the
climatological value of each variable.

Following Friis et al. (2005) the coefficients of the two C* values that are seperated in time are
subtracted from each other. This way the measurement errors that are included in both C*
calculations are partly canceled out (Sabine 2010). The combined coefficients form an estimate of
the anthropogenic carbon:

ACant(tz — t1) = (a2 — @1) + (b2 = b1) * Teim1 + (b2 = b1) * Teim1® + (€2 = €1) * Tetima +...(22 = 21) - Teiimk (EQ. 20)

In equation 20 the climatological distributions of the predictors are used rather than using values
from the most recent year, to avoid seasonality.

A Monte Carlo analysis was applied to the eMLR to calculate the standard deviation in the Cant
created by the uncertainties in the variables. The uncertainties by GLODAP are given in table 1 and
the standard deviation was calculated over 1000 iterations over the eMLR (Lauvset et al., 2022).

Later in the calculations to be able to subtract the values from one year from the values from
another it was necessary that the amount of datapoints are the same. To make sure this is the case
datapoints were interpolated over the amount of datapoints from the most recent year.
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Variable Minimum adjustment Table 1: Minimum bias relative to the measurement precision and the

Salinity 0.005
Oxygen 1%
Nutrients 2%

DIC 4 umol kg?
TA 4 umol kg?
pH 0.01

3.3 Definition of the water masses

different cruises included. These numbers are not uncertainties but they
can be seen as inter-cruise consistency in the data product (After Lauvset
etal., 2022, table 3).

The eMLR calculates the Cunt for each water mass, the water masses are separated on neutral density
levels that are shown in table 2. Because the neutral density levels in the surface waters vary a lot
with depth and location, the AAIW and SACW shows a lot of
overlap. That is why | decided to merge the SACW and the

AAIW into one water mass in the calculations.

Water mass gamma
SACW/ AAIW 24.00< Y <27.55
NADW 27.55< Y <28.10
AABW Y >28.10

Table 2: Separation of the different water masses based on neutral density levels

4. Results

4.1 Nutrient distributions
Nutrient distributions over depth at 40°S
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Figure 11: Nutrient distributions at 40°S against depth and neutral density
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Figure 11 shows that the ratios of the different nutrients are not constant over depth at the transect.
This can be related to the stratification of the different water masses that are present at the transect.
The DIC concentration for example, is expected to increase with increasing depth because
remineralization adds DIC to the water column. But at a certain neutral density level the DIC starts to
decrease, this is at the transition of AAIW to NADW, after the transition from NADW to AABW the
concentration increases again. The same trend is visible for the nutrients that are plotted, and
oxygen shows an opposite trend which is typical for NADW (Talley et al., 2011, Giresse et al., 2007).
The silicate concentration is much higher in the AABW than in the rest of the water column, this is
because the silicate concentration is very high in the circumpolar deep water, where the AABW is
formed (Tréguer 2014).

For the purpose of this transect study at 40°S all Nitrate at 40°S from cruise 4095
the points across the various longitudes are 35 i 3
grouped together because the nutrient 30 ":‘ ":, &
concentrations are constant along the latitude. a5 - ‘:‘
An example of this is shown in figure 12 where 'gg 2 _.!. t
all the nitrate concentrations of cruise 4095 are 3 3 ’
plotted against depth. Cruise 4095 sailed across 3 *° %
the whole transect (Figure 2, 2012) and the = 101 - -.."c
nitrate concentrations stayed constant along the 5 - .#'
transect. In the eMLR all the points in one year od v hiee . :,;’.—".”
are therefore grouped together as one. The 24 25 26 27 28
eMLR is then run for every year with datapoints gamma/ kg m™
on the transect. R -

e 7 12 15 « 18

e 9

Figurel2: Constant nitrate distribution along the whole

transect
4.2 Different carbonate species
Figure 13 shows the distribution of the different carbonate species over depth, where the
bicarbonate ion is the most dominant, followed by the carbonate ion and CO,(aq), as expected. The
carbonate ion is high in the surface and decreases with depth, this decrease can be related to the
decreasing temperature and increasing pressure with depth, resulting in an increase in pK values
(Equation 4 and 5) and a decrease in the carbonate ion concentration (Zeebe et al., 2002). This drop
in carbonate ion concentration is intensified by the results of the biological pump. In the surface
waters COs3% is used to form CaCOs shells, decreasing the concentration, while the concentration is
increased by the production of organic matter. The impact of this second process can be up to 5
times higher, leading to a high COs> concentration in the waters that where light can reach and
photosynthesis is happening (Sarmiento and Gruber, 2006). When these organisms die they sink
deeper into the water column and are eventually decomposed (Blank and Gruber, 2007). During
remineralization CO; is released, most of which is transformed into HCOs’, leading to an opposite
trend with respect to the carbonate ion. The water masses in the South Atlantic are stratified and the
NADW carries a low DIC concentration which results in a dip in the plot. The same trajectory is
continued in the AABW.
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Distribution of the different carbonate species over depth
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Figure 13: The distribution of the different carbonate species over depth

4.3 C* calculation

Figure 14 shows how the C* values change over depth, calculated using AOU, PO4 and NOs (Equation
18). The C*no3and the C*pos values are lower than the C*aou value at depth. This is because the
surface concentrations of nitrate (and phosphate) are higher than those for AOU (Figure 10) and thus
the assumption that the surface concentrations were zero is further off for nitrate and phosphate.

C* calculated using NOs, PO, and AQU C* calculated using NO3, PO4 and AOU
1000
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z
I > 1000 !
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Cros . Cos . Chay corrected C*pog «  comected C*yoz « corrected C*agy

Figure 14: The left plot shows the C* distribution over depth calculated with nitrate, phosphate and AOU all the
data points from all the years were included in this plot. The figure on the right shows the same but corrected
for the concentrations at the location of water mass formation

The values at depth were corrected for the surface concentrations by subtracting the concentration
of that variable at the location of water mass formation (Equation 18). After the corrections all three
C* values are closer together in the main part of the water column (Figure 14B). The surface
concentrations of NOs; and PO4 were less high in the formation region of the NADW, leading to a less
pronounced correction. This can be seen in figure 14, between neutral density levels 27.55< Y
<28.10. The C*aou is changed the least after the correction but it still gives the most constant value
over depth, this is why it is used for later calculations. A more constant value over depth is
convenient in the eMLR calculations of C*, as less variance will need to be explained in the model.
This will lead to smaller root-mean-square errors (RMSE) of the model.

17



An example of the C* produced by the ¢ calculated in watermass NADW for cruise 4095 against the fitted (‘salinity’, 'NO3', 'Si04', ‘02", 'AOU")

eMLR is plotted against the C* that is 050 ;ggjjg;g;';f / 276
calculated is shown in figure 15. Such 77

@
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o

a figure was made for every water
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coefficients (3*8*56= 1344 plots). For 900 ]
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the Cant values were calculated \_Nlth a Figure 15: C* calculated plotted against the C* value produced by the
mean of those 10 values (Equation eMLR

19).

The Redfield Ratio shown in equation 14 may not always be constant everywhere. Deeper in the
water column the nutrient concentrations may change with different water masses. Figure 16 shows
the nutrient ratios in the Atlantic Ocean, these plots include all the datapoints in the Atlantic Ocean
available in GLODAP(1972-2020). However the trends in nutrients are still visible; mainly the N:P
ratio follows the expected trend. The surface ocean contains more carbon than expected from the
Redfield Ratio (Equation 13). This may be correlated to processes that affect the DIC but not the
nutrient concentrations, like the C,nt penetration in the surface ocean.

N:P ratio in Atlantic ocean C:P ratio in Atlantic ocean AOU:P ratio in Atlantic ocean
404 slope=14.0013 g 2300 {-slope=62.4903 line with slope -170
g 25 25 400 25
2250

o 30 - . ®
i p y o 300 €
-3 26 £ 8220 26 i 2 2% E
X 2 3 2 3 2
2 < E <€ =
£ g 2w g 200 £
2 > >

3 2w E 8 27 E 3 7 E
g s & 2 S

& 2100
10 100
28 20501 ; _ 28, 28
b e line with slope 106:1 0/q-~flope=:23:1362
line with slope 16:1 o
0.0 05 10 15 20 25
00 05 10 15 20 25 0.0 0.5 1.0 15 2.0 2.5

POy / pmol kg™t

PO, / pmol kg~! PO, / pmol kg1

Figure 16: Redfield ratios in the Atlantic Ocean. The black line plotted through the datapoints is the 'expected’ Redfield
ratio

On the transect the nutrient ratios are not constant with depth, resulting in non-constant Redfield
Ratios with depth (Figure 17). This can again be related to the stratified ocean at this transect, with
each water mass having a different nutrient composition.
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Figure 17: Nutrient ratios over depth at the transect at 40°S

In this study constant Redfield Ratios were used during the C* calculations, but it might be more
accurate to use Redfield Ratios that change with neutral density levels. In the surface waters the
increased DIC concentration is visible and the C:P and AOU:P trends have a different slope in the
deep ocean than in the surface.
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4.4 Anthropogenic carbon
As expected from Cant that enters the ocean through the air-sea interface, the concentration is
highest in the surface and decreases rapidly with depth (Figure 18). At the edge of the water masses
between AAIW and the NADW a very steep increase is visible. This can be related to the difference in
ranges of the climatological variables and the values of the variables in the GLODAP database. In the
eMLR each variable is used twice: once multiplied with its corresponding coefficient, and once
squared and multiplied with its coefficient. Here it is important that the range of the climatological
values is equal to the range in GLODAP values because the value that is inserted will be squared and
a small deviation can suddenly become very big.
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Figure 18: The Anthropogenic carbon concentration against depth and neutral density plotted for the period 1972-2014

The coefficient value is set while using the GLODAP dataset and if the range in climatological values is
bigger than the range in GLODAP values the squared value of the climatological values can fall on the
steeply sloping part of the squared curve, forming the parabola out of the squared function.
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Figure 19: Total inventory increase over time plotted against neutral density, Cant is calculated using AOU in the calculations
for C*

Figure 19 shows the total increase in inventory over time. The biggest increase is visible in the upper
1000m and the Cant penetration depth has increased over time. The Cant concentration decreases
rapidly with depth after that, table 3 shows the concentrations in each water mass per square meter.
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This table also shows the increase of Cantover time, with a clear jump between 1994 and 2008, and

some smaller increases and decreases between 2008 and 2014.

Water mass
AAIW / mol m?
NADW / mol m?
AABW / mol m
SUM / mol m?

SUM <3000m /
mol m?

1972-1988

14.1+0.798
465+ 2.52
-10.1+£3.26
8.70£6.57
18.8+£3.31

1972- 1994

16.5 +£0.903
6.39+2.46
-1.73+2.71
21.2 +6.07
22.9+3.36

1972- 2008

22.5+0.832
7.16 £2.25
9.72 +3.26
39.4+6.34
29.6 £3.08

1972- 2010
24.5 £ 0.808
6.56 £2.20
1.29+£3.53
32.3+6.54
31.0+3.01

Table 3: Column inventories per m? on the transect, AOU is used in the calculations for C*.

1972- 2012
22.5+0.810
-2.53+2.24
-1.04 £3.16
19.0+£6.20
20.0+£3.05

1972- 2014

24.4+£0.791
10.5+2.40
8.12+2.73
43.0+5.92
34.9+3.19

A second eMLR was made, using nitrate to calculate the C* instead of AOU (Equation 18), in order to
get rid of the apparent increase in Cintin the AABW. Figure 20 shows that the apparent increase is
gone but that the overall carbon concentration in the bottom water is higher and it increases with
time. The anthropogenic carbon concentration in the surface water is higher than for Cint.aou and the
transition from AAIW to NADW is much less smooth. The C,int concentration decreases to zero at a
shallower depth than for Cane-aou, €xcept for the last year. The surface water does not contain the
highest concentration in Cant.nos, for all years except for the last the concentration first increases
before it decreases with depth. For both methods the Cint concentration in the most shallow part of
the AAIW is much higher in the first time period than the rest of the years.
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Figure 20: Total inventory increase over time plotted against neutral density, Cant is calculated using NO3s in the calculations
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20



Table 4 shows the column inventories per m? for the transect and for the inventories above 3000m,
both methods fall within the error ranges for most years.

Water mass 1972-1988
AAIW / mol m™ 9.89+1.08
NADW / mol m™ 16.8+ 2.72
AABW /molm? -6.31+3.73
SUM / mol m™ 20.4+7.53
SUM <3000m / 26.7 £3.80
mol m?

1972-1994
22.4+£0.863
5.75+3.57
16.7+2.49
44.8 +6.92
28.2+4.43

1972- 2008
27.6+1.04
-1.35+2.74
25.3+3.80
51.5+7.58
26.2+3.79

1972- 2010
27.0+£0.961
1.92+2.42
14.7£1.81
43.6+5.19
28.9+3.38

Table 4: Column inventories per m2 on the transect, NOs is use in the calculations for C*.

1972- 2012

33.0+1.08
-16.6 £2.24
8.55+2.52
25.0+6.51
16.5+3.99

1972- 2014
342+1.01
1.69 £ 2.69
16.4 £2.37
52.3+6.08
359+3.71
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5. Discussion

5.1 Explaining the Can: distribution over depth
The steep increases at the transition from the AAIW to the NADW (visible in figures 18, 19 and 20)

can be related to the difference in ranges of the climatological variables and the values of the

variables in the GLODAP database. In figure 21 each variable is plotted against its climatological
variant. For AOU, nitrate, silicate and salinity the climatological values are consistently higher in the
surface than the concentrations reported in GLODAP. The range for oxygen and salinity is higher in a
deeper part of the water column. This may explain the steep deviation from the curve in figures 18,

19 and 20.
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Figure 21: Each variable is plotted against its climatological variant. A 1:1 line is plotted so a deviation from this line can be easily
spotted
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5.2 Comparing Cant-aou tO Cant-No3

The plots in figures 19 and 20 show similar trends; a constant concentration in the surface waters
followed by a rapid decrease in Cararound 27.5 kg m3. The values per m? (tables 3 and 4) are similar
enough to fall within the error ranges for most years, between Cant-aou and Cant-nos. Figure 19 shows
an apparent increase of Cant-aou in the AABW, this increase can be related to the increase in nitrate,
phosphate and DIC while the oxygen concentration stayed about constant (Figure 11, more visible in
the plot against depth). This could have caused the eMLR to falsely interpret the signal as an
anthropogenic carbon signal. The Cant.nos signal does not increase again with depth.

Where the Cant-aou concentration is highest at the surface and decreases with depth, the
concentration increases slightly in the subsurface for Cant-nos, except for the last year. A reason for
this could be the causes of uncertainty that have not been accounted for in the analysis. The error
ranges provided by the GLODAP database were accounted for (table 1), however, inter-cruise
uncertainties were not. Mainly for the Cant-nos the error range is very narrow, which most likely means
that there is a source of uncertainty missing.

The seasonal differences between the cruises could also have a big impact on the surface water CO;
concentration. The cruise in 1972 happened in December, and most other cruises were also done
during Austral summer. Except for the cruise in 2010, that happened in October just before or during
the time of the year when spring bloom is happening, resulting in a lower or higher DIC
concentration, respectively. While the cruises in 2008, 2012 and 2014 happened later in the summer
(in January and February) which resulted in higher DIC concentrations, possibly misleading the eMLR.
The deviating Redfield Ratios with depth at the location of the transect (Figure 17) might also lead to
fluctuations in the C,nt concentration.

The Cant-nos concentration decreases more rapidly with depth than Cant-nou, except for the last year.
The Cant-nos concentration has already dropped to zero in the AAIW, while this only happened in the
NADW for Cant-aou. AAIW carries by far the highest Cant concentration in both Cant-nos and Cant-aou.
AAIW is in these calculations a combination of SACW and AAIW, where SACW mainly makes up the
upper part of this water mass and AAIW the lower part. The SACW is ventilated on timescales of less
than a decade, which results in efficient transport of Can into the ocean interior (Gruber et al., 2019).
Both Cuntplots show this homogenously spread Can: concentrationin the surface waters, Cant-a0u more
than Cantnos.

The AAIW is formed between 40° and 55°S and from there spreads northwards into the Atlantic
basin (Liu and Tanhua, 2021). AAIW is formed out of surface water in the ACC, the C,n: is high in the
water mass because surface waters are often well-ventilated. In the AAIW the deepest waters were
formed out of the densest and deepest part of the ACC water, which contains a lower concentration
of Cynt than ACC surface waters. This leads to a decrease of Cane with depth. The Cant penetration will
eventually reach neutral density layers with higher densities and the rapid decrease of Can: will flatten
out. This process has already started since the depth at which the steep decrease starts is deeper
than at the start. Moreover, the Cint concentration below the thermocline will increase, at this depth
the solubility is higher, meaning that more C.ntcan be stored here. Mixing by diffusion plays an
important role in transporting Can: vertically in the Atlantic Ocean. In regions where strong gradients
in Cant are present, between upper and deep layers, diffusion is the main process of transporting Cant
into the deep ocean (Cainzos et al., 2022).

In the North Atlantic Ocean the formation of NADW leads to the deepest penetration of Cant in the
ocean. These high density waters with elevated C,ntlevels are restricted to areas close to the deep
water formation. This, in combination with surface waters that are ventilated on a timescale of
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several decades, leads to the highest inventory increase in the period from 1994 to 2007 (Gruber et
al., 2019, Clement et al., 2018). The rapidly southward flowing NADW brings these waters with
elevated Cant concentrations into the southern hemisphere. The North Pacific ocean is lacking deep
water formation, that is why Can is restricted to the surface ocean here. These differences in location
and the presence (or lack) of deep water formation in that region leads to large differences in Cant
penetration depth around the globe. Figures 19 and 20 show that part of the C,nt in the NADW has
already been transported into the southern hemisphere, as the concentration of Ca is positive in the
most recent years.

5.3 Comparison to other findings

In the studies of Gruber et al. (2019) and Clement et al. (2018) the C,nt concentration in the ocean
was calculated for a period from 1994 to 2007, as they wanted to estimate decadal changes between
the 1990s and the 2000s. Figure 3A out of Gruber et al. (2019) shows that around 16 moles of Cant per
m? were taken up by the ocean around 40°S. Gruber et al. (2019) calculated the C,. concentration
up until 3000m dept and an additional 0.3 mol was added for the deeper parts of the water column.

Table 5: column inventories for the period 1994-2008

Table 5 shows the column inventories calculated

. i water mass Cant-aou Cant-no3
at the location of the transect for the same time 1994-2008  1994-2008
period as was used in Gruber et al. (2019). The AAIW/molm?  859+1.34 24.43+155
sum <3000m for Cant-aou is lower than expected. NADW /mol m? 0.529+ 4.10 6.32+5.36

Adding the extra 0.3 moles for the rest of the
water column, the ".16 moles by Gruber et al. SUM /molm? 22.34+9.95 44.99+12.05
(2019) falls just outside ?f the errc.Jr range. The SUM < 3000m /

sum <3000m for Cant-noz is much higher than molm?2  9.12+544 30.75+6.91
expected, mainly because the AAW value could

be an overestimation.

AABW /molm? 13.22+4.51 14.24+5.14

Table 6 shows the Can: transport at 30°S in the upper and lower layer of the Atlantic Ocean (and the
net sum) that was found by Cainzos et al. (2022). Positive values mean a transport from south to
north, and vice versa. The net transport is northwards and it increases with time, with a big jump
from the second to the third period. This is the result of an increase in the strength in circulation
which led to more C,nt transport. The southward transport also increased. The Cant concentration in
the NADW decreases with an increase in distance from the source; further south. This table shows

that the NADW carries a bit of Cant 1990- 2000- 2010-
southwards, and thus it is likely that 1999 2009 2019
the NADW at 40°S also still carries PgCyr! PgCyr! Pg Cyr?

some Cane. The Canconcentrationin - yn0r  0208+0.015  0.252+0.016 0.404+ 0.023
the NADW at 40°S will increase over | oy -0.033+0.012  -0.055+0.011  -0.070 + 0.012
time, as the southward transport sum  0.175£0.019  0.197+0.019 0.334+0.026
increases (Cainzos et al., 2022).

Table 6: C,ne budget in the South Atlantic Ocean at 30°S by Cainzos et al. (2022)

5.4 Carbonate system through time

5.4.1 ACant and ADIC

Figure 22 shows the surface water increase of the DIC concentration over the years. The DIC
concentration in the surface only increased with time while the concentration in the deep water
stayed about constant.
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Figure 22: The increasing DIC concentration over the years

To see how much of the increase in DIC in the surface waters can be related to the C,,: increase, Cant.
aou and Cint-nos Were added to the ‘original’ DIC values from 1972 (Figure 23). This is done by
interpolating the Can: data to match the DIC data.
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Figure 23: The DIC concentration in the first and last year against neutral density and depth. The Cqp¢ increase over the period
1972-2014 was added to the DIC concentration of the first year.
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Figure 23 shows that the increase in DIC in the period 1972-2014 is very similar to the increase in Cant
over that same period meaning that most of this increase in DIC can be attributed to the increase in

Cant-

In order to see where in the water column the biggest change in DIC concentration occurred, the DIC
values from the first cruise (1972) were subtracted from the DIC values of the last cruise (2014)
(figure 24). The biggest difference in DIC is found around 27 kg/ m3, deeper than ~28 kg/ m3 the DIC
concentration mainly decreased.
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Figure 24: The DIC concentration from the first year were subtracted from the DIC concentrations in the last year and plotted against depth
and neutral density. The Cqpn: increase over this same period was plotted on top of it.

Next to the difference in DIC the Can increase is also plotted in figure 24 and both lines definitely
follow the same trend but the DIC plot has more variation than the C,nt plots. This is because DIC is
also affected by other processes, e.g. the biological pump, and not just by the Can concentration. The
addition of C,nt happens next to the natural processes and therefore the fluctuations in the ADIC plot
are likely not anthropogenic carbon related. Remineralization of organic matter is the most efficient
way of increasing the DIC concentration at depth. At the depth range where active remineralization is
happening, the ADIC line still mainly follows the Cint concentration, with some depths where the ADIC
deviates.

Figure 24 shows that there are no processes adding to the DIC concentration significantly other than
the increasing Cant concentration. This proves that almost 100% of the increase in DIC can be ascribed
to the increase in Cint concentration. At the depths where the AC,n: is bigger than the ADIC, a
decrease in biological processes took the overhand which resulted in a less high increase, this
happens mainly in the surface waters. At the depth where ADIC is bigger than ACan: the
remineralization of organic matter increased. Another reason for the deviations from the C,n: line
could be the seasonality and yearly varying DIC concentration in the surface water. The cruises in
1972 and 2014 happened in December and January respectively, so this seasonality should be largely
canceled out.

5.4.2 Sensitivity

As the DIC concentration changes upon the addition of C,n: to the surface ocean, other parameters in
the carbonate system also change. Natural processes that alter for example the pH are a result of
changes in thermodynamic drivers and biological processes that (indirectly) affect the pH (Lauvset et
al., 2020). These natural processes can alter the anthropogenic influence on the pH changes in the
ocean by creating areas that are more or less sensitive to additional changes in pH. Organic matter
remineralization affects the pH the most (Lauvset et al., 2020). In the depth range where the
products of organic matter remineralization are naturally high, the DIC concentration is also high.
This leads to a decreased TA/DIC ratio at this depth, and thus a higher sensitivity for changes in pH at
this depth. On top of this, the temperature decreases with depth, leading to naturally lower pH
values.

Figure 24 shows that about 100% of the increase in DIC can be related to the addition of Cincto the
surface ocean. The small deviations of the ADIC line from the AC,ntline can be related to alterations
in the biological pump. Figure 25 shows several other parameters of the carbonate system and they
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all seem to react in a similar way to the increase in C,nt over time, even though the variation is less
pronounced for the other parameters. The maximum difference in -ApH, ApCO; and AH* is found in
the subsurface. This can be related to the increased sensitivity of these parameters at this depth
range as a result of the increased remineralization of organic matter on top of the C,nt increase. The
lower increase in the other variables in the upper 150m shows that the C.nt increase affects these
parameters less and that they are more affected by changes in the biological pump. Deeper than
~150m all parameters react in a similar way to the C,n: increase. The variability mainly in the upper
50m may also be related to regional differences in the surface processes. Seasonality might also play
an important part in this upper region.

ADIC and AC,: over depth
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Figure 26: The DIC, pCO2, pH and H+ concentrations of the first years subtracted from the last year plotted together with the
Cﬂﬂ[’

Arroyo et al. (2022) found dissimilar sensitivities to the Cant penetration of different parameters in
the carbonate system in the North Pacific Ocean. They found that the maximum change in pCO; and
H* is not at the surface but at a subsurface level around 500m depth, where the products of organic
matter remineralization are high and therefore the sensitivity to changes in DIC. The other
parameters they investigated, the pH and the Q,r are highest at the surface and decrease with depth,
they follow the distribution of C.nt with depth. At this transect the ADIC mainly follows the Cant
distribution with depth, while the biological pump has big influence on the other parameters in the
upper 500m, by creating areas in that are more or less sensitive to changes in Canr. Deeper than that
all parameters follow the same trend.

The physical processes altering the Cant concentration are well understood but the role biology plays
in influencing the air-water CO; exchange and how this might change upon changes in ocean
circulation is still mainly unexplored. An in-situ study by Ostle et al. (2022) in the North Atlantic
Ocean that investigated phytoplankton abundance and community structure to get a better
understanding on the biological influence on the oceanic CO; sink. The efficiency of a plankton
community is regulated by the community composition, the latitude (the biomass is increasing in the
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subpolar North Atlantic, while the biomass decreases in the subtropics) and large scale processes.
This increase in biomass in the sub-polar region is happening next to the increasing uptake of Cyntin
the North Atlantic, increases in temperature and changing ventilation. As the transect at 40°S is
located in a biologically very active region in the South Atlantic, it is significant to investigate the role
phytoplankton play in regulating the climate. To do this more in-situ phytoplankton studies are
needed.

It has become clear that changes in anthropogenic carbon happen on top of the processes leading to
the natural DIC distribution with depth. C,nt is added to the ocean at the surface and is transported to
the internal ocean, while most of the natural DIC is added through the soft tissue pump. At the depth
where the soft tissue pump is most active and the input of Cunt is high, the extra addition of DIC leads
to an increased sensitivity which strengthens the original decrease in pH and increase in H* and pCO;
concentration, caused by the C,nt infiltration at the surface.

Revelle factor

As explained before, the Revelle factor is the relative change of CO; over the relative change in DIC in
a water mass. Upon addition of CO; to the ocean the Revelle factor will increase because the CO;
system equilibria will shift and the pH will decrease consequently. This is why the Revelle Factor is
naturally high in the depth range where the products of organic matter remineralization are high.
Figure 26 shows that the peak in Revelle Factor has shallowed and the depth range in which the
Revelle Factor peaks has become wider. From the surface down to a neutral density level of ~27.5
the Revelle Factor has increased, this is the depth range in which the C,n has intruded. A steep
decrease is visible after the peak, this is again the transition from AAIW to NADW. The difference
between the peak and the surface water Revelle Factor had decreased, meaning that the natural
distribution of the Revelle Factor is slowly disappearing. This part of the water column will take up
less CO; in the future.
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Figure 26: The increase in Revelle Factor over time plotted against neutral density
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Conclusion

The surface of the water column is ventilated on a sub-decadal basis, leading to a homogenous Cant
concentration in the upper part of the water column. The C,n: concentration decreases rapidly with
depth, most of the C,nt is found in the AAIW. The Revelle Factor has increased in the depth range
where C,nt has penetrated, leading to a lower buffer value in the surface ocean and thus a less
efficient uptake of Cant in this depth range.

Most of the increase in DIC over the period 1972-2014 can be related to the increase in Cant
concentration. Natural processes in the ocean create areas in the water column that are more or less
sensitive to additional increases in the DIC concentration. The subsurface peak in -ApH, ApCO; and
AH* can be related to the increased sensitivity of these parameters at this depth range. The products
of organic matter remineralization led to a decreased TA/DIC ratio, increasing the sensitivity of those
variables. This shows that these parameters show similar sensitivities to the increasing
anthropogenic carbon concentration in combination with the biological pump.
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Appendices

Appendix 1. The complete equation for alkalinity
TA = [HCO37] + 2[C05%] + [B(OH)4] + [OH]+[HP0O4*] + 2[P04>] + [H3Si04] +[NH3] + [ HS] - [H*] -[HSO04]-
[HF]- [H3P04)

Zeebe and Wolf-Gladrow, 2001

Appendix 2. Methods

In the original plan for this research new data on the transect were supposed to be collected in
January 2023. Due to unfortunate ship problems with a broken engine, the cruise could not sail to
the location of the transect but samples were collected at another location in the Atlantic Ocean.
Some measurements were done onboard and they will be described in the following paragraphs.

Sampling
The following sampling and analysis methods were performed on one cruise, it is expected that
similar methods were performed on the other cruises that were used during the analysis.

All samples were collected in Niskin bottles that were attached to a stainless steel CTD rosette
containing 24 bottles. At every station the rosette was lowered to depth and the bottles were filled,
as many as possible bottles for different analysis types were filled, depending on how many types of
analysis needed to happen to the water.

When the Niskin bottle was opened, oxygen was always sampled first to make sure the exposure
time to the atmosphere was the shortest possible. Oxygen samples were taken in 120mL bottles,
these bottles were filled through silicon tubing following the Winkler method. The tube was inserted
all the way to the bottom of the bottle. The bottle and the cap were rinsed three times before filling,
the water used to rinse the bottles was caught in a cup to measure the temperature from. To remove
potential air bubbles from the tube the tube was pinched while filling. Once the bottle is filled up it is
overflown about three times its own volume, after which the tube is gently removed. Directly after
that 1 mL of manganese chloride (MnCl,) was added to the bottle, the tip of the tube flowing from
the manganese chloride should be fully submerged and it should have reached the shoulder of the
bottle. 2 mL of a mixed solution of sodium hydroxide and potassium iodide (NaOH/KIO) was added in
the same way after that. The stopper was added to the bottle and a rubber band was bound around
the cap to prevent leakage. The bottles were thoroughly shaken and after 15 minutes the bottles
were shaken again. Once all the bottles were filled they were stored fully submerged in a dark box
for at least 24 hours before analysis.

After oxygen the TA/ DIC, COs* and pH samples were collected in 250 ml boron silicate glass bottles,
the samples were collected following the best-practice recommendations (Dickson et al., 2007a).
Filling the bottles was again through a pinchable silicon tube. The bottles and caps were rinsed three
times before filling and the bottle was overflown about two times its own volume before sealing the
bottle with an air-tight stopper. COs* were analyzed within 12 hours after sampling, if there was time
to analyze the pH within 12 hours too, the samples were not poisoned. Otherwise, 1% of each
bottle's volume was removed and the samples were poisoned with 50ul mercury chloride (Il) so the
carbonate chemistry would not change anymore. The TA / DIC samples were then stored in a dark
box to be analyzed back at NIOZ. The pH and COs* samples were analyzed on board.

Nutrient samples were collected in 60ml syringes that were connected to the Niskin bottle through a
silicon tube. The syringes were rinsed three times before filling. After all the syringes were filled, 2
6ml polyethylene vials were filled with sample from the syringe, the vials and caps were rinsed three
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times before filling. 1 was for silicate measurements and was stored in the fridge at 4°C in the dark.
The other vial was for ammonium, phosphate, nitrate and nitrite analysis and was stored in the
freezer at -20°C. Most of the nutrient sampling was done by Ben Cala.

Only a few salinity samples were taken at every station. The salinity samples were collected in 250ml

glass bottles with a plastic stopper and a cap. The bottles were rinsed three times before filling them

up to the shoulder of the bottle. The inside of the bottle was then dried with paper tissue before the

plastic stopper was added to the bottle, this is to prevent salt crystals from forming. The bottles were
closed with a screw cap and then stored in a dark box to be analyzed at NIOZ.

Analysis
Dissolved oxygen, pH and carbonate ions were analyzed during the cruise in the NIOZ lab container
by spectrophotometry using the Agilent Cary 8454 UV-VIS spectrophotometer.

After at least 24 hours the oxygen samples could be analyzed, first, 1ml of sulfuric acid was added
together with a magnetic flea and the bottles were closed with parafilm to prevent further exposure
to oxygen. The sample is stirred for a few seconds before it is connected to a peristaltic pump that
continuously pumps the sample into the photometric cell. MiliQ water is pumped through the cell in
between samples to avoid contamination. When MiliQ is flowing through the tubes bubbles are
created that clear any residual sample before starting a new sample.

To calibrate the oxygen results 5 standards with known oxygen concentrations were prepared and
analyzed before the samples. The calibration bottles were filled with seawater in the same way as
the samples and 1ml of sulfuric acid was added followed by 2 ml of the mixture of sodium hydroxide
and potassium iodide and 1 ml of manganese chloride. The bottles were shaken in between the
additions. After that 0, 150, 300, 450, and 600 pl of potassium iodide KIO3; was added to each bottle
respectively. A magnetic flea was added straight afterwards and the bottle was sealed with parafilm.
The analysis of the standards was the same as with the samples.

The alkalinity was analyzed using the VINDTA (Versatile Instrument for the Determination of Total
Alkalinity) connected to a coulometer back at NIOZ by Ben Cala. The samples were warmed up to
25°C in a warming bath before and during the analysis. The larger of the two pipettes receives
approximately 100ml of sample and pushes it into the Titrino cell, where small increments of HCl are
titrated into the solution. For this alkalinity titration, an electrode is used to measure the
electromotive force. The TA is equal to the total volume of acid needed to reach the equivalence
point of carbonic acid.

The very first and last samples of an analysis day are measured in Certified Reference Material (CRM)
from A. G. Dickson and every 5 samples a NUTS lab standard was measured to calibrate the data.

The DIC was measured spectrophotometrically with a QuAAtro instrument back at NIOZ. The sample
continuously flowed through the analyzer and it was first acidified to a pH <1 and an indicator dye
was added (phenolphthalein). This causes the carbonate system equilibria to shift and all the DIC will
be in the form of CO,(g). The CO; gas is then pushed over a semipermeable membrane that absorbs
the gas and removes the color of the indicator. The color is measured in the flow cell at a wavelength
of 550 nm. The change in color can be used to calculate the DIC concentration in combination with
measuring a series of standards.

The analytical procedure for pH analysis by spectrophotometry is based on Clayton and Byrne (1993)
method and follows the guide to best practices for ocean CO2 measurement (Dickson et al., 2007).
The samples were transferred into spectrophotometer glass cells with as little as possible contact
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with the atmosphere. Once filled, the cells were closed with stoppers to prevent gas exchange and
placed in an aluminum warming box attached to a water bath where the water circulated
maintaining the temperature at 25+ 0.2°C. Once all the cells are filled, every cell is placed in the cell
holder on the spectrophotometer and a reference spectrum is recorded, then 10 ul of m-Cresol
Purple is added to the cell and up to 5 absorbances spectra are recorded until the results fall within
the preferred range. The pH is calculated with an average of those absorbances.

Carbonate analysis is similar to pH analysis, only here lead perchlorate tetrahydrate is added to the
samples and the wavelength of the light was different. This leads to the complexation of lead
carbonate which can be measured through spectrophotometric observations. The carbonate ion
concentration is calculated from the absorbances.

Appendix 3. Cant compared to pCO; in the atmosphere

Figure 1 shows the increase in anthropogenic carbon in the ocean at 40°S together with the increase
in the atmospheric CO, concentration. The increase in the AAIW was plotted together with the
increase in the upper 3000m of the water column. This was done because the C,n: concentration has
already dropped to zero within the AAIW in many years, so adding the NADW is not necessary to see
the carbon signal. Moreover, the NADW contains a wide spread in Cant values (mainly in Cant-nos) with
(unrealistic) peaks in the upper part, that lead to values (far) above and below the C,n: values in the
AAIW. Except for the first year and 2012, both Canenos Values fall within each other’s error ranges.
This would be expected taking into account the data from Cainzos et al. (2022), who found that the
NADW carries a small part of the C,nt, and that the concentrations should fall close together.

Increase in atmospheric pCO; compared to Capnt
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Figure 1: The atmospheric CO, concentration increase with time, plotted together with the Cgnt-
aouand Cane-nos column inventories calculated for just the AAIW and the upper 3000m

The AAIW Caunt-nos Values are higher than the Cant-aou Values because the Cant-nos has a subsurface peak
(Figure 19), while the Cant-aou only decreases with depth (Figure 20). Cant.nos AAIW follows the trend
that is predicted by Miiller et al. (2023), which is that the carbon sink in the South Atlantic Ocean is
becoming more efficient with time: the last two points are plotted above the anthropogenic carbon
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line. The Cant-aou AAIW follows an opposite trend: the increase in Cane concentration drops from 2012
onwards. This drop can be explained by the increased Revelle Factor in the surface ocean.
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