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Figura I-2: Regido norte da Peninsula Antartica (NAP) e o (a) padrdo de circulacdo oceanica na
area de estudo. A circulacéo superficial, as regides de estruturas de mesoescala, bem como os
locais de intrusdes da Agua Profunda Circumpolar (CDW) e de advecgdo de Agua Densa de
Plataforma (DSW) foram baseadas em estudos anteriores [i.e., Wang et al. 2022; Dotto et al.
2016; Moffat & Meredith 2018; Niiler et al. 1991; Sangra et al. 2011, 2017; Savidge & Amft 2009;
Thompson et al. 2009; Zhou et al. 2002, 2006]. Subregides que comp8&em a NAP, incluindo (b) o
estreito de Gerlache e as bacias oeste, central e leste (do estreito de
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Figure 1-3: a) Oceano Atlantico Tropical oeste e as principais correntes superficiais, que
caracterizam a dindmica oceénica nesta regido (ver Johns et al., [2021] e referéncias nele
contidas): Corrente Norte Equatorial (NEC), Corrente Norte do Brasil (NBC) e Contracorrente
Norte Equatorial (NECC), que se origina da retroflexdo da NBC (NBC-R), originando também os
vortices da NBC. Os simbolos sobre a foz do rio Amazonas (a) representam o extenso sistema
de recifes de corais nesta regido. (b) Climatologia anual da salinidade superficial para o periodo
1993-2019, com isolinhas de salinidade 35 (linha preta tracejada) e 34 (linha rosa tracejada),
representando a pluma do rio Amazonas (ARP). (c) Climatologia anual da temperatura superficial
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Figura II-1: Cobertura espacial dos dados do SOCAT e do GOAL no oceano Atlantico Tropical
oeste (WTA) e ao longo do norte da Peninsula Antartica (NAP). Os dados sobre o ATO séo
compostos por uma série temporal de 1993 a 2019, incluindo os periodos seco (outubro-margo)
e chuvoso (abril-setembro) da regido. Os dados do SOCAT no estreito de Gerlache sé&o
compostos por uma série temporal de 2002 a 2017, incluindo o verdo (janeiro a mar¢o), o outono
(abril a junho), o inverno (julho a setembro) e a primavera austral, enquanto os dados do GOAL
ao longo da NAP sao compostos por uma série temporal de 1996 a 2019 durante o verao austral.
As estrelas em amarelo (a) e verde (b) indicam a localizagdo das estacbes atmosféricas de
Barbados e de Palmer, reSPeCtVAMENTE. ............uuvueiiiiiiiiiiiiiiiii s sess s e e e e e e e e e e e e e eee e e 45

Figure IlI-1: The northern Antarctic Peninsula (NAP) region and (a) ocean circulation pattern in
the study area. The surface circulation (orange arrows), regions of mesoscale structures, as well
as Circumpolar Deep Water (CDW) and Dense Shelf Water (DSW) pathways were based on
previous studies [e.g., Wang et al. 2022; Dotto et al. 2016; Moffat & Meredith 2018; Niiler et al.
1991; Sangra et al. 2011, 2017; Savidge & Amft 2009; Thompson et al. 2009; Zhou et al. 2002,
2006]. The brown star in (a) and (b) depicts the U.S. Palmer Station location (64.8°S, 64.1°W),
from which we extracted dissolved oxygen [Waite 2022] used in Fig. IlI-9 and macronutrients data
[Ducklow et al. 2019] to validate the seasonal drawdown approach described in the methods. (b)
Distribution of hydrographic stations where macronutrients were sampled and used in this study,
including: Gerlache Strait (GS; purple dots), western (WB, red dots), central (CB, green dots),
and eastern (EB, yellow dots) basins of the Bransfield
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Figure llI-2: Zonal sections of water column distributions of (a) conservative temperature, (b)
absolute salinity, (c) dissolved oxygen, (d) dissolved inorganic nitrogen (DIN), (e) phosphate, and
(f) silicic acid during austral summer (Jan-Mar) along the northern Antarctic Peninsula (NAP).
Each profile composing the section are averaged profiles at each degree of longitude, considering
the entire dataset (from 1996 to 2019). The zonal section comprises the regions from the south
to north of the NAP: Gerlache Strait (GS), and the western (WB), central (CB) and eastern (EB)
basins of Bransfield Strait. At the western end of the NAP (GS) there are intense intrusions of
modified Circumpolar Deep Water (mCDW) whereas in the CB there are intense intrusions of
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Dense Shelf Water (DSW) from the Weddell Sea. Sampling depths are shown as grey
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Figure IlI-3: Conservative temperature-absolute salinity (®-Sa) diagram vs properties during
austral summer (Jan-Mar) along the northern Antarctic Peninsula. ®-Sa vs (a) dissolved oxygen,
(b) dissolved inorganic nitrogen (DIN), (c) phosphate, (d) silicic acid, and depth on the inset (a).
In each ®-Sa diagram the influence of mixing of modified Circumpolar Deep Water (mCDW) and
Dense Shelf Water (DSW) iS SNOWN.........ciiiiiiiiiii ittt 74

Figure Ill-4: Summer (Jan-Mar) average profiles of hydrographic properties for each year from
1996 to 2019 along the northern Antarctic Peninsula, comprising the regions: (a-c) Gerlache Strait
(GS), (d-f) western (WB), (g-i) central (CB), and (j-I) eastern (EB) basins of Bransfield Strait.
Profiles for each year are presented in grey lines and the black lines are the averaged profiles
over the period for each property and region. The horizontal black bars are the standard
deviations for each depth. Years showing anomalous behaviour (i.e., outside the standard
deviation) are highlighted. .. ... e e e e e e e 76

Figure llI-5: Summer (Jan-Mar) averaged profiles of macronutrients for each year from 1996 to
2019 along the northern Antarctic Peninsula, comprising the regions: (a-c) Gerlache Strait (GS),
and the (d-f) western (WB), (g-i) central (CB) and (j-I) eastern (EB) basins of Bransfield Strait.
Profiles for each year are presented in grey lines and the black lines are the averaged profiles
over the period for each property and region. The horizontal black bars are the standard
deviations for each depth. Years showing anomalous behaviour (i.e., outside the standard
deviation) are highlighted. ... e 78

Figure llI-6: Influence of Southern Annular Mode (SAM) and EI Nifio-Southern Oscillation (ENSO)
modes of climate variability on the average profiles of macronutrients along the northern Antarctic
Peninsula, comprising the regions: (a-c) Gerlache Strait, and the (d-f) western, (g-i) central and
(j-I) eastern basins of Bransfield Strait. In red the difference in average profiles between positive
and negative SAM is shown, while in blue the same is shown for ENSO. Positive values indicate
an increase in macronutrients during positive SAM and ENSO vyears, while negative values
indicate a decrease in macronutrients during positive SAM and ENSO years and vice versa. The
horizontal bars are the propagated uncertainties in calculating the difference between the
averages for each depth and the p-values refer to the statistical tests to assess the significance
of the difference between the average Profiles. ... 80

Figure Ill-7: Time series of macronutrient uptake stoichiometry. (a) Dissolved inorganic nitrogen
(DIN)/phosphate (P) and (b) silicic acid (Si)/DIN ratios during austral summer (Jan-Mar) and along
the northern Antarctic Peninsula. Colours show the sub-regions studied (GS: Gerlache Strait; WB:
Western Bransfield; CB: Central Bransfield; EB: Eastern Bransfield). The vertical bars are the
standard error on the slope of the regression DIN versus P, and Si versus DIN. Likewise, the
values shown on the inset of each plot are the (a) DIN/P and (b) Si/DIN ratios with the respective
standard deviations, considering the average profiles over the period for each region (Fig. 111-5).
The solid black line marks the ratios (a) DIN/P=16 and (b) Si/DIN=1. Statistics for each year are
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Figure I1I-8: Time series of seasonal nutrient drawdown. (a) Dissolved inorganic nitrogen (DIN),
(b) phosphate and (c) silicic acid, during austral summer (Jan-Mar) along the northern Antarctic
Peninsula. Each circle represents the seasonal drawdown of each nutrient in Gerlache Strait (GS)
and the western (WB), central (CB), and eastern (EB) basins of Bransfield Strait. The values
shown on the inset are the averages for the entire period with the respective standard
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Figure 111-9: Influence of the mixture between modified Circumpolar Deep Water (mCDW) and
Dense Shelf Water (DSW) from the Weddell Sea on dissolved oxygen and silicic acid below 50
m along the northern Antarctic Peninsula. Open circles represent the average concentrations of
dissolved oxygen and silicic acid for each depth interval below 50 m and closed circles indicate
the average through the water column below 50 m at Palmer Station (PS), Gerlache Strait (GS)
and the western (WB), central (CB) and eastern (EB) basins of Bransfield Strait. The data used
here are from the profiles shown in Figs. llI-4 and 1115. For PS we used dissolved oxygen [Waite
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2022] and silicic acid [Ducklow et al. 2019] data from the U.S. Palmer Station (Fig.lll-1). The
dissolved oxygen concentration endmembers were 219 umol kg for mCDW (red closed circle)
and 308 pmol kg! for DSW (blue closed circle), from Damini et al. [2022]. The silicic acid
concentration endmembers were 87 pmol kg! [Cape et al. 2019] for mCDW and 65 pmol kg
[Hoppema et al. 2015] fOF DSW......uuiiiieiiiieeee ettt enbe e e aeneeas 87

Figure IV-1: Location of the (a) western and northern Antarctic Peninsula and the (b) Gerlache
Strait, with a simplified surface circulation pattern (red arrows) that is strongly influenced by the
Bellingshausen Sea. The surface circulation in (b) was based on Savidge & Amft [2009]. The
dashed red arrows represent the modified Circumpolar Deep Water intrusions into the strait,
which were identified by Smith et al. [1999], Prézelin et al. [2000] and Garcia et al. [2002]. The
green square depicts the U.S. Palmer Station location (64.8°S, 64.1°W), from which we extracted
atmospheric data. The colour shading represents the bottom bathymetry. These maps were
generated by using the software Ocean Data View (v. 5.3.0,
NttPS://0AV.QWI.AE)TO0. ... eetteeieiieeee e e ittt e e e e e e se e ettt bbbt e e e e e ee e e s aabbetaeeeaaaaeesessanbebbbnreeeaaaaeeas 113

Figure 1V-2: Detrended annual cycle of hydrographic and carbonate system properties on the
surface of the Gerlache Strait. (a) Temperature and salinity, (b) CO2 partial pressure in the sea
surface (pCO2%%) and the difference between pCO2" and atmospheric pCO2 (ApCOy), (c) pH (total
scale) and saturation states of calcite (Qca) and aragonite (Qar), and (d) total alkalinity (A1) and
total dissolved inorganic carbon (Cr). The blue bars are the standard deviations oriented up or
down for visual clarity. The horizontal lines are the boundaries of 0 °C (a) and a ApCO: equal to
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Figure IV-3: Salinity-normalised (average salinity for each season as in Fig. IV-S4) total alkalinity
and total dissolved inorganic carbon (nAr and nCr, respectively) dispersal diagram for the (a)
summer, (b) autumn, (c) winter, and (d) spring. nAr and nCr were calculated for non-zero salinities
following Friis et al. [2003]. Arrows represent the nAr:nCr ratio that characterises the physical-
biogeochemical processes that affect nAt and nCr (adapted from Zeebe [2012]). The theoretical
arrow representing the sea ice growth and melt processes was based on the threshold values for
At and Cr described in Rysgaard et al. [2011]. More details about the normalisation of At and Cr
as well as sea ice growth and melt processes are provided in the Supplementary Material. Note
that the magnitudes of the axes are different among subplots.............oeviiiiiiiiiiiiii e, 124

Figure IV-4: Effects of total alkalinity (Ar), total dissolved inorganic carbon (Cr), sea surface
temperature (SST) and sea surface salinity (SSS) on seawater pCO:2 (pCO2%") for each season
in the Gerlache Strait. The variation in each parameter is calculated as the difference between
the values of each parameter and their respective averages in previous seasons. The unit of all
drivers is the same as that for pCO2%" (uatm), and their magnitudes represent their influence
on pCO2%" changes. Positive values indicate that an increase in the parameter led to an increase
in pCO2%%; negative values indicate that a decrease in the parameter led to a decrease in pCO2sY.
The only exception to this is At because an increase in At leads to a decrease in pCO2%" and vice
versa. The error bars (purple) show the difference between the sum of all drivers and the actual
variation in pCO2s" (ApCO24V), indicating the extent to which the decomposition of pCO2%" into its
drivers  differs from  ApCO29v. More details are given in the methods
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Figure IV-5: Monthly averages of net sea-air CO2 fluxes (FCOz) in the Gerlache Strait from
January 2002 to December 2017 with an inset showing the variability throughout the year to
characterise the seasonal cycle of FCOz and the percentage of sea ice cover (filled blue bars).
The gaps are from years when there was no winter sampling in the region. The blue bars oriented
upwards are the standard deviations from the respective monthly averages, as are the black bars
in the inset. Positive FCO:2 values represent the outgassing of CO: to the atmosphere, whereas
negative FCO:2 values represent CO:2 uptake by the
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Figure IV-6: Time series of average (a) annual net sea-air CO: flux (FCOz2) during (b) summer,
(c) autumn, (d) winter and (e) spring in the Gerlache Strait from 2002 to 2017. The gaps are from
years when there was no winter sampling in the region. The blue bars oriented upwards are the
standard deviations from the respective annual averages. Positive FCO2 values represent the

XV


https://odv.awi.de)100/

outgassing of CO:z to the atmosphere, whereas negative values represent COz uptake by the
(007 =T =1 o PO PUPPPTPPPPPPPI 128

Figure IV-7: Surface distribution of the net sea-air CO: flux (FCO2) in the Gerlache Strait from
2002 to 2017 in (a) summer, (b) autumn, (c) winter and (d) spring. Positive FCO2 values represent
the outgassing of CO2 to the atmosphere, whereas negative FCO: values represent CO2 uptake
by the ocean. The numbers indicate the averages and standard deviations of FCO: in each
season. The black continuous and dashed isolines depict the FCO: values of =12 and + 12 mmol
m-2 d-1, respectively, for the strong CO: sink and outgassing situations. These maps were
generated by using the software Ocean Data View (v. 5.3.0, https://odv.awi.de) [Schlitzer
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Figure IV-8: Distinct processes driving surface CO:2 partial pressure (pCOz) and seasonal sea-
air CO2 fluxes in a coastal region of the northern Antarctic Peninsula (NAP). From (a) December
to March, sea ice melting provides a shallow mixed layer that leads to phytoplankton growth. This
spring—summer scenario coupled with less intense modified Circumpolar Deep Water (mCDW)
intrusions into the NAP and a decrease in total dissolved inorganic carbon (Ct) from meltwater
causes pCO2 drawdown. Therefore, in these months, the region behaves as a strong sink of
atmospheric CO2. Conversely, from (b) April to November, under sea ice cover conditions, more
intense mMCDW intrusions coupled with a deeper mixed layer lead to intensified vertical mixing,
resulting in the upwelling of CO2-rich waters. Such processes, in association with the rejection of
Cr through brine release during sea ice growth, lead to a significant increase in surface pCO:..
Then, the region becomes a moderate to strong CO:2 source to the atmosphere during the
autumn—winter. The theoretical depth of the shallowest spring—summer mixed layer is
approximately 50 m, reaching approximately 150 m in the autumn—winter [Venables & Meredith
2014]. Drawn by Thiago Monteiro. Symbols courtesy of the Integration and Application Network,
University of Maryland Center for Envrionmental Science
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Figure V-1: (a) Western Tropical Atlantic Ocean and the main surface currents that characterise
the ocean dynamics in this region (see Johns et al., [2021] and references therein): North
Equatorial Current (NEC), North Brazil Current (NBC) and the North Equatorial Countercurrent
(NECCQC), which originates from the retroflection of the NBC (NBC-R), as well as the NBC rings.
The symbols over the mouth of the Amazon River (a) represent the extensive reef system in this
region. (b) Annual climatology of sea surface salinity for the period 1993-2019, with isohalines
equal to 35 (dashed black line) and 34 (dashed pink line), representing the Amazon River plume
(ARP). (c) Annual climatology of sea surface temperature for the same period in the
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Figure V-2: Climatological distribution of the net sea-air COz2 flux (FCO3) in the western Tropical
Atlantic Ocean from 1993 to 2019 in the (a) dry and (b) wet seasons, as well as (c¢) annual
average. Positive FCO: values (yellow to red) represent the outgassing of CO2 to the atmosphere,
whereas negative FCO: values (light to dark blue) represent CO2 uptake by the ocean. There are
three distinct sub-regions for FCO2: the North Brazil Current-North Equatorial Countercurrent
(NBC-NECC), acting as a weak source of CO: to the atmosphere; the North Equatorial Current
(NEC), acting as a weak sink of atmospheric CO3z; and the Amazon River plume (ARP), which is
a moderate sink of atmospheric CO2. The bold black line represents the isoline for FCO2z equal to
zero, where there is an equilibrium in the sea-air CO2 exchange. The black dashed isoline in (c)
delimits the region under the influence of the ARP, characterised by salinity < 35 and the pink
dashed isoline delimits the region with salinity <34, where the influence of the Amazon plume is
intensified. The numbers indicate the averages and standard deviations of FCO:2 in each sub-
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Figure V-3: Effects of seasonal variation in total alkalinity (TA), dissolved inorganic carbon (DIC),
sea surface temperature (SST) and sea surface salinity (SSS) on the seasonal variation in sea
surface pCO2 (ApCO2P) for each sub-region of the Western Tropical Atlantic Ocean. In (a) the
influence of TA and DIC and in (b) the influence of TA and DIC normalised to the annual average
salinity of each sub-region (nTA and nDIC, respectively), following Friis et al. [2003]. The annual
average salinities used were 35.87, 34.71 and 31.93 for the North Brazil Current-North Equatorial
Countercurrent (NBC-NECC), the North Equatorial Current (NEC), and the Amazon River plume
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(ARP) sub-regions, respectively. The seasonal variation in each parameter is calculated as the
difference between the wet (April — September) mean value and the dry (October — March) mean
value. The unit of all drivers is the same as that for pCO:2 (uatm), and their magnitudes represent
their influence on pCO:2 changes. Positive values indicate that an increase in the parameter led
to an increase in pCO2; negative values indicate that a decrease in the parameter led to a
decrease in pCO:2. The only exception to this is TA because an increase in TA leads to a decrease
in pCO:2 and vice versa. The combined influence of the seasonal drivers is consistent with the
calculated seasonal variation in pCO2 (ApCO2P), with an average error of less than 10%. More
details are given in the methods
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Figure V-4: (a) Total alkalinity (TA) and dissolved inorganic carbon (DIC) dispersion diagram for
the North Brazil Current-North Equatorial Countercurrent (NBC-NECC), North Equatorial Current
(NEC), and Amazon River plume (ARP) sub-regions. In (b) the diagram is shown considering TA
and DIC normalised by the annual average salinity of each sub-region (nTA and nDIC,
respectively), following Friis et al. [2003] and in (c) the same only for ARP. The annual average
salinities used were 35.87, 34.71 and 31.93 for the sub-regions NBC-NECC, NEC and ARP,
respectively. The arrows represent the TA:DIC (nTA:nDIC) ratio that characterises the physical-
biogeochemical processes that affect these parameters (based on Zeebe & Wolf-Gladrow [2001])
and the colourbar indicates salinity in (b) and (c). Such TA:DIC ratios are as follows: 2:1 for
calcification/dissolution, 6:5 for dilution/evaporation, -0.14:1 for photosynthesis/respiration,
whereas only DIC is altered in release/uptake processes. Note that the axis scales are different
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Figure V-5: Time series of annual averages of (a) sea surface (colours) and atmospheric (black)
COz2 partial pressure (pCO2), (b) salinity, (c) temperature, (d) total alkalinity (TA), (e) dissolved
inorganic carbon (DIC) and (f) net sea-air CO:z flux (FCO2) in the Western Tropical Atlantic Ocean
from 1993 to 2019. Three sub-regions are shown: North Brazil Current-North Equatorial
Countercurrent— NBC-NECC (red), North Equatorial Current — NEC (blue), and the Amazon River
plume — ARP (green). The dashed lines reflect the temporal trend of the parameters, and their
colours are associated with the respective sub-regions. For significant trends (solid lines, with
colour depicting sub-region), the trend + standard deviation as well as its regression statistics are
shown. The y-axis error bars (black) are the standard errors of the respective annual
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Figure V-6: Time series of annual averages of sea surface CO: partial pressure normalised to
annual average surface temperature in North Brazil Current-North Equatorial Countercurrent —
NBC-NECC (red), North Equatorial Current — NEC (blue), and Amazon River plume — ARP
(green) sub-regions. For significant trends (solid lines, with colour depicting sub-region), the trend
+ standard deviation as well as their regression statistics are shown. The y-axis error bars (black)
are the standard errors of the respective annual
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Fig. VI-1: Esquema representativo dos principais processos controlando a pressao parcial do
CO2 (pCOz2) na superficie do mar no estreito de Gerlache, localizado no norte da Peninsula
Antartica, e na pluma do rio Amazonas, no oceano Atlantico Tropical oeste. O esquema destaca
o0 intenso processo de fotossintese, indicador da alta produtividade primaria, como o principal
controlador da reducgdo da pCOz2, que leva a forte absorgdo de CO2 em ambas as regides. E alta
produtividade ocorre devido as altas concentracdes de nutrientes (Nutri) e o aporte de dgua doce
€ um controlador secundério da absorcédo de CO3, através da diluicdo e da solubilidade. A siglas
Si e P significam os nutrientes silicato e fosfato, respectivamente, enquanto CDW significa Agua
Profunda CIFCUMPOIAT. .....cooiiiiiiiei ittt sttt e e e e e e e s s b e e e snneees 202
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Resumo

O ciclo do carbono é fundamental para a regulacdo do clima na Terra e o fluxo
de di6xido de carbono (COz2) entre o oceano e atmosfera (FCO2) é essencial para
esse ciclo. Os oceanos tém desempenhado um importante papel em absorver o
excesso de CO: atmosférico devido as atividades humanas, principalmente
através do crescimento do fitoplancton em regifes com altas concentracdes de
nutrientes. Logo, conhecer a variabilidade espacial e temporal do FCO2 nessas
regides é fundamental para compreendermos 0s processos que o controlam e
desacoplarmos as alteracdes naturais dos impactos devido as mudancgas
climaticas. Portanto, os processos oceanograficos e biogeoquimicos que
controlam as concentracdes de nutrientes e o FCO2 foram investigados em duas
importantes regifes altamente dindmicas e sob forte influéncia do aporte de agua
doce: o norte da Peninsula Antartica (NAP) e o oceano Atlantico Tropical oeste
(WTA). Para isso, robustas séries temporais foram analisadas para entender a
variabilidade dos nutrientes no NAP (1996-2019) e do FCO2 no NAP (2002-2017)
e no WTA (1993-2019). Foi descoberta uma alta variabilidade espacial e
interanual nas concentracbes dos nutrientes ao longo do NAP, devido
principalmente a intensa mistura entre massas de agua de distintas origens.
Essa mistura é controlada majoritariamente pelos modos de variabilidade
climética atuantes no oceano Austral. Além disso, o estreito de Gerlache, no sul
do NAP, € uma regido altamente favoravel ao crescimento do fitoplancton e,
portanto, a intensa absorcdo de CO2 durante o verdo. Na verdade, essa regiao
libera CO2 para a atmosfera de abril a novembro (8 + 2 mmol m2 dia?), devido a
influéncia de aguas antigas, ricas em carbono remineralizado. No entanto, em
apenas quatro meses (dezembro-marco) a absorcdo de CO:2 pelo fitoplancton é
tdo intensa (-10 + 3 mmol m2 dia!) que quase compensa todo CO: liberado. A
atividade fitoplancténica também exerce um papel crucial na absorcdo de COz2
no WTA (=1.6 + 1.0 mmol m2 diat), principalmente na pluma do rio Amazonas
(-5 + 3 mmol m2 dial), que é responsaveis por mais de 85% dessa absorcéao.
Aléem disso, as diferentes caracteristicas biogeoquimicas das aguas
transportadas pelas correntes superficiais e a influéncia da pluma do rio
Amazonas proporcionam uma alta variabilidade espacial do FCO2 no WTA.
Essas informagfes revelam a importancia das regides estudadas nesse trabalho
para o ciclo do carbono e que elas sdo muito mais sensiveis as alteracdes
climaticas do que se pensava.

Palavras-chave: Oceano Austral, Pluma do rio Amazonas, Biogeoquimica, Ciclo
do carbono.
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Abstract

The carbon cycle is crucial for regulating the Earth's climate and the sea-air
carbon dioxide (CO2) flux (FCOy2) is essential for this cycle. Oceans have played
an important role in absorbing excess atmospheric CO2 due to human activities,
mainly through phytoplankton growth in regions with high concentrations of
nutrients. Therefore, knowing the spatial and temporal variability of FCO: in those
regions is essential to understand the processes controlling it and to decouple
natural variations from the impacts due to climate change. Hence, the
oceanographic and biogeochemical processes that control nutrient
concentrations and FCO2 were investigated in two important highly dynamic
regions and under strong influence of freshwater input: the northern Antarctic
Peninsula (NAP) and the western Tropical Atlantic Ocean (WTA). For this, robust
time series were analysed to understand the variability of nutrients in NAP (1996-
2019) and FCO2 in NAP (2002-2017) and WTA (1993-2019). A high spatial and
interannual variability was found in nutrient concentrations along the NAP, mainly
due to the intense mixing between water masses from different origins. This
mixture is mainly driven by the modes of climate variability operating in the
Southern Ocean. Furthermore, the Gerlache Strait, in the south of the NAP, is a
highly favourable region for the phytoplankton growth and, therefore, for the
intense CO:2 uptake during the summer. Actually, this region releases CO:2 into
the atmosphere from April to November (8 + 2 mmol m=2 day™), due to the
influence of relatively old waters, rich in remineralised carbon. However, in only
four months (December-March) the CO2 uptake by phytoplankton growth is so
intense (=10 = 3 mmol m~2 day™?) that it almost counteracts all the COz released.
Phytoplanktonic activity also plays a crucial role in CO2z uptake in the WTA (-1.6
+ 1.0 mmol m=2 day!), mainly in the Amazon River plume (-5 + 3 mmol m=2 day~
1), which is responsible for more than 85% of this CO2 uptake by WTA. Moreover,
the different biogeochemical characteristics of the waters transported by surface
currents and the influence of the Amazon River plume provide a high spatial
variability of FCO2 over the WTA. This information reveals the importance of the
regions studied in this work for the carbon cycle and that they are much more
sensitive to climate change than previously thought.

Key words: Southern Ocean, Amazon River Plume, Biogeochemistry, Carbon
Cycle.

XXI



Prefacio

O fluxo de diéxido de carbono (COz2) entre 0 oceano e a atmosfera (FCO2)
€ um processo chave no ciclo do carbono, que € um componente fundamental
para o controle do clima da Terra. No periodo pré-industrial, a concentracdo de
CO2 na superficie dos oceanos e na atmosfera estiveram em equilibrio, de modo
que o FCO:2 era neutro em escalas decenais. No entanto, diversas atividades
humanas como o intensivo uso de combustiveis fésseis, 0 uso irregular de terras
e o desflorestamento tém aumentado a concentracdo do CO2 na atmosfera —
parcela antropogénica do carbono. Como consequéncia, 0S oceanos tém
absorvido esse excesso de CO2, minimizando os impactos do aumento da
temperatura superficial da Terra devido ao aumento de CO2 na atmosfera.

Contudo, o excesso de CO2 absorvido pela superficie do mar tem causado
outras consequéncias nos oceanos, tal como a acidificacdo oceanica, que
impacta diretamente o crescimento de organismos fundamentais para a teia

trofica marinha. A absor¢do de CO:2 pelos oceanos € impulsionada

essencialmente pela diferenca da pressao parcial do COz entre a atmosfera
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(pCO2*) e a superficie do mar (pCO2"2"), a qual apresenta uma consideravel
variabilidade espacial e temporal. Portanto, € fundamental conhecer os
processos que controlam a pCO2m" e, consequentemente, a absor¢cédo de CO:2
pelos oceanos, para identificarmos suas variagdes naturais e 0s impactos que
0s ecossistemas estéo sofrendo.

Um dos principais processos que controla a pCO.™" ¢ a atividade
biolégica, porque o fitoplancton consome CO:2 durante a fotossintese enquanto
0 CO: é liberado durante a respiracdo. No entanto, na maior parte dos oceanos
a fotossintese é limitada pela quantidade de nutrientes. Logo, em algumas
regides, onde ha altas concentracdes de nutrientes, a atividade fitoplanctdnica é
intensificada, reduzindo a pCO2™" e favorecendo a absor¢cdo de CO2. Por
exemplo, isso acontece no estreito de Gerlache, uma regido costeira da
Antértica, e na pluma do rio Amazonas, que sao regides onde ha forte absorcdo
de CO:2 da atmosfera para o oceano.

O estreito de Gerlache é uma bacia relativamente pequena, localizada no
norte da Peninsula Antartica (NAP), uma regido com altas concentracfes de
nutrientes. Apesar de sua area relativamente pequena, o estreito de Gerlache
absorve desproporcionalmente mais CO2 do que outras regides costeiras da
Antéartica com areas maiores. A pluma do rio Amazonas (ARP) é uma feicao
oceanogréfica na porcao oeste do oceano Atlantico Tropical (WTA), formada a
partir do intenso aporte de agua doce do rio Amazonas. Além de agua doce, 0
rio Amazonas aporta altas concentracbes de nutrientes, por isso a ARP ¢
considerada uma regido com absorcéo de CO2 de importancia global. Contudo,

apesar da clara importancia para a absorcdo de CO2, muitos processos
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biogeoquimicos que atuam simultaneamente no controle da pCO2"" e do FCO:2
ainda sdo pouco compreendidos nessas regides.

O FCO:2 também é controlado pela solubilidade desse gas na agua do
mar, sendo influenciada diretamente pela temperatura e pela salinidade da agua.
Durante o verdo, o aporte de agua doce pelo degelo continental diminui a
salinidade na superficie do mar, mas ainda ndo esta claro qual o impacto desse
processo sobre o FCO2 no estreito de Gerlache. Além disso, a maioria dos
estudos realizados nas zonas costeiras da Antartica sao restritos ao verdo, entdo
pouco se sabe sobre a variabilidade sazonal do FCO2 e dos processos
envolvidos nessa variabilidade. Alguns estudos ja indicaram a fotossintese como
a principal responséavel pela intensa absorcado de CO2 no estreito de Gerlache.
Contudo, ainda nao esta claro porque essa regido é particularmente importante
para o crescimento do fitoplancton, pois € esperado que toda o NAP tenha altas
concentracbes de nutrientes. Apesar de se esperar esse enriguecimento em
nutrientes, poucos estudos investigaram a variabilidade espacial e temporal dos
nutrientes ao longo do NAP. Portanto, entender quais processos controlam a
dindmica dos nutrientes nessa regido ainda é uma questdo em aberto.

Ja no WTA, sob a influéncia da ARP, h4 uma enorme divergéncia nas
estimativas do FCO2 e na magnitude da absorcdo de CO:2 pela ARP. Embora
varios estudos sugiram que a fotossintese seja o principal controlador da
absorcéao de COz2, pouco é discutido sobre o papel da diluicdo e da solubilidade,
ja que o rio Amazonas é responsavel pela maior descarrega fluvial do mundo.
Portanto, este trabalho visa preencher as lacunas do conhecimento levantadas
agui sobre os processos oceanograficos e biogeoquimicos responsaveis pela

variabilidade espacial e temporal do FCO2 e/ou dos nutrientes em duas
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importantes regides oceanicas: as zonas costeiras do NAP e o WTA. A partir
desse conhecimento, poderemos ampliar nossa compreensao sobre o ciclo do
carbono, entender melhor o comportamento natural dos ambientes estudados,
identificar potenciais alteracdes e propor alternativas de uso sustentavel.

A estrutura desta tese segue o modelo de artigos cientificos proposto pelo
Programa de Pos-Graduacdo em Oceanologia (PPGO). Apds o prefacio, sera
apresentada a hipétese a ser testada por esta tese. No Capitulo | temos uma
Introducdo ao tema abordado, seguida pelos objetivos do estudo. No Capitulo Il
serdo apresentados os métodos utilizados para atingir os resultados esperados.
Os resultados deste trabalho, por sua vez, serdo apresentados na lingua inglesa
e na forma de artigos cientificos nos Capitulos Ill, IV e V. O Capitulo Il traz o
primeiro estudo, que aborda a variabilidade espacial e interanual dos
macronutrientes na por¢ado norte da peninsula Antartica e porque o estreito de
Gerlache é particularmente importante para o crescimento do fitoplancton e para
a absorcéo de CO2. No Capitulo IV, é apresentado o segundo estudo, que mostra
quais 0s processos responsaveis pela variabilidade sazonal e interanual do
FCO2 no estreito de Gerlache. No Capitulo V temos o terceiro estudo, sobre os
processos controladores da variabilidade espacial e temporal do FCO2 no
oceano Atlantico Tropical oeste e qual o papel da pluma do rio Amazonas na
absorcdo de CO2. Em anexo, encontram-se 0s materiais suplementares dos
artigos apresentados nos Capitulos Ill, IV e V. No capitulo VI, temos uma sintese
das principais discussfes e conclusdes sobre esses resultados. Finalmente, no
Capitulo VII encontram-se descritas todas as referéncias bibliograficas utilizadas

nesta tese.
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Hipotese

m geral, ha uma alta variabilidade nas trocas de CO2 entre o oceano
e atmosfera, muitas vezes resultando em estudos com conclusdes
divergentes em relacdo ao comportamento do oceano como fonte
ou sumidouro de CO2 em determinados mares e oceanos. Mesmo quando a
maioria dos estudos aponta para um Unico comportamento, ha ainda uma alta
variabilidade na magnitude das trocas de CO2, embora 0s processos que
controlam essa variabilidade ainda sejam pouco compreendidos. Nesse

contexto, a hipotese testada nesta tese foi que:
“A alta produtividade priméaria proporcionada pelas altas concentracdes de

nutrientes é o principal controlador da absor¢cdo de CO2 no norte da Peninsula

Antartica e no oeste do oceano Atlantico Tropical.”
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Capitulo I: Introducao

s oceanos e a atmosfera sdo reservatorios de diversos compostos

quimicos, como o CO2, que € um importante gas para o efeito

estufa. O FCO2 é essencial para o balanco do ciclo global do
carbono e para o equilibrio do clima na Terra. O FCO2 ocorre primordialmente
por difusdo, devido a diferenca da pressao parcial do CO:2 entre a superficie do
mar e a atmosfera [Millero 2013]. Como a pCO2*" é relativamente estavel
comparada a pCO2", a variabilidade espacial e temporal do FCO:2 responde,
majoritariamente, as alteracdes de pCO2"a" [Sarmiento & Gruber 2006]. Por isso,
algumas regides oceanicas podem atuar como fonte de CO2 para atmosfera (i.e.,
liberar CO2 para a atmosfera), enquanto outras podem atuar como sumidouro de
CO2 atmosférico (i.e., absorver CO2 da atmosfera).

Devido ao progressivo aumento da pCO2* pelas atividades humanas
desde o inicio da revolucao industrial, os oceanos tém absorvido cerca de 25%
desse excesso de CO2 na atmosfera [Friedlingstein et al. 2020], contribuindo
como um amortecedor do aguecimento antropogénico do planeta. O CO2 reage
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com a agua do mar, quando é dissolvido no oceano, e depois se dissocia em um
conjunto de compostos quimicos denominado carbono inorganico dissolvido
[Willlams & Follows 2011; Sarmiento & Gruber 2006]. Uma das principais
consequéncias da intensa absorcdo de CO:2 pelos oceanos é a alteragdo na
quimica da agua do mar [Millero 2007, 2013], causando o0 processo de
acidificacao oceanica [Orr et al. 2005; Doney et al. 2009; Lauvset et al. 2020].
Esta reduz as concentracfes do ion carbonato [Millero 2007; Lauvset et al. 2020],
gue é essencial para a sintese de estruturas corporais de diversos organismos
marinhos que séo fundamentais para o equilibrio da teia tr6fica nos oceanos
[Doney et al. 2020].

A combinacdo de diversos processos quimicos, fisicos e biolégicos
contribui para uma regido oceéanica se comportar como fonte ou sumidouro de
CO2. O aquecimento das aguas superficiais, o0 transporte de aguas
subsuperficiais e profundas, ricas em carbono inorganico dissolvido, para a
superficie e a atividade heterotréfica podem levar ao aumento da pCO2"" e
consequente liberagdo de CO:2 para a atmosfera [Takahashi et al. 2014;
Roobaert et al. 2019]. Por outro lado, o aumento da solubilidade em baixas
temperaturas e/ou salinidade [Williams & Follows 2011; Millero 2013], a
formacao de aguas profundas [Takahashi et al. 2014; Roobaert et al. 2019] e a
intensa produtividade primaria, por meio da fotossintese [Takahashi et al. 2014;
Brown et al. 2019; Louchard et al. 2021], podem levar a diminuicdo da pCO2ma"
e consequente absorcdo de CO:2 atmosférico.

A fotossintese tem sido reportada como um dos principais processos
responsaveis pela absorcéo de CO:2 dissolvido na agua do mar [Takahashi et al.

2014], principalmente em regides costeiras [Roobaert et al. 2019]. Em diversas
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regioes costeiras, o crescimento do fitoplancton é intensificado devido ao aporte
continental de nutrientes, por meio de rios e estuarios [Stukel et al. 2014; Dai et
al. 2023]. Além disso, o aporte de agua doce reduz a salinidade superficial e
aumenta a estabilidade da camada superior do oceano, contribuindo para o
crescimento do fitoplancton, que é um forte indicador de alta produtividade
primaria [Stukel et al. 2014; Louchard et al. 2021]. Simultaneamente, 0 aumento
da solubilidade causado pela reducéo da salinidade também pode contribuir para
absorcdo de CO:2 [Cooley et al. 2007; Takahashi et al. 2014; Roobaert et al.
2019], levando essas regidoes a se comportarem como fortes sumidouros de CO:2
atmosférico.

As regides de altas latitudes também sao importantes sumidouros de CO2
atmosférico, principalmente devido as baixas temperaturas e salinidade, durante
o periodo de degelo [Takahashi et al. 2014; Roobaert et al. 2019]. Porém, o
oceano Austral, que circunda a Antartica, tem um papel ainda mais relevante
nesse contexto, ja que ele é responsavel por cerca de 40% da absorcédo de CO:2
antropogénico do planeta, apesar de cobrir menos de 20% da area oceanica
global [Landschutzer et al. 2015; Henley et al. 2020]. Além disso, as regifes
costeiras ao redor da Antartica também séo particularmente relevantes, porque
em geral elas absorvem desproporcionalmente mais CO2 do que as regides de
oceano aberto [Monteiro et al. 2020a; Dejong & Dunbar 2017].

A maior parte dessa absor¢cdo ocorre durante o verdo austral e é
impulsionada pela fotossintese [Hauck et al. 2015; Brown et al. 2019; Henley et
al. 2020], devido as altas concentracdes de nutrientes [Hauck et al. 2015; Henley
et al. 2020]. Na verdade, o oceano Austral € uma das regides oceanicas com

maiores concentragcdes de nutrientes [Pollard et al. 2006; Henley et al. 2020] e
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muitas vezes considerada uma fonte importante de nutrientes para o oceano
global [Murphy et al. 2021]. Apesar disso, as concentracfes de clorofila a, as
quais podem ser usadas como indicador de biomassa fitoplanctonica e, poranto
de produtividade primaria, sdo consideradas baixas no oceano Austral [de Baar
et al. 1995; Henley et al. 2020; Murphy et al. 2021]. Isso ocorre porque, embora
haja altas concentracdes de macronutriente, essa regiao é relativamente pobre
em ferro, um micronutriente fundamental para o fitoplancton realizar a
fotossintese [de Baar et al. 1995; Henley et al. 2020].

Entretanto, o NAP é uma regido da Antartica onde a concentracao de ferro
parece nao ser um fator limitante para a fotossintese [Ardelan et al. 2010; Henley
et al. 2019]. Além de ter fontes locais de ferro, principalmente de origem
continental [De Jong et al. 2012; Sherrell et al. 2018], alguns grupos de
fitoplancton, como as diatomaceas, podem compensar a auséncia de ferro por
silicato [Pondaven et al. 2000; Smith et al. 2000], um macronutrientes com altas
concentracfes ao redor do NAP [Henley et al. 2019]. Embora alguns estudos
tenham feito registros instantdneos das concentracdes de macronutrientes em
alguns ambientes do NAP [Mendes et al. 2018; Hofer et al. 2019; Costa et al.
2020; Mascioni et al. 2021], pouco se sabe sobre como esses nutrientes variam
temporal e espacialmente ao longo do NAP. Além disso, ndo esta claro quais
processos estdo envolvidos nessa variabilidade e porque algumas regides do
NAP s&o mais produtivas e absorvem mais CO2 do que outras.

Uma dessas regides € o estreito de Gerlache, uma bacia relativamente
rasa (~1000 m), localizada ao sul do NAP (Fig. I-2) e caracterizada por uma
abundante biomassa fitoplancténica [Mendes et al. 2018; Costa et al. 2020], que

sustenta uma alta diversidade ao longo da teia tréfica [Dalla Rosa et al. 2008;
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Nowacek et al. 2011; Mendes et al. 2018]. Além disso, o estreito de Gerlache &
considerado uma regido chave para absor¢cdo de CO: atmosférico porque
durante o verdo essa regido absorve CO2 em magnitudes maiores do que
regides com areas mais extensas ao redor da Antéartica [Monteiro et al. 2020a].
Apesar de alguns estudos associarem essa forte absorcdo de CO:2
principalmente a fotossintese [Brown et al. 2019; Monteiro et al. 2020a; Costa et
al. 2020], ndo estad claro o que torna o estreito de Gerlache uma regido
particularmente importante para a fotossintese.

Uma das explicacbes em comum nos estudos € a alta concentracédo de
macronutrientes e o aporte local de ferro [Henley et al. 2019; Costa et al. 2020],
embora essas condi¢cdes sejam geralmente presentes ao longo de todo o NAP
[Henley et al. 2019]. Além disso, a maioria dos estudos que investigaram o FCO:2
em regibes costeiras da Antartica foram conduzidos no verdo [Alvarez et al.
2002; Kerr et al. 2018; Brown et al. 2019; Monteiro et al. 2020a]. Portanto, pouco
se sabe sobre a variabilidade sazonal e interanual do FCO:2 nessas regides.
Destaca-se, ainda, o pouco conhecimento sobre o papel da solubilidade na
absorcédo de COgz, visto que o estreito de Gerlache é fortemente influenciado pelo
aporte de agua doce. Este ocorre devido ao aporte do degelo de plataformas de
gelo continental [Cook et al. 2016; Silva et al. 2020; Meredith et al. 2022] e/ou de
aguas do derretimento local e al6ctone de gelo marinho [Parra et al. 2020; Su et
al. 2022], durante o veréo austral.

Outra importante regido oceanica caracterizada por intenso aporte de
agua doce e altas concentracdes de nutrientes € o WTA, sob influéncia do rio
Amazonas. O rio Amazonas é responsavel pela maior descarga fluvial do mundo

(120000 m? s?) [Dai & Trenberth 2002; Coles et al. 2013], aportando para o
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oceano Atlantico Tropical a mesma quantidade de agua doce que 0s proximos
oito maiores rios do mundo juntos [Coles et al. 2013]. Esse grande volume de
agua doce forma a ARP, que é muito dinamica e se estende por uma significativa
area no WTA [Hellweger & Gordon 2002; Coles et al. 2013; Korosov et al. 2015].
Além de agua doce, o rio Amazonas € responsavel por transportar altas
concentracfes de nutrientes para essa regido [Del Vecchio & Subramaniam
2004; Gomes et al. 2018], proporcionando um ambiente altamente favoravel para
o crescimento do fitoplancton, intensificando a produtividade primaria [Gomes et
al. 2018; Louchard et al. 2021].

Contudo, o rio Amazonas também transporta altas concentracdes de
material particulado em suspenséo, aumentando a turbidez das aguas oceéanicas
adjacentes [Gouveia et al. 2019; Louchard et al. 2021], o que pode dificultar o
processo de fotossintese [Gouveia et al. 2019]. Além disso, a remineralizacéo da
matéria organica lixiviada ao longo da bacia de drenagem aumenta as
concentracfes de carbono inorganico dissolvido [Abril et al. 2014; Araujo et al.
2017], contribuindo para o aumento da pCO2™. Apesar desses processos
atenuarem a absor¢cédo de CO2 atmosférico [Abril et al. 2014; Araujo et al. 2017;
Louchard et al. 2021], diversos estudos apontam a ARP como um sumidouro de
CO:2 de importancia global [Cooley et al. 2007; Ibanhez et al. 2015, 2016; Lefevre
et al. 2010]. No entanto, ha uma enorme divergéncia entre os estudos em relagéo
a magnitude dessa absorcdo [Louchard et al. 2021; Mu et al. 2021] e ao
comportamento liquido do FCO2 no WTA sob influéncia da ARP.

Algumas estimativas do FCO: indicam que o WTA se comporta como uma
fonte liquida de CO: para a atmosfera [e.g., Cooley et al. 2007; Louchard et al.

2021; Valerio et al. 2021]. Outros estudos indicam um comportamento de
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sumidouro liquido de CO2 atmosférico, principalmente devido a alta
produtividade primaria alimentada pela alta disponibilidade de nutrientes
fornecida pelas aguas do rio Amazonas [e.g., Ibanhez et al. 2015; Ibanhez
et al. 2016; Kdrtzinger, 2003; Lefevre et al. 2010; Mu et al. 2021]. Mesmo quando
essas estimativas indicam um mesmo comportamento, isto €, 0 FCO2 na mesma
direcdo, a magnitude desses fluxos pode variar consideravelmente entre as
estimativas. Por exemplo, estimativas de FCO2 com base em dados de satélite
mostraram uma liberacdo anual média de CO2 de 4,6 mmol m? dia! [Valerio
et al. 2021], enquanto modelos biogeoquimicos indicaram uma fonte de CO:
uma ordem de magnitude menor (0,5 mmol m? dia?) [Louchard et al. 2021] em
uma vasta area do WTA.

Tanto o NAP quanto o WTA sdao regides oceanicas caracterizadas por
intenso aporte de agua doce (Fig. I-1a) e por altas concentracdes de nutrientes
(Fig. 1-1b), que sustentam uma alta produtividade priméaria, geralmente
associada a altas concentracbes de clorofila a (Fig. I-1c). Essas condi¢des
tornam essas regifes altamente favoraveis a absorcdo de COq, caracterizada
por baixas pCO2"@" (Fig. I-1d), impulsionada tanto pela fotossintese quanto pelo
aumento da solubilidade desse gas. No entanto, outros processos
biogeoquimicos ocorrendo simultaneamente adicionam complexidade ao
entendimento do FCO: nessas regides e identificar a magnitude desses
processos ainda € um desafio.

Por exemplo, apesar das altas concentra¢des de nutrientes esperadas no
NAP, a variabilidade espacial e temporal nessas concentracbes ainda é
desconhecida, assim como 0s processos que a controla. Da mesma forma, ainda

nao se sabe qual o comportamento sazonal do FCO:2 no estreito de Gerlache,
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apesar de sua importancia para a absor¢cdo de CO2 no NAP, durante o veréo
austral. Ja se sabe bem que as altas concentracdes de nutrientes promovidas
pela ARP no WTA impulsiona a produtividade primaria, através da fotossintese.
E consenso entre os estudos que essas condi¢cdes favorecem a absorcéo de
CO2 atmosférico sob o dominio da ARP. No entanto, o impacto da diluigdo e da

solubilidade, promovidas pelo aporte de agua doce do rio, sobre o FCO:2 ainda é

pouco compreendido.

Julho - 2021
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Salinidade Silicato (mmol/m?3) Clorofila a (mg/m?3) pCO, (natm)

Figura I-1: Distribuicdo espacial de propriedades biogeoquimicas na superficie do mar no oceano Atlantico,
destacando as regides do norte da Peninsula Antartica (NAP) e do Atlantico Tropical oeste (WTA). As
propriedades sdo: a) salinidade, b) silicato, c) clorofila a e d) presséo parcial do CO2 (pCO3). Todas as
imagens foram obtidas do repositéorio de dados do Copernicus Marine  Service
(https://data.marine.copernicus.eu/products), para julho de 2021 no WTA e para fevereiro de 2021 para o
NAP.

Nesse sentido, o objetivo desse trabalho foi responder as lacunas de
conhecimento apontadas ao longo desse capitulo relacionadas principalmente
() aos processos envolvidos na variabilidade espacial e temporal dos
macronutrientes ao longo do NAP, (ii) & sazonalidade do FCO2 no estreito de
Gerlache e (iii) a importancia da ARP para a absor¢céo de CO2 e quais processos

estdo envolvidos nessa absorgéo.
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1. 1 Objetivos
1.1.1 Geral

Investigar os processos oceanograficos e biogeoquimicos controladores
da variabilidade dos macronutrientes e do FCOz2 no norte da Peninsula Antartica

e do FCOz2 no oeste do oceano Atlantico Tropical.

1.1.2 Objetivos especificos

0] Investigar os processos envolvidos na variabilidade espacial e
temporal dos macronutrientes ao longo do NAP e como eles tornam o
estreito de Gerlache uma regido chave para a absorcao de COa.

(i) Determinar a variabilidade sazonal do FCOz2 no estreito de Gerlache e
identificar quais processos controlam o balanco entre absorcédo e
liberagcédo de COz2 na regido.

(i) Verificar por que ha divergéncias na magnitude do FCO2 no WTA.

(iv) Investigar a magnitude da importancia da ARP para a absorcédo de

COz2 e quais processos estdo envolvidos nessa absor¢ao.

1. 2 Caracteristicas oceanograficas do NAP

O NAP é uma regido chave para entender as mudancas biogeoquimicas
no oceano Austral porque é uma das regides da Antartica onde se tem observado
mudancas rapidas no sistema acoplado entre a atmosfera, o oceano e a criosfera
[e.g., Kerr et al. 2018a; Henley et al. 2019]. Estudos das ultimas duas décadas
relataram mudancgas nos padrdes de vento [Dinniman et al. 2012], na cobertura
de gelo marinho e continental [Shepherd et al. 2018], na atividade biolégica

[Seyboth et al. 2016; Mendes et al. 2018] e no sistema carbonato marinho [Kerr
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et al. 2018a; Orselli et al. 2022a; Santos-Andrade et al. 2023]. Além disso, 0 NAP
€ uma das regifes da Antartica mais influenciadas pela Corrente Circumpolar
Antéartica (ACC), que transporta a Agua Profunda Circumpolar (CDW).

A CDW é uma massa de agua relativamente antiga, proveniente da Agua
Profunda do Atlantico Norte [e.g., Ferreira & Kerr 2017], por isso ela € pobre em
oxigénio dissolvido e rica em carbono e macronutrientes remineralizados
[Prézelin et al. 2000, 2004; Dinniman et al. 2012; Hauri et al. 2015]. Como o NAP
€ muito exposto a influéncia da ACC, ele é constantemente influenciado por
intrusbes de CDW [Garcia et al. 2002; Barlett et al. 2018; Wang et al. 2022],
alterando a dinamica biogeoquimica nesta regido [Meredith et al. 2017; Henley
etal. 2019; Orselli et al. 2020; Santos-Andrade et al. 2023]. A CDW é uma massa
de agua relativamente quente (> 1°C), que intrude nas camadas intermediarias
ao longo do NAP [Prézelin et al. 2000; Couto et al. 2017; Venables et al. 2017].
As propriedades fisicas da CDW mudam a medida que ela se mistura com aguas
mais frias e menos salinas, formando a CDW modificada (mCDW) na plataforma
e no dominio costeiro [Couto et al. 2017; Venables et al. 2017].

A regido costeira do NAP abrange os estreitos de Gerlache e de
Bransfield e a plataforma continental do noroeste do mar de Weddell (Fig. 1-2).
Ao sul do NAP, o estreito de Gerlache (Fig. I-2b) é uma regido relativamente rasa
(profundidade ~1000 m), com altas concentra¢gdes de gelo marinho [Parra et al.
2020; Su et al. 2022] e fortemente impactada por agua de delego das geleiras
continentais [Cook et al. 2016; Silva et al. 2020; Meredith et al. 2022]. Apesar de
cobrir uma area pequena, o estreito de Gerlache absorve mais CO2 no veréo do
que regides com areas mais extensas, como o estreito de Bransfield [Monteiro

et al. 2020a). Essa forte absorgéo de CO:2 é impulsionada principalmente pela
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alta produtividade primaria [Monteiro et al. 2020a; Costa et al. 2020], que
sustenta uma teia tréfica diversificada e produtiva [Dalla Rosa et al. 2008;
Nowacek et al. 2011; Mendes et al. 2018]. De fato, intensas floracbes de
diatoméaceas [Costa et al. 2020] e alta densidade de krill [Nowacek et al. 2011],
pinguins [Pitman & Durban 2010] e de baleias [Secchi et al. 2011] sdo registradas
no estreito de Gerlache.

Ao norte, o estreito de Bransfield € uma regido com circulacéo oceéanica
ciclénica, rapida e dinamica [Zhou et al. 2006; Dotto et al. 2016; Sangra et al.
2017; van Caspel et al. 2018] e compreende as bacias oeste, central e leste,
separadas por soleiras relativamente rasas (Fig. I-2b). A bacia oeste é a mais
rasa (~1000 m), seguida pelas bacias central (~2000 m) e leste (~2200 m). A
circulacao superficial no NAP (Fig. |-2a) é caracterizada por aguas locais e
mCDW, provenientes principalmente do mar de Bellingshausen [Zhou et al.
2002, 2006; Sangra et al. 2017]. Essas aguas superficiais sdo advectadas do
estreito de Gerlache para a bacia leste do estreito de Bransfield por um jato
baroclinico de mesoescala relativamente intenso, conhecido como Corrente de
Bransfield [Zhou et al. 2002, 2006; Savidge & Amft 2009]. Essa corrente flui na
direcédo sudoeste-nordeste ao longo da quebra da plataforma das ilhas Shetland
do Sul [Sangra et al. 2017]. A temperatura das aguas oriundas da Corrente de
Bransfield é relativamente alta (~1,25 °C) e altamente produtivas [Mendes et al.
2018; Costa et al. 2020, 2021], podendo transportar biomassa fitoplanctonica e

organismos zooplanctonicos ao longo do NAP [Ferreira et al. 2020].
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Figura I-2: Regido norte da Peninsula Antartica (NAP) e o (a) padrdo de circula¢éo oceénica na area de
estudo. A circulacdo superficial, as regides de estruturas de mesoescala, bem como os locais de intrusdes
da Agua Profunda Circumpolar (CDW) e de adveccéo de Agua Densa de Plataforma (DSW) foram baseadas
em estudos anteriores [i.e., Wang et al. 2022; Dotto et al. 2016; Moffat & Meredith, 2018; Niiler et al. 1991,
Sangra et al. 2011, 2017; Savidge & Amft, 2009; Thompson et al. 2009; Zhou et al. 2002, 2006]. Subregides
que compdem o NAP, incluindo (b) o estreito de Gerlache e as bacias oeste, central e leste (do estreito de
Bransfield.
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A bacia oeste do estreito de Bransfield é fortemente influenciada por
intrusbes de MCDW em niveis intermediarios [Barlett et al. 2018; Wang et al.
2022], enquanto a regido profunda das bacias central e leste sdo preenchidas
pela Agua Densa de Plataforma (DSW) do mar de Weddell [Dotto et al. 2016;
Damini et al. 2022; Wang et al. 2022]. A DSW refere-se as variedades da Agua
de Plataforma (i.e., Agua de Plataforma de Alta Salinidade e Agua de Plataforma
de Baixa Salinidade) [Damini et al. 2022; Wang et al. 2022]. Essas aguas séo
provenientes da plataforma continental do noroeste do mar de Weddell [van
Caspel et al. 2018; Wang et al. 2022], na porcéo leste da Peninsula Antartica
(Fig. 1-2). Ao contrario da mCDW, a DSW foi recentemente ventilada sob o
dominio de plataforma, portanto € uma agua rica em oxigénio dissolvido e com
temperatura é relativamente baixa (< -1 °C) [Dotto et al. 2016; Damini et al. 2022;
Wang et al. 2022].

A DSW é advectada para o NAP e retida em sua forma mais pura
principalmente na bacia central do estreito de Bransfield, onde ha intensa mistura
com a mCDW em niveis intermediarios e superiores, alterando suas
propriedades fisicas [Dotto et al. 2016; Damini et al. 2022; Wang et al. 2022] e
biogeoquimicas [Santos-Andrade et al. 2023]. Enquanto a mCDW é transportada
em camadas intermediérias a partir do sul do NAP (i.e., do estreito de Gerlache
e da bacia oeste do estreito de Bransfield), a DSW é advectada em camadas
mais profundas a partir do norte do NAP (i.e., da bacia leste do estreito de
Bransfield) [Moffat & Meredith 2018; Wang et al. 2022].

A variabilidade interanual das intrusbes de mCDW e da adveccao de
DSW ao longo do NAP é modulada por modos de variabilidade climatica, como

0 Modo Anular Sul (SAM) e o El Nifio-Oscilagdo Sul (ENSO) [Barlett et al. 2018;
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Damini et al. 2022; Wang et al. 2022]. Durante SAM positivo e/ou ENSO
negativo, a intrusdo de mCDW é intensificada, enfraquecendo a propagacao de
DSW ao longo do NAP. Por outro lado, durante SAM negativo e/ou ENSO
positivo, a adveccdo de DSW é intensificada, podendo alcancar o estreito de
Gerlache [Wang et al. 2022]. De fato, a DSW no estreito de Gerlache ja foi
identificada por meio de sinais termohalinos [Parra et al. 2020; Wang et al. 2022]
e de concentracdes de carbono antropogénico [Kerr et al. 2018b; Lencina-Avila
et al. 2018].

Além disso, os ambientes ao longo do NAP sé&o influenciados por
processos oceanograficos de mesoescala que adicionam complexidade ao
entendimento da biogeoquimica nesta regido. O efeito da topografia rasa facilita
a ressurgéncia de mCDW no estreito de Gerlache e na bacia oeste do estreito
de Bransfield [Venables et al. 2017; Parra et al. 2020], mas pouco se sabe sobre
sua influéncia nas concentra¢des de macronutrientes, que sustenta a producao
priméria, intensificando a absor¢do de CO:2 [Henley et al. 2019]. O efeito da
topografia e da circulacdo oceanica também leva a formacdo de vortices de
mesoescala na bacia leste do estreito de Bransfield [Thompson & Heywood
2009; Wang et al. 2022; Damini et al. 2023], embora esses processos sejam
frequentemente negligenciados em estudos biogeoquimicos devido a sua

complexidade [Jones et al. 2015; Damini et al. 2023].

1. 3 Caracteristicas oceanograficas do WTA
A dinamica superficial no WTA é caracterizada por um sistema complexo
de correntes oceanicas (Fig. 1-3). A Corrente Norte Equatorial (NEC) flui para

oeste no hemisfério norte, transportando aguas relativamente frias do oceano
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Atlantico Norte para o Atlantico Tropical oeste (Fig. 1-3c) [Johns et al. 2021]. Por
outro lado, a Corrente Norte do Brasil (NBC) flui para noroeste ao longo da costa
brasileira [Rodrigues et al. 2007; Silva et al. 2009; Stramma et al. 1995],
transportando dguas com maiores temperatura e salinidade (Figs. 1-3b,c) do
Atlantico Equatorial para o hemisfério norte [Johns et al. 1998, 2021; Salisbury
et al. 2011]. As &guas da NBC atingem a foz do rio Amazonas em
aproximadamente 5°N, onde ocorre intensa mistura entre as aguas oceanicas e
fluviais. Ao norte da foz do rio Amazonas, a NBC retroflete sazonalmente (Fig. I-
3a), transportando aguas tanto da NBC quanto da ARP para leste no oceano
Atlantico Tropical, formando a Contracorrente Norte Equatorial (NECC) [Fonseca
et al. 2004; Garzoli et al. 2004].

As aguas da NECC atingem a por¢cao mais a leste do WTA em setembro-
outubro [Araujo et al. 2017; Lefevre et al. 2020], quando sua velocidade é
maxima [Richardson & Reverdin 1987], enquanto ndo ha sinais claros da
formacédo da NECC nos primeiros meses do ano [Johns et al. 2021]. Além disso,
a retroflexdo da NBC pode levar a formacao de vortices anticiclénicos (Fig. I-3a),
que transportam aguas com propriedades da NBC para o noroeste do oceano
Atlantico Tropical [e.g., Aroucha et al. 2020; Didden & Schott 1993]. Essas aguas
advectadas por vortices também carregam propriedades oriundas do oceano
Atlantico Sul, que é influenciado por fontes do oceano indico [Azar et al. 2021;
Orselli et al. 2019a; Orselli et al. 2019b], destacando importantes transportes

interoceanicos e inter-hemisféricos.
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Figure 1-3: a) Oceano Atlantico Tropical oeste e as principais correntes superficiais, que caracterizam a
dindmica oceénica nesta regido (ver Johns et al. [2021] e referéncias nele contidas): Corrente Norte
Equatorial (NEC), Corrente Norte do Brasil (NBC) e Contracorrente Norte Equatorial (NECC), que se origina
da retroflexdo da NBC (NBC-R), originando também os vortices da NBC. Os simbolos sobre a foz do rio
Amazonas (a) representam o extenso sistema de recifes de corais nesta regido. (b) Climatologia anual da
salinidade superficial para o periodo 1993-2019, com isolinhas de salinidade 35 (linha preta tracejada) e 34
(linha rosa tracejada), representando a pluma do rio Amazonas (ARP). (c) Climatologia anual da
temperatura superficial para o mesmo periodo na regido.

Além de seu complexo sistema de correntes oceanicas superficiais, o
WTA é fortemente influenciado pelo aporte de agua doce do rio Amazonas (Fig.
V-S1a), que descarrega cerca de 6,6 x 10° km?3 de agua fluvial para o Atlantico
Tropical anualmente [Korosov et al. 2015; Salisbury et al. 2011]. A medida em

gue desagua no oceano, o0 rio Amazonas desenvolve a ARP, que pode se

estender por 108 km? e atingir profundidades de até 30-35 m, cobrindo uma vasta
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porcdo do WTA e atingindo até 30°W e 15°N [Coles et al. 2013]. A descarga
maxima na foz do rio Amazonas ocorre em marco [Liang et al. 2020] e ha um
atraso de cerca de 3 meses até que essas aguas se espalhem pelo WTA [e.g.,
Coles et al. 2013; Hellweger & Gordon 2002; Korosov et al. 2015].

Embora as aguas fluviais reduzam a zona eufotica nesta regidao, devido
as altas concentracfes de sedimentos em suspensdo, existe um extenso
sistema de recifes de corais em torno de 0° e 49°W (Fig. I-3a), que quase se
limita a foz do rio Amazonas [Moura et al. 2016]. As propriedades das aguas da
ARP influenciam a solubilidade do CO:z [Cooley et al. 2007] e aumentam a
producao primaria, proporcionando a subsaturacdo do CO2 na superficie do mar
[Ibanhez et al. 2015; Kortzinger, 2003; Louchard et al. 2021]. Assim, as aguas da
ARP atuam como um sumidouro de CO:2 atmosférico de relevancia global
[Cooley et al. 2007; Ibanhez et al. 2015, 2016; Lefevre et al. 2010].

A intensa precipitacao (Fig. V-S1b) impulsionada pela posi¢édo da zona de
convergéncia intertropical (ITCZ, do inglés intertropical convergence zone)
também influencia a dindmica oceanica no WTA. A ITCZ varia sazonalmente,
atingindo sua posi¢cao mais ao norte (préximo a 10°N) de junho a agosto e mais
ao sul (préximo a 4°S) de mar¢o a maio [Fonseca et al. 2004; Utida et al. 2019],
contribuindo para a regulacao sazonal da salinidade da superficie do mar. Além
disso, essa regido € influenciada pelo ENSO, que intensifica os periodos seco e
chuvoso [Marengo & Espinoza 2016], e pelo aquecimento anémalo do oceano
Atlantico [Tyaquicé et al. 2017]. Esses eventos podem ocorrer simultaneamente,
com uma variedade de respostas nas propriedades fisicas e quimicas da
superficie do mar [Kucharski et al. 2016], adicionando ainda mais complexidade

aos ciclos biogeoquimicos no WTA.
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Capitulo Il: Dados e Métodos

este trabalho foram utilizados dados hidrograficos e biogeoquimicos

previamente coletados e parcialmente processados de diferentes

bancos de dados, que serdo detalhados ao logo deste capitulo. Os
principais bancos de dados utilizados foram o Atlas para CO2 na Superficie do
Oceano (SOCAT, do inglés Surface Ocean CO: Atlas), o Projeto Global de
Andlise de Dados Oceénicos (GLODAP, do inglés Global Ocean Data Analysis
Project) e o Grupo de Oceanografia de Altas Latitudes (GOAL). Uma série
temporal de 1996 a 2019 foi construida para o estudo da variabilidade dos
macronutrientes, cuja maior parte (~90%) foi proveniente do banco de dados do
GOAL (Fig. lI-1b) e complementada por dados do GLODAP. Séries temporais,
com os dados do SOCAT, foram construidas para os estudos de FCO2 no
estreito de Gerlache, no NAP (2002-2017, Fig. lI-1b), e no WTA (1993-2019, Fig.

lI-1a).
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Figura II-1: Cobertura espacial dos dados do SOCAT e do GOAL no oceano Atlantico Tropical oeste (WTA) e ao longo do norte da Peninsula Antartica (NAP). Os dados
sobre o WTA s&do compostos por uma série temporal de 1993 a 2019, incluindo os periodos seco (outubro-marco) e chuvoso (abril-setembro) da regido. Os dados do
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setembro) e a primavera austral, enquanto os dados do GOAL ao longo do NAP sdo compostos por uma série temporal de 1996 a 2019 durante o verdo austral. As
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2.1 Banco de dados
2. 1. 1 Surface Ocean CO: Atlas (SOCAT)

Os dados superficiais (até 5 m de profundidade) de temperatura (SST),
salinidade (SSS) e pCO2M@ foram obtidos do banco de dados SOCAT. O SOCAT
€ um compilado de dados da fugacidade do CO:2 na superficie do mar para o
oceano global e mares costeiros, com um rigoroso controle de qualidade e
atualizacoes regulares [Bakker et al. 2016]. Foram usados dados de fugacidade
do CO2 com incertezas < 2 yatm e < 5 patm. A fugacidade do CO: extraida do
SOCAT é medida diretamente através de um sistema de equilibrio entre o
oceano e a atmosfera e analisadores de infravermelho para a quantificacdo do
CO:z [Bakker et al. 2016]. Os dados de fugacidade do CO2 foram convertidos para

pCO2m" por meio das equagdes amplamente conhecidas de Weiss [1974].

2. 1. 2 Global Ocean Data Analysis Project (GLODAP)

Além disso, foram utilizados dados superficiais de alcalinidade total (At ou
TA) e carbono inorganico dissolvido (Ct ou DIC) do GLODAP para a validacao
das estimativas de At no WTA e no estreito de Gerlache. O GLODAP inclui
medicdes de perfis verticais de diferentes variaveis hidrogréficas e
biogeoquimicas, com énfase no carbono inorganico da agua do mar [Olsen et al.
2020]. Assim como o0 SOCAT, o GLODAP tem um rigoroso controle de qualidade
dos dados e disponibiliza apenas dados considerados de boa qualidade, de
acordo com seus critérios de qualidade, incluindo especialmente avaliacdes
sistematicas de viés. Foram utilizados os dados de SST, SSS e Ar com precisdes
de + 0,002 °C, + 0,003 e *+ 4,0 umol kg, respectivamente. Além disso, foram

utilizados dados hidrograficos e de macronutrientes do GLODAP para
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complementar a série temporal desses parametros o longo da coluna de agua
no NAP. Detalhes sobre a amostragem e analise dos dados de macronutrientes
obtidos do GLODAP podem ser acessados na plataforma do Ocean Carbon and

Acidification Data System (OCADS) em www.ncei.noaa.gov/access/ocean-

carbon-acidification-data-system-portal/.

2. 1. 3 Grupo de Oceanografia de Altas Latitudes (GOAL)

Os dados de At no estreito de Gerlache disponiveis no GLODAP eram
restritos apenas ao verdo austral de 1995/1996. Por isso também foram
utilizados dados de SST, SSS e Ar do GOAL, coletados entre 2015 e 2019 para
a validagcdo das estimativas de At nesta regido. O GOAL mede dados
hidrograficos (temperatura, salinidade e oxigénio dissolvido) e coleta amostras
de agua do mar para andlise biogeoquimica (macronutrientes, At e Cr). Para
isso, é utilizado um sistema CTD/Rosette, equipado com sensores e 24 garrafas
Niskin de 5 e/ou 12 L. Os sensores sao duplicados e a diferenca entre eles &
usada para avaliar a precisdo da temperatura e da salinidade, que sdo em torno
de = 0,002°C e * 0,003, respectivamente. O sensor de oxigénio é pos-calibrado
com base em medi¢Bes de oxigénio dissolvido realizadas a bordo através da

titulacédo pelo método de Winkler.

2. 1. 3. 1 MedicOes de At e Ct

As amostras de agua do mar para analise de Ar e Cr foram coletadas em
frascos de borosilicato de 250 mL ou 500 mL. Elas foram imediatamente
preservadas com 50 uL ou 100 pL de cloreto de mercurio (HgCl2) supersaturado

e armazenadas a 4°C para posterior analise em laboratério, seguindo os
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protocolos descritos em por Dickson et al. [2007]. No laboratoério, a At e o Cr
foram medidos simultaneamente por titulacdo potenciométrica em uma cela
fechada a uma temperatura controlada de 25 * 0,1 °C [Dickson et al. 2007]. O
controle de qualidade foi realizado regularmente através da analise de material
de referéncia certificado (CRM, do inglés Certified Reference Material) adquirido
do Scripps Institution of Oceanography [Dickson et al. 2003]. A precisdo analitica
das medicdes de At e Cr foi estimada diariamente a partir da analise duplicada
de uma mesma amostra ao longo das analises das amostras e variou em torno

de = 4 ymol kg e de + 5 ymol kg, respectivamente.

2. 1. 3. 2 Medi¢bes de macronutrientes

As amostras discretas de dgua do mar ao longo da coluna de agua para
medi¢cdes de macronutrientes inorganicos dissolvidos foram coletadas em
frascos de polipropileno e filtradas através de filtros de membrana de acetato de
celulose (0,45 pm). Os macronutrientes inorganicos dissolvidos analisados
foram: nitrogénio inorganico dissolvido (DIN: nitrato, nitrito e aménio), fosfato e
acido silicico (silicato). As analises foram realizadas a bordo, imediatamente
apos a coleta, entre 2008-2011 e 2013-2015. Nos demais anos de amostragem
(2003-2005 e 2016-2019) as amostras foram congeladas imediatamente a -20
°C até a andlise em laborat6rio. Em ambos os casos, as analises seguiram 0s
métodos de determinacdo espectrofotométrica descritos por Aminot &
Chaussepied [1983] com uma precisdao em torno de + 5% para todos os
macronutrientes analisados. O ortofosfato foi medido por reagdo com molibdato
de amdnio, com leituras de absorgao em 885 nm. As medi¢des de acido silicico,

na forma de Si reativo, foram corrigidas para a interferéncia do sal marinho. Os
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maximos limites de deteccédo foram 0,11 ymol kg para DIN, 0,10 umol kg para

fosfato e 0,50 ymol kgt para &cido silicico.

2. 2 Estimativas de At nas regides de estudo

Uma vez que o SOCAT disp0e apenas de dados de SST, SSS e pCO2™",
a At foi estimada a partir da SSS no estreito de Gerlache e da combinagéo da
SSS com a SST no WTA. A forte relacdo entre a At e a salinidade € bem
estabelecida, especialmente em ambientes com variacdes significativas de SSS
[Lee et al. 2006; Carter et al. 2018], como as regibes de estudo. A alta
variabilidade de SSS é causada pelo aporte de agua doce, que no estreito de
Gerlache é resultado do degelo continental e de gelo marinho no verao, enquanto
no WTA é resultado do aporte de dgua doce pelo rio Amazonas.

Alguns testes com estimativas de At globais [Lee et al. 2006; Carter et al.
2018] e regionais [Hauri et al. 2015; Monteiro et al. 2020] foram feitos para o
estreito de Gerlache. A estimativa que apresentou menor erro quadratico meédio
(RMSE, do inglés root mean square error) foi uma correlacdo polinomial de
primeira ordem entre a At e a SSS com base nos dados locais. Assim, os dados
de At e de SSS do GOAL e do GLODAP foram utilizados para estimar At a partir

da SSS através da Eq. II-1 (r? = 0,98; RMSE = 4,4; n = 140; p < 0,05).

Ar=36,72 x SSS + 1052 -1

A Equacao llI-1 foi desenvolvida usando a caixa de ferramentas de ajuste
de curvas do MATLAB, com o modo residual minimo absoluto e ajuste polinomial
de primeira ordem. Para esta analise, todos os dados foram considerados

importantes, 0 que minimizou os residuos. Esta abordagem geralmente é
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utilizada quando as séries de dados tém poucos valores nao configuraveis [Patil
& Rao 1994].

No WTA a Ar foi estimada com base na abordagem de regressdo de
alcalinidade interpolada localmente (LIAR, do inglés locally interpolated alkalinity
regression) de Carter et al. [2018], usando a SSS e a SST como variaveis de
entrada. A LIAR € um conjunto de regressoes lineares capazes de estimar a At
a partir de diferentes conjuntos de parametros de entrada, considerando a
profundidade e as coordenadas das medicfes. Espera-se que a incerteza global
nas estimativas de At usando SSS e SST como variaveis de entrada seja de 4,4
umol kgt [Carter et al. 2018]. Os resultados obtidos a partir da LIAR foram
comparados com os dados de Ar in situ do GLODAP e o RMSE foi de 6,5

pumol kgt (r? = 0,99; n = 453; p < 0,0001).

2. 3 Estimativas dos demais parametros do sistema carbonato

Apenas dois parametros do sistema carbonato sdo necessarios para
estimar todos os outros através das equacdes de equilibrio do sistema carbonato
marinho [Millero, 2007]. Entdo, o Cr, 0 pH e o estado de saturacdo da calcita
(Qca) e da aragonita (Qar) foram determinados usando o programa CO2Sys v2.1
[Pierrot & Wallace 2006], com base nas entradas de pressao, SST, SSS, pCO2mar
e Ar. O programa calcula os parametros do sistema carbonato pela relacéo
termodinamica de equilibrio entre as espécies carbonaticas, utilizando as
constantes de dissociacdo do carbonato. Existem diferentes constantes de
dissociacdo que sdo mais ou menos adequadas para diferentes regides,

dependendo principalmente das variacdes de temperatura e de salinidade.
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As constantes de sulfato por Dickson [1990] e de borato por Uppstréom
[1974] foram utilizadas em ambas as regides. Devido a um bom resultado em
regioes de altas latitudes [e.g. Wanninkhof et al. 1999; Laika et al. 2009; Kerr et
al. 2017; Monteiro et al. 2020a], as constantes K1 e K2 propostas por Goyet &
Poisson [1989] foram utilizadas para o estreito de Gerlache. Como ndo ha um
consenso sobre quais sdo as melhores constantes K1 e K2 para o WTA, foi feito
um teste de sensibilidade entre as principais constantes usadas em estudos
anteriores. Foram analisadas as constantes K1 e K2 de Millero et al. [2006],
Millero [2010], Lueker et al. [2000] e Mehrbach et al. [1973] reajustado por
Dickson & Millero [1987], geralmente recomendado para as faixas de SSS e SST
da regido, e as de Cai & Wang [1998] para baixas salinidades.

A maior inconsisténcia para o Cr entre as constantes testadas foi de
4,64 ymol kgt entre Millero et al. [2006] e Cai & Wang [1998], enquanto a menor
inconsisténcia foi de -0,13 ymol kg entre Lueker et al. [2000] e Mehrbach et al.
[1973] reformado por Dickson & Millero [1987]. Ambas as inconsisténcias sdo
menores que o erro de + 6,5 umol kg associado a estimativa de Ar pela
aproximacédo da LIAR. Por isso, optou-se por usar as constantes K1 e K2 de
Millero et al. [2006], porque elas tém sido amplamente utilizadas em estudos
costeiros no WTA [Araujo et al. 2018; Bonou et al. 2016] e no oceano Atlantico

Sul [Liutti et al. 2021].

2.4 Célculo do FCO2

O FCO2 (em mmol m2 dia?) foi calculado por meio da Eq. II-2:

FCO, =K, x K¢ x (1 - gelo) x (pCOT™ - pCO), I1-2
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onde K: é a velocidade de transferéncia do gas, em fungéo da velocidade do
vento (m s1) [Wanninkhof, 2014]; Ks é o coeficiente de solubilidade do CO2, em
funcdo da SST e da SSS [Weiss, 1974]; gelo € um coeficiente adimensional
(entre 0 e 1) correspondente a fracdo da interface ar-mar coberta por gelo
marinho; e pCO2m" e pCO2* séo as pressdes parciais do CO2 na superficie do
mar e na atmosfera, respectivamente.

A pCO2* foi calculada a partir das médias mensais da fracdo molar de
CO2 na atmosfera (xCO2%) e da presséo atmosférica (P?) através da Eq. 11-3. A

P2 foi corrigida para a o efeito da presséo de vapor de agua (Py,0), estimada em

funcdo da SST e da SSS através da Eq. 1I-4 de Weiss & Price [1980]:

ar ar ar 1,5 ) ]
= X - - -
pCOZ = xCOFx | (P*'-— =) -Phyo 11-3
6745,09 SST +273,15
Pryo = e[24,4543 - (semaras 5 -) -4,8489 x In(==2>-2) - 0,000544 x SSS] -4

Para o estreito de Gerlache, foram utilizadas médias mensais de xCO2%,
P2 e velocidade do vento da estacdo de Palmer, localizada ao sul do estreito
(Fig. ll-1b) e que mede continuamente essas variaveis ao longo do ano
[Dlugokencky et al. 2015]. A cobertura de gelo marinho foi obtida a partir da
média mensal dos produtos de satélite diarios de Reynolds et al. [2007], com
resolucdo espacial de 0,25°, cobrindo toda a extensdo do estreito de Gerlache
(Fig. IV-S9e-h).

Para o WTA, foram utilizadas médias mensais de xCO2?" da estacao de
Barbados (Fig. ll-1a), localizada a 13,16°N - 59,43°W [Dlugokencky et al. 2021]
e a P¥ foi obtida do SOCAT. A velocidade do vento utilizada para esta regido

foram as médias mensais a 10 m da reanalise atmosférica ERA5 (Fig. V-S1d)
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com uma resolucdo espacial de 0,25° [Hersbachet al. 2020]. Para isso, as
coordenadas e o més de amostragem da pCO2"2" do SOCAT foram combinadas
com os dados da analise ERAS para garantir que a velocidade do vento cobrisse

a mesma regido e 0 mesmo periodo.

2.5 Calculo dos controladores da pCO2mar

Os controladores da pCO2™" foram calculados com base na
decomposicdo da pCO2m nos principais parametros que a influenciam. Este
método consiste em converter as alteraces nos parametros analisados em
unidades de pCO2™" (i.e., patm). Isso é possivel porque a proporcdo da
alteracdo na pCO2™" em funcdo das mudancas em determinados parametros ja
€ bem conhecida. Por exemplo, a pCO2™ tem uma dependéncia logaritmica
com a SST, de modo que um aquecimento de 1°C aumenta a pCO2"" em
aproximadamente 13 patm [Sarmiento & Gruber, 2006]. Dessa forma, as
alteracdes na pCO2m" foram decompostas nas alteragfes de Cr, At, SST e SSS

a partir da decomposicéo descrita na Eq. II-5, seguindo Lenton et al. [2012].

apCo™
OAT

mar _ apCoY™"

apCo™ apcoT
— ASST + 2
9 pron SS

ApCO dSST dSSS

ACt + AAT + ASSS 11-5

A decomposicdo expressa na Eq. II-5 significa que uma determinada
alteracdo de pCO2™ (ApCO2M@) ocorreu em funcdo da combinagcdo das
alteragdes nos Aparametros (ACt, AAT, ASST, ASSS). No estreito de Gerlache,
a ApCO2™ e as Aparametros foram consideradas como as diferencas nos
valores dos parametros entre a estacao do ano e suas respectivas médias nas

estacdes anteriores. No WTA, a ApCO2"a" e as Aparametros foram consideradas
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como a diferenca dos valores médios entre o periodo chuvoso (abril a setembro)
e seco (outubro a marco).

As derivadas parciais foram calculadas usando as Egs. 1I-6 a lI-9, que sdo
detalhadas em Sarmiento & Gruber [2006]. Essas equacbes tém sido
amplamente utilizadas em diferentes regibes oceanicas para avaliar o0s
controlares da pCO2™ [Lenton et al. 2012; Takahashi et al. 2014; Brown et al.
2019; Monteiro et al. 2020; Liutti et al. 2021]. Os fatores de Revelle e de
Alcalinidade s&o definidos como a sensibilidade da pCO2m" as mudancas em Cr
e Ar, respectivamente [Sarmiento & Gruber 2006]. Os valores médios dos fatores
de Revelle e de Alcalinidade utilizados foram, respectivamente, 14 e —13 no

estreito de Gerlache e 9,1 e —8,5 no WTA.

apCOT® _ pcog®

ron c x Fator de Revelle -6
CO;” PO Fator de Alcalinidade -7
oAT At
B0 ~ pCOJ™ x 0,026 (+ 0,002) I1-8
e ASST =2 x pCOJ™ x (624557 1) -9

Para avaliar o efeito da SST na série temporal de pCO2m" no WTA, a sua
componente térmica foi removida através da normalizacdo da pCO2"" pela SST
média anual, por meio da Eq. lI-10, seguindo a abordagem de Takahashi et al.

[2002]:

mar = mar 0,0423 x (SSTmedia - SSTobs) )
pCOZ nao-termal pCOZ obs < € media 0bs7, 11-10
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onde pCOJ . e SSTops S&0 a pCO2"> e a SST in situ, respectivamente, e

SSTmedia € @ SST média para todo o periodo de estudo em cada sub-regido (i.e.,
NBC-NECC: 27,65°C, NEC: 26,89°C, ARP: 28,29 °C).

A dispersao de At e Ct e a razdo entre esses parametros pode ser usada
para identificar os processos fisicos e biogeoquimicos que os influenciam,
porque cada processo altera At e Ct a uma certa razéo [Zeebe & Wolf-Gladrow
2001]. As razbes Ar:Cr para os processos identificados sédo as seguintes: 2:1
para calcificacdo/dissolucdo, 6:5 para diluicAo/evaporacdo, 0,85:1 para
formacao/derretimento de gelo marinho, —0,14:1 para fotossintese/respiracao,

enquanto apenas Cr é alterado nos processos de liberacao/absorcdo de COso.

2. 6 Perfis médios de propriedades hidrograficas e macronutrientes na NAP

Cerca de 97% dos dados de DIN foram compostos por nitrato, seguido
por 2% de amonio e 1% de nitrito. As concentracfes médias de nitrito foram de
0.21 + 0.24 ymol kgt e de amdnio foram de 0.54 + 0.59 ymol kg*. Portanto, em
alguns casos (11% de todos os dados), a concentracéo de nitrato foi considerada
como DIN, quando ndo havia dados de nitrito e/ou amonio disponiveis. As
amostras discretas de agua do mar foram coletadas em intervalos irregulares de
profundidade desde a superficie (5 m) até o fundo (aproximadamente 15 m do
fundo).

Entdo, foram calculadas médias dos parametros para cada regido ao
longo do NAP em intervalos regulares de profundidade da superficie até o fundo
(i.e., 0, 25, 50, 75, 100, 250, 500, 750, 1000, 1250, 1500, 1750, 2000 m) para

obter um perfil médio de verdo para cada ano (Figs. IlI-S1 a 1lI-S4). Todos os
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dados hidrograficos e de macronutrientes estdo disponiveis livremente em

https://doi.org/10.5281/zenodo.7384423 [Monteiro et al., 2022].

2. 7 Reducéao sazonal dos macronutrientes no NAP

A reducdo sazonal dos macronutrientes (Anutrientes) nos perfis médios
para cada ano foi estimada como a diferenca entre a concentracdo de
macronutrientes integrada entre 50 e 100 m e a concentracédo integrada entre O
e 50 m (Eq. ll-11). Portanto, foi assumido que as concentracdes dos
macronutrientes entre 50 e 100 m no verdo eram representativas das

concentracfes dos macronutrientes entre 0 e 50 m no inverno antecedente.

100 m 50 m

[nutrientes]dz — f [nutrientes]dz 1-11

A[nutrientes]inverno-verao = f
Om

50 m

Usando essa mesma abordagem, também foi estimada a reducao sazonal
dos macronutrientes nos perfis médios para cada ano nos dados da estacéo
americana de Palmer [Ducklow et al. 2019], onde Kim et al. [2016] mediram a
redugéo sazonal dos macronutrientes a partir de dados in situ coletados no
inverno e no verao subsequente.

As estimativas de reducdo sazonal dos macronutrientes foram muito
similares aos resultados obtidos por Kim et al. [2016] com medidas in situ, 0 que
atesta a robustez do método adotado baseado apenas em dados de verédo. Os
autores mediram uma reducéo sazonal entre 1993 e 2013 de 415 £+ 110 mmol
m-2, 23 + 10 mmol m? e 985 + 386 mmol m para DIN, fosfato e &cido silicico,
respectivamente. Para o mesmo periodo, foram estimadas redugcdes sazonais
de 411 + 191 mmol m?, 25 + 9 mmol m2 e 950 + 269 mmol m? para DIN, fosfato

e acido silicico, respectivamente.
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2. 8 Composicao de perfis médios dos macronutrientes em relagdo aos
modos de variabilidade climatica

Para avaliar a influéncia dos modos de variabilidade climéatica SAM e
ENSO nas concentracbes dos macronutrientes, foram separados os perfis
meédios de verdo entre anos de SAM ou ENSO positivo e negativo e calculada a
diferenca entre eles. O indice SAM foi obtido no site do British Antarctic Survey

(http://www.nerc-bas.ac.uk/icd/gjma/sam.html), que se baseia nas diferencas

das médias zonais mensais normalizadas da pressao ao nivel do mar entre 40°S
e 65°S [Marshall, 2003]. O indice ENSO foi obtido do repositério Climate

Prediction Center (http://www.cpc.ncep.noaa.gov), sendo definido como a média

consecutiva de trés meses de anomalias da temperatura da superficie do mar do
conjunto de dados ERSST.v4 na regido Nifio 3,4 (5°N — 5°S, 120°W — 170°W)
[Vera & Osman 2018; La et al. 2019].

Embora o tempo de resposta das propriedades fisicas e biogeoquimicas
as variacbes de SAM e ENSO ao longo do NAP ainda ndo esteja bem
compreendido, estima-se que ele varie de 4 a 6 meses para SAM e de 6 a 9
meses para ENSO [Kim et al. 2016; Dotto et al. 2016; Meredith et al. 2008; Barllet
et al. 2018]. Assim, foi utilizado um atraso de 4 meses a partir do més de
amostragem para o indice SAM e de 6 meses para o indice ENSO.

A incerteza propagada no calculo da diferenca entre as médias foi

calculada através da seguinte equacao: 0,= /(oi)2 + (09)2, onde “oy” e “oy” sdo

os erros padrdo de cada meédia. Para avaliar a diferenca estatistica dos perfis
meédios entre SAM e ENSO positivos e negativos, foi feito teste t de Student para

perfis com distribuicdo normal. Para perfis com distribuicdo ndo normal, foi
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utilizado o teste ndo paramétrico de Mann-Whitney-Wilcoxon. Para testar se a

distribuicdo era normal, foi utilizado o teste estatistico Shapiro-Wilk.

2. 9 DistribuicGes espaciais de propriedades

Todos os mapas de distribuicdo espacial das propriedades mostradas nos
estudos foram interpolados para fornecer uma visualizacao de facil compreenséo
dos resultados. Assim, as médias e todos os célculos realizados nos estudos
foram baseados apenas nos dados observados ou reconstruidos e ndo nos
dados interpolados. Duas metodologias de interpolacdo foram utilizadas,
dependendo da distribuicdo e da cobertura espacial dos dados. Uma delas foi a
analise variacional de interpolacdo de dados (DIVA) [Troupin et al. 2012] e a
outra foi uma grade de médias ponderadas [Schlitzer, 2018]. Em ambas as
metodologias, foram utilizados valores de escala de comprimento entre 15 e 20
%o para os eixos X e Y para garantir uma melhor preservacdo da estrutura e da

suavidade dos dados.
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Capitulo lll: Dinamica dos
macronutrientes no NAP

este estudo foi investigado quais processos controlam a

variabilidade espacial e interanual dos macronutrientes na coluna de

agua durante o verdo austral ao longo do NAP. Como o NAP é
composta por sub-regibes com caracteristicas distintas em relacao a hidrografia
e as massas de agua, as analises foram focadas no estreito de Gerlache, e nas
bacias oeste, central e leste do estreito de Bransfield. Assim, foi possivel
identificar como os diferentes processos fisicos e biogeoquimicos atuam em
cada sub-regido especificamente e como eles influenciam a dinamica dos
macronutrientes no NAP como um todo. Além disso, devido a robusta série
temporal composta majoritariamente por dados inéditos do GOAL, foi possivel
relacionar a variabilidade interanual dos macronutrientes com os modos de
variabilidade climética predominantes na no oceano Austral. Este estudo foi

submetido e esta sendo avaliado no periédico Limnology and Oceanography.
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Spatiotemporal variability of dissolved inorganic macronutrients along
the northern Antarctic Peninsula

Thiago Monteiro, Sian Henley, Ricardo César Goncalves Pollery, Carlos Rafael
Borges Mendes, Mauricio Mata, Virginia Maria Tavano, Carlos Alberto Eiras
Garcia, Rodrigo Kerr

3. 1 Introduction

The Southern Ocean plays a critical role in regulating the global climate
[e.g., Henley et al. 2020]. Although Southern Ocean surface waters cover less
than 20% of the global ocean, they account for 40-50% of the total oceanic uptake
of anthropogenic carbon from the atmosphere [Khatiwala et al. 2009;
Landschutzer, et al. 2015]. Part of the carbon uptake in the Southern Ocean is
driven by photosynthesis during the summer, which is fuelled by high
concentrations of macronutrients, supporting ecosystem functioning and carbon
storage [Henley et al. 2020]. Nevertheless, the Southern Ocean is one of the
regions that experiences pronounced changes in biogeochemical properties,
altering the functioning of the entire ecosystem [Henley et al. 2020 and references
therein]. A key region for understanding biogeochemical changes in the Southern
Ocean is the NAP, which has experienced rapid changes in the coupled
atmosphere-ocean-cryosphere system [e.g., Kerr et al. 2018a; Henley et al.
2019]. For example, investigations over the last two decades have reported
changes in wind patterns [Dinniman et al. 2012], land and sea ice cover
[Shepherd et al. 2018], biological activity [Seyboth et al. 2016; Mendes et al.
2018] and the carbonate system [Kerr et al. 2018a; Monteiro et al. 2020; Orselli
et al. 2022].

The micronutrient iron is an important fuel for photosynthesis and known
to be limiting for primary production in vast areas of the Southern Ocean [de Baar

et al. 1995; Henley et al. 2020]. However, the regions around the NAP were

60



shown to have sufficient iron supply to sustain high levels of phytoplankton
production and biomass [Ardelan et al. 2010]. Moreover, the NAP is an important
region of the Southern Ocean because it is one of the regions most impacted by
the ACC, which carries the CDW. CDW is a relatively old water mass sourced
from North Atlantic Deep Water [e.g., Ferreira & Kerr 2017], so it is low in
dissolved oxygen and rich in remineralised carbon and macronutrients [Préezelin
et al. 2000, 2004; Dinniman et al. 2012; Hauri et al. 2015]. Since the NAP is one
of the Antarctic coastal regions most exposed to the ACC, it is constantly
influenced by CDW intrusions [Garcia et al. 2002; Barlett et al. 2018; Wang et al.
2022], altering the biogeochemical dynamics in this region [Meredith et al. 2017;
Henley et al. 2019; Orselli et al. 2020). The CDW is a relatively warm water mass
(>1 °C) that intrudes into the intermediate layers along the NAP [Prézelin et al.
2000; Couto et al. 2017; Venables et al. 2017]. The physical properties of CDW
change as it is mixed with cooler and less saline waters, forming the mCDW in
the shelf and coastal domain [Couto et al. 2017; Venables et al. 2017].

The NAP coastal region encompasses the Gerlache and Bransfield Straits,
and the northwestern Weddell Sea continental shelf (Fig. 1ll-1). At the
southernmost part of the NAP, the Gerlache Strait is a relatively shallow region
(depth ~ 800 m), with high concentrations of sea ice [Monteiro et al. 2020b; Parra
et al. 2020; Su et al. 2022] and strongly impacted by meltwater from continental
glaciers [Cook et al. 2016; Silva et al. 2020; Meredith et al. 2022]. Despite
covering a small area, Gerlache Strait acts as a stronger summer CO:2 sink than
regions with wider areas, such as Bransfield Strait [Monteiro et al. 2020a]. This
strong COz2 sink behaviour is driven mainly by high primary productivity [Monteiro

et al. 2020b; Costa et al. 2020], which sustains a diverse and productive food

61



web [Dalla Rosa et al. 2008; Nowacek et al. 2011; Mendes et al. 2018]. Indeed,
intense blooms of diatoms [Costa et al. 2020] and high densities of krill [Nowacek
et al. 2011], penguins [Pitman & Durban 2010] and whales [Secchi et al. 2011]
are recorded in Gerlache Strait. Towards the north, the Bransfield Strait is a
region with rapid and dynamic ocean circulation [Zhou et al. 2006; Dotto et al.
2016; Sangra et al. 2017; van Caspel et al. 2018; Damini et al. 2022] and
comprises the western, central, and eastern basins, separated by relatively
shallow sills (Fig. 1lI-b). The western basin is the shallowest (~1000 m), followed
by the central (~ 2000 m) and eastern (~ 2500 m) basins.

The NAP surface circulation (Fig. Ill-a) is characterised by local surface
water and the mCDW, mainly coming from the Bellingshausen Sea [Zhou et al.
2002, 2006; Sangra et al. 2017]. These surface waters are advected from the
Gerlache Strait to the eastern basin of Bransfield Strait by a relatively intense
mesoscale baroclinic jet known as the Bransfield Current [Zhou et al. 2002, 2006;
Savidge & Amft 2009]. This current flows in a southwest-northeast direction along
the shelf break of the South Shetland Islands [Sangra et al. 2017]. The waters
advected by the Bransfield Current are relatively warm (~1.25°C) and highly
productive [Mendes et al. 2018; Costa et al. 2020, 2021], being able to transport
phytoplanktonic biomass and zooplanktonic organisms along the NAP [Ferreira
et al. 2020]. The western basin of Bransfield Strait is strongly influenced by
mCDW intrusions at intermediate levels [Barlett et al. 2018; Wang et al. 2022],
while the central and eastern deep basins are fuelled by DSW from the Weddell
Sea [Dotto et al. 2016; Damini et al. 2022; Wang et al. 2022]. DSW refers to
distinct shelf water varieties (i.e., High Salinity Shelf Water and Low Salinity Shelf

Water) [Damini et al. 2022; Wang et al. 2022] sourced in the northwestern
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continental shelves of the Weddell Sea [van Caspel et al. 2018; Wang et al.
2022], east of the Antarctic Peninsula (Fig. 1ll-1). Unlike mCDW, DSW is recently
ventilated under the shelf domain, therefore it is cold (< —1 °C) and rich in
dissolved oxygen [Dotto et al. 2016; Damini et al. 2022; Wang et al. 2022].

The DSW is advected into the NAP and retained in its most pure form
mainly in the central basin of Bransfield Strait, where there is intense mixing with
the mCDW at intermediate and upper levels, changing its physical and
biogeochemical properties [Dotto et al. 2016; Damini et al. 2022; Wang et al.
2022]. Hence, while mCDW is transported from the south (i.e., Gerlache Strait,
western basin of Bransfield Strait) at intermediate layers along the NAP, the DSW
is advected in deeper layers from the north (i.e., eastern basin of Bransfield Strait)
[Moffat & Meredith 2018; Wang et al. 2022]. On interannual timescales, the
strength of mCDW intrusion and DSW advection along the NAP is driven by
regional modes of climate variability, such as the SAM and the ENSO [Barlett et
al. 2018; Damini et al. 2022; Wang et al. 2022]. During positive SAM and/or
negative ENSO, mCDW intrusion is intensified, weakening the spreading of DSW
along the NAP. Conversely, when SAM is negative and/or ENSO is positive, DSW
advection is strengthened and can reach the Gerlache Strait [WWang et al. 2022].
Indeed, the DSW in the Gerlache Strait has already been identified through
thermohaline signals [Parra et al. 2020; Wang et al. 2022] and anthropogenic

carbon concentrations [Kerr et al. 2018b; Lencina-Avila et al. 2018].
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Figure 1I-1: The northern Antarctic Peninsula (NAP) region and (a) ocean circulation pattern in the study
area. The surface circulation (orange arrows), regions of mesoscale structures, as well as Circumpolar Deep
Water (CDW) and Dense Shelf Water (DSW) pathways were based on previous studies [e.g., Wang et al.
2022; Dotto et al. 2016; Moffat & Meredith 2018; Niiler et al. 1991; Sangra et al. 2011, 2017; Savidge & Amft
2009; Thompson et al. 2009; Zhou et al. 2002, 2006]. The brown star in (a) and (b) depicts the U.S. Palmer
Station location (64.8°S, 64.1°W), from which we extracted dissolved oxygen [Waite 2022] used in Fig. 111-9
and macronutrients data [Ducklow et al. 2019] to validate the seasonal drawdown approach described in the
methods. (b) Distribution of hydrographic stations where macronutrients were sampled and used in this
study, including: Gerlache Strait (GS; purple dots), western (WB, red dots), central (CB, green dots), and
eastern (EB, yellow dots) basins of the Bransfield Strait.
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Furthermore, the environments along the NAP are influenced by
mesoscale oceanographic processes that add complexity to the understanding
of biogeochemistry in this region. The effect of shallow topography facilitates the
upwelling of mMCDW in Gerlache Strait and the western basin of Bransfield Strait
[Venables et al. 2017; Parra et al. 2020], but little is known about its influence on
macronutrient concentrations, which fuel primary production and enhance CO:
uptake [Henley et al. 2019]. The effect of topography and ocean circulation also
leads to the formation of mesoscale eddies and increased eddy-fuelled
productivity in the eastern basin of Bransfield Strait [Thompson & Heywood 2009;
Wang et al. 2022, Damini et al. 2023], although these processes are often
neglected in biogeochemical studies due to their complexity [Jones et al. 2015;
Damini et al. 2023]. Understanding temporal variability patterns of macronutrients
is also a challenge along the NAP, because the response time to SAM and ENSO
variability modes is not well elucidated [Meredith et al. 2008; Barlett et al. 2018;
Wang et al. 2022] and the mesoscale processes themselves may also play an
important role in this variability [Meredith et al. 2017; Kerr et al. 2018a; Henley et
al. 2019]. For example, intense diatom blooms enhance CO: uptake [Brown et al.
2019; Costa et al. 2020] and can lead to nutrient depletion in the upper ocean
and increase further local remineralisation of carbon and macronutrients below
the mixed layer [Henley et al. 2017, 2018]. In addition, melting sea and glacial ice
regulates summer water column stability [Hofer et al. 2019; Wang et al. 2020],
driving phytoplankton blooms [Kim et al. 2016; Brown et al. 2019; Costa et al.
2020], CO2 uptake [Brown et al. 2019; Costa et al. 2020; Monteiro et al. 2020b),
and nutrient depletion and replenishment in the upper ocean [Henley et al. 2017,

2018].
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The importance of nutrients to fuel the primary production that underpins
the food chain has been emphasised in some studies throughout the NAP
[Mendes et al. 2018; Hofer et al. 2019; Costa et al. 2020; Mascioni et al. 2021],
as well as the impact of mesoscale processes on nutrient supply [Wang et al.
2020; Forsch et al. 2021; Meredith et al. 2022]. Furthermore, some studies have
provided important information on the processes that regulate macronutrient
concentrations south of the NAP, i.e., on the continental shelf of the Western
Antarctic Peninsula (WAP) [Henley et al. 2019 and references therein], although
little is known about these processes and their interannual variability in the NAP.
Even less is known about the processes that regulate the spatial and temporal
variability of macronutrients along the NAP and how the high complexity of this
region is reflected in macronutrient concentrations. Therefore, we explored a
dataset comprising 24 years of sampling to understand the processes involved in
the spatial and temporal variability of macronutrients during the austral summer

along the NAP.

3. 2 Material and Methods
3. 2. 1 The hydrographic and macronutrient datasets

We compiled a time series spanning the period from 1996 to 2019 (Figs.
[11-S1 to 11I-S4) of the seawater hydrographic variables conservative temperature
(°C), absolute salinity (g kg™) and dissolved oxygen (umol kg™), and the
macronutrients nitrate, nitrite, ammonium, phosphate, and silicic acid (umol kg~
1). The study area covered the NAP regions including the Gerlache Strait, which
separates the Anvers and Brabant Islands from the Antarctic Peninsula, and the

Bransfield Strait, between the South Shetland Islands and the Peninsula (Fig. I1I-
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la). To better understand the different processes influencing the variability of
macronutrient concentrations, the sampling stations were split into four sub-
regions: the Gerlache Strait and the western, central, and eastern basins of
Bransfield Strait (Fig. 1ll-1b). Most data (~90%) were obtained from the GOAL
[Mata et al. 2018; Dotto et al. 2021] from austral summer field campaigns
(January-March). In some years (1996, 2005, 2006, 2010, 2011) we used
hydrographic and macronutrient data from GLODAP 2020 [Olsen et al. 2020]
along the NAP and exceptionally for 1996 we used data available from December
1995 to February 1996 (the FRUELA cruises) [Garcia et al. 2022; Alvarez et al.
2002]. Details on the sampling and analysis of macronutrient data obtained from
GLODAP dataset can be accessed on the OCADS platform

(https://lwww.ncei.noaa.gov/access/ocean-carbon-acidification-data-system-

portal/).

3. 2. 2 Sampling and macronutrient analyses from GOAL dataset

For the GOAL dataset, hydrographic data profiles were measured, and
discrete seawater samples were collected using a combined Sea-Bird
CTD/Carousel 911 + system® equipped with oxygen sensors and 24 12 L Niskin
bottles. Seawater samples were filtered through cellulose acetate membrane
fillkers (0.45 pm) for determination of dissolved inorganic macronutrient
concentrations (i.e., DIN, phosphate and silicic acid). Prior to 2015, the analyses
were carried out on board immediately after collection and from 2015 onwards
the samples were frozen immediately at —20°C until laboratory analysis. In both
cases the analyses followed the spectrophotometric determination methods

described by Aminot & Chaussepied [1983] with an accuracy around + 5% for all
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analysed macronutrients. Orthophosphate was measured by reaction with
ammonium molybdate, with absorption readings at 885nm. Silicic acid
measurements, in the form of reactive Si, were corrected for sea salt interference.
Detection limits were 0.11 pmol kg™ for DIN, 0.10 ymol kg™ for phosphate and

0.50 ymol kg™ for silicic acid.

3. 2. 3 Summer average profiles of hydrographic properties and macronutrients
About 97% of the DIN data were composed of nitrate, followed by
ammonium (2%) and nitrite (1%). Therefore, in some cases (11% of all data), we
considered DIN as the nitrate concentration, when no nitrite and/or ammonium
data were available. Discrete seawater samples were collected at irregular depth
intervals from surface (5 m) to deep waters (at approximately 15 m from the
bottom). We averaged the parameters for each region at regular depth intervals
from the surface to the bottom (i.e., 0, 25, 50, 75, 100, 250, 500, 750, 1000, 1250,
1500, 1750, 2000 m) to obtain an averaged summer profile for each year (Figs.
[11-S1 to I11-S4). All hydrographic and macronutrients data are freely available at

https://doi.org/10.5281/zenodo.7384423 [Monteiro et al. 2022].

3. 2. 4 Seasonal macronutrient drawdown

We estimated seasonal macronutrient drawdown on the averaged profiles
for each year (grey profiles in Fig. 11I-5) as the difference between the depth-
integrated nutrient concentration between 50 and 100 m and the depth-integrated
concentration between 0 and 50 meters. Therefore, we assumed that summer
macronutrient concentrations between 50 and 100 m were representative of

macronutrient concentrations between 0 and 50 m in the previous winter. Using
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this method, we also estimated the seasonal macronutrient drawdown on the
averaged profiles for each year in the Palmer Station LTER data (Fig. IlI-1)
[Ducklow et al. 2019], where Kim et al. [2016] measured seasonal macronutrient
drawdown from in situ data collected in winter and the following summer. Our
estimates of seasonal macronutrient drawdown agree with the results obtained
by Kim et al. [2016], which attests to the robustness of our adopted method based
on summer data alone. They measured a seasonal drawdown from 1993 to 2013
of 415 + 110 mmol m=2, 23 £ 10 mmol m=2, and 985 + 386 mmol m~2 for DIN,
phosphate, and silicic acid, respectively. For the same period, we estimated a
seasonal drawdown of 411 + 191 mmol m=2, 25 + 9 mmol m=2, and 950 + 269

mmol m~2 for DIN, phosphate, and silicic acid, respectively.

3. 2. 5 Composite macronutrient profiles by climate modes

To assess the influence of the SAM and ENSO modes of climate variability
on the concentrations of macronutrients, we separated the austral summer
profiles between years of positive and negative SAM or ENSO and calculated the
difference between them. SAM index was obtained from the British Antarctic

Survey website (http://www.nerc-bas.ac.uk/icd/gima/sam.html), which is based

on the differences between normalised monthly zonal means of sea-level
pressure observations at 40°S and 65°S [Marshall 2003]. ENSO index was

obtained from the Climate Prediction Centre (http://www.cpc.ncep.noaa.gov),

which is defined as the consecutive three-month average of sea surface
temperature anomalies from the ERSST.v4 dataset in the Nifio 3.4 region (5°N —
5°S, 120°W - 170°W) [Vera & Osman 2018; La et al. 2019]. Although the

response time of physical and biogeochemical properties to variations in SAM
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and ENSO along the NAP is not well understood, it has been estimated to range
from 4 to 6 months for SAM and 6 to 9 months for ENSO [e.g., Kim et al. 2016;
Dotto et al. 2016; Meredith et al. 2008; Barllet et al. 2018]. Here, we used a lag
of 4 months from the sampling month for the SAM index and of 6 months for the

ENSO index (Tab. IlI-1).

Table 111-1: Sign of the SAM and ENSO indices in the respective sampling years along the NAP. The SAM
and ENSO indices refer to 4 and 6 months prior to the sampling month, respectively.

vear ~ Sampling  gpy ENSO
month
1996 January + -
2003 January - +
2004 January + +
2005 January - +
2006 March + -
2008 February - -
2009 February + -
2010 March + +
2011 March + -
2013 February - +
2014 February - -
2015 February + +
2016 February - +
2017 February + -
2018 February + -
2019 January + +

We calculated the uncertainty propagated in calculating the difference

between the averages through the following equation: o, =\/(af)2 + (03)?,
where “o;” and “oy” are the standard errors of each average. To assess the

statistical difference between the average positive and negative SAM or ENSO
profiles, we used Student's t-tests for normally distributed profiles. For profiles

with non-normal distribution, we used the non-parametric Mann-Whitney-
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Wilcoxon test. To test the normal distribution, we used the Shapiro-Wilk statistical

test.

3. 3 Results
3. 3. 1 Spatial distribution of hydrographic properties and macronutrients

In general, the surface temperature was higher than 0°C along the NAP
(Fig. lll-2a). However, along the Bransfield Strait we observed a front between
waters colder than 0°C towards the Antarctic Peninsula and waters warmer than
0°C towards the South Shetland Islands (Fig. 111-S5). Through the water column,
the temperature was higher than 0°C at Gerlache Strait, decreasing (< 0°C) along
the Bransfield Strait (Fig. 1lI-2a). Temperatures higher than 0°C were observed at
the southern end of Gerlache Strait and western basin of Bransfield Strait from
the surface to the deep layer (Fig. 1lI-S5). Temperatures lower than —1°C were
observed in the central basin of Bransfield Strait below 500 m and a slight
temperature rise was observed at the eastern end of Bransfield Strait below
500m. Salinity was lower above 50 m (34.28 + 0.18 g kg™!) along the NAP (Fig.
[11-2b), and even lower in Gerlache Strait (34.09 + 0.25 g kg™) (Fig. l1I-S5). Below
200 m the salinity was relatively homogeneous in the central basin of Bransfield
Strait (34.70 £ 0.04 g kg™?), while there was an increase in salinity in the western
basin of Bransfield Strait (34.72 + 0.02 g kg™*) and in the Gerlache Strait (34.79
+ 0.05 g kg™) (Fig. llI-2b). Dissolved oxygen concentrations were lowest (< 225
umol kg™) below the surface in the Gerlache Strait and western basin of
Bransfield Strait, and highest (> 275 umol kg™) in the central basin of Bransfield
Strait, mainly below 1000 m (Fig. lll-2c). The highest concentrations of DIN (>

35.00 umol kg=t) were observed in the transition between the central and eastern
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basins of Bransfield Strait below 500 m (Fig. IlI-2d). Although the DIN
concentrations did not have as clear a west-east pattern as the other
macronutrients, in general a slight increase in DIN concentration was observed
in the central basin of Bransfield Strait. Average DIN concentration through the
water column was 29.67 + 3.09 umol kg~ in the Gerlache Strait and 28.23 + 2.84
umol kg2, 30.39 + 2.49 umol kg2, and 29.42 + 2.08 umol kg in the western,
central, and eastern basins of Bransfield Strait, respectively.

Both phosphate (Fig. llI-2e) and silicic acid (Fig. 1lI-2f) concentrations were
higher in the Gerlache Strait and western basin of Bransfield Strait than the rest
of the NAP below the subsurface (50 m) down to 750 m. Average silicic acid
concentration through the water column was 80.67 + 8.99 umol kg™ in the
Gerlache Strait and 74.71 + 6.02 umol kg™, 60.93 + 4.72 umol kg™, and 62.38 +
7.87 umol kg™t in the western, central, and eastern basins of Bransfield Strait,
respectively. Average phosphate concentration through the water column was
1.88 + 0.26 pmol kg™ in the Gerlache Strait and 2.00 + 0.19 pmol kg%, 1.86 +
0.20 umol kg%, and 1.88 + 0.17 umol kg~ in the western, central, and eastern
basins of Bransfield Strait, respectively. We also observed high phosphate
concentrations in both central (2.00 + 0.21 umol kg™?) and eastern (1.99 + 0.15
umol kg?) basins of Bransfield Strait below 1000 m (Fig. IlI-2e). In some profiles
in central and eastern basins of Bransfield Strait there were concentrations of
phosphate (1.75 umol kg=*) and silicic acid (55.00 pmol kg™) in the deep layer as
low as in the surface layer (Fig. Ill-2e,f). The lowest concentrations of silicic acid
were recorded in the central basin of Bransfield Strait, from the surface to the

deep layer (Fig. 111-S5).
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Figure 111-2: Zonal sections of water column distributions of (a) conservative temperature, (b) absolute salinity, (c) dissolved oxygen, (d) dissolved inorganic nitrogen (DIN), (e)
phosphate, and (f) silicic acid during austral summer (Jan-Mar) along the northern Antarctic Peninsula (NAP). Each profile composing the section are averaged profiles at each
degree of longitude, considering the entire dataset (from 1996 to 2019). The zonal section comprises the regions from the south to north of the NAP: Gerlache Strait (GS), and
the western (WB), central (CB) and eastern (EB) basins of Bransfield Strait. At the western end of the NAP (GS) there are intense intrusions of modified Circumpolar Deep Water
(mCDW) whereas in the CB there are intense intrusions of Dense Shelf Water (DSW) from the Weddell Sea. Grey dots are sampling depths.
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The lowest temperatures (< —1°C) below 500 m were associated with a

greater influence of DSW while the highest temperatures (> 0°C) were associated

with a greater influence of mCDW in intermediate layers (Fig. Ill-3a). Lower

dissolved oxygen concentrations (< 225 umol kg™) were evident in warmer

waters associated with the mCDW in contrast to the more oxygenated (> 275

umol kg1) waters associated with DSW (Fig. 111-3b).
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Figure 111-3: Conservative temperature-absolute salinity (®-Sa) diagram vs properties during austral summer
(Jan-Mar) along the northern Antarctic Peninsula. ®-Sa vs (a) dissolved oxygen, (b) dissolved inorganic
nitrogen (DIN), (c) phosphate, (d) silicic acid, and depth on the inset (a). In each ®-Sa diagram the influence
of mixing of modified Circumpolar Deep Water (nCDW) and Dense Shelf Water (DSW) is shown.
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In general, the highest concentrations of phosphate (> 2 umol kg~') and
silicic acid (> 80 umol kg™) were associated with greater influence of mCDW (Fig.
[lI-3c-e) in intermediate and deep layers (Fig. I[lI-3a), although high
concentrations of DIN (> 30 pumol kg™) and phosphate (> 2 pmol kg™) were
observed under the influence of DSW (Fig. llI-3c-d). The lowest silicic acid
concentrations below 500 m were observed under the influence of DSW, with
concentrations (< 60 umol kg™) as low as in the surface layer. However, silicic
acid concentrations were also relatively high in the surface layer, reaching values

> 70 pumol kgt (Fig. 111-3c).

3. 3. 2 Interannual variability of hydrographic properties and macronutrients

The highest interannual variability in temperature was observed in the
western basin of Bransfield Strait (Fig. Ill-4d), also associated with the highest
variability of both salinity (Fig. lll-4e) and dissolved oxygen, mainly in the depth
interval 250-500m (Fig. I11-4f) in the same area. Dissolved oxygen concentrations
also showed interannual variability in the central (Fig. 1ll-4i) and eastern (Fig. IlI-
41) basins of Bransfield Strait, albeit to a lesser degree and more homogeneously
with depth. In the western basin of Bransfield Strait, there was an increase of
more than 1°C between 250 m and 500 m with a subsequent decrease in the
deep layer (Fig. llI-4d) in 2008, when the highest salinities (Fig. 1l1-4e) and the
lowest concentrations of dissolved oxygen (Fig. IlI-4f) were also observed.
Conversely, in the western and eastern basins of Bransfield Strait the
temperature was anomalously lower than —1°C below 500 m in 2016, when the
highest concentrations of dissolved oxygen (> 270 pmol kg=*) below 250 m in the

western basin of Bransfield Strait was also observed (Fig. Ill-4f).
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Gerlache Strait showed the second highest interannual variability in
temperature and salinity among the regions examined here (Fig. lll-4b,c). Even
in the eastern basin of Bransfield Strait, with less temperature variability, there
were variations of up to 1°C among the years, but more homogeneously with
depth (Fig. 1ll-4j) than in the western basin of Bransfield Strait and Gerlache

Strait. Other anomalous behaviours were recorded, such as the lowest
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concentration of dissolved oxygen in 2004 in Gerlache Strait (Fig. Ill-4c) and
central basin of Bransfield Strait (Fig. 1lI-4i), and in 2015 in the central (Fig. I11-4i)
and eastern (Fig. 111-4l) basins of Bransfield Strait at 250 m. On the other hand,
the highest anomalous concentrations of dissolved oxygen in central (Fig. 111-4i)
and eastern (Fig. IlI-41) basins of Bransfield Strait were recorded in 2011.

There was high interannual variability in the summer average profiles of all
macronutrients along the NAP (Fig. 1lI-5). The highest interannual variability was
observed in silicic acid, with concentrations varying by up to a factor of three (~
40-120 pmol kg™) through the water column (third column in Fig. IlI-5). In most
profiles, the concentration of silicic acid increased from surface waters to ~100-
200 m and then became more homogeneous with depth. DIN (first column in Fig.
[11-5) and phosphate (second column in Fig. IlI-5) concentrations were lower at
the surface and consistently higher below 100 m. On average, silicic acid
concentrations were highest in the western basin of Bransfield Strait (Fig. 111-5f)
and in Gerlache Strait, where the highest concentrations occurred in 2016 and
2017 (Fig. llI-5¢). The highest silicic acid concentrations were observed in 2017
and the lowest in 2014 along the entire NAP. However, silicic acid in 2017 were
even higher, and throughout the entire water column, in the central and eastern
basins of Bransfield Strait (Fig. IlI-5i,I) than in the western basin of Bransfield
Strait and the Gerlache Strait (Fig. 1ll-5¢,f), where this increase was more
pronounced below 100 m. In the central basin of Bransfield Strait there was
higher interannual variability and concentrations of DIN, which were higher in
2011 and 2018 (Fig. IlI-5g), while across the entire NAP they were higher in 2015
and lower in 2016. High interannual variability was also observed in phosphate

concentrations of up to two-fold (~1-3 pmol kg™) throughout the NAP (second

77



column in Fig. 1lI-5). The highest concentrations of phosphate were measured in
2003 in the Gerlache Strait (Fig. I11-5b), 2010 in the western basin of Bransfield
Strait (Fig. IlI-5e), and 2011 in the central basin of Bransfield Strait (Fig. 111-5h),
and the lowest in 2008 in the eastern basin of Bransfield Strait (Fig. 111-5k) and

2014 in both Gerlache Strait (Fig. 1lI-5b) and the western basin of Bransfield Strait

(Fig. ll1-5e).
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Figure 1lI-5: Summer (Jan-Mar) averaged profiles of macronutrients for each year from 1996 to 2019 along
the northern Antarctic Peninsula, comprising the regions: (a-c) Gerlache Strait (GS), and the (d-f) western
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in grey lines and the black lines are the averaged profiles over the period for each property and region. The
horizontal black bars are the standard deviations for each depth. Years showing anomalous behaviour (i.e.,
outside the standard deviation) are highlighted.



We compared the average profiles of macronutrients along the NAP during
periods of positive and negative SAM or ENSO (Fig. 1ll-6). In years of positive
SAM there was an increase (red line profiles on positive values in Fig. 1ll-6) in the
concentrations of DIN (first column in Fig. 1lI-6), phosphate (second column in
Fig. 11I-6), and silicic acid (third column in Fig. I1l-6) through the water column
along the NAP. Such an increase was more pronounced in silicic acid
concentrations, mainly in the central (Fig. 111-6i) and eastern (Fig. 11I-6l) basins of
Bransfield Strait, particularly below 250 m. Although phosphate and DIN
concentrations increased in all regions during positive SAM, phosphate increase
was not significant in the central basin of Bransfield Strait (Fig. IlI-6h).
Furthermore, there was greater uncertainty in the phosphate increase in the
Gerlache Strait (Fig. 11I-6b), where the DIN increase (Fig. lll-6a) was also not
significant.

Compared to SAM, there was a smaller difference in macronutrient
concentrations between the years of positive and negative ENSO (blue line
profiles in Fig. 1lI-6). Yet, higher differences were observed in the central (Fig. IlI-
6g-i) and eastern (Fig. IlI-6j-) basins of Bransfield Strait, where macronutrient
concentrations were lower during positive ENSO. Silicic acid concentrations were
lower during positive ENSO in all regions, but the differences were not significant.
On the other hand, there was a significant decrease in DIN in the central (Fig. Ill-
69) and eastern (Fig. 111-6j) basins of Bransfield Strait, while DIN increased in the
western basin (Fig. IlI-6d). In addition, there was a significant increase in
phosphate during years of positive ENSO in the Gerlache Strait (Fig. IlI-6b) and
the western basin of Bransfield Strait (Fig. Ill-6e), while in the eastern basin

phosphate concentrations decreased (Fig. 111-6k).
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Figure 111-6: Influence of Southern Annular Mode (SAM) and El Nifio-Southern Oscillation (ENSO) modes of
climate variability on the average profiles of macronutrients along the northern Antarctic Peninsula,
comprising the regions: (a-c) Gerlache Strait, and the (d-f) western, (g-i) central and (j-I) eastern basins of
Bransfield Strait. In red the difference in average profiles between positive and negative SAM is shown,
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SAM and ENSO years and vice versa. The horizontal bars are the propagated uncertainties in calculating
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the significance of the difference between the average profiles.
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3. 3. 3 Uptake stoichiometry and seasonal drawdown of macronutrients

The full-depth average DIN/phosphate ratio across the NAP environments
ranged from 11.8 £ 0.9 (r> = 0.965; p < 0.001) to 14.2 + 0.7 (r> = 0.978; p < 0.001),
observed in the western and eastern basins of Bransfield Strait (Fig. IllI-7a),
respectively. From 2013 to 2019, when data are available for all NAP
environments, the lowest DIN/phosphate ratios (< 11) were observed in 2016
along the Bransfield Strait (Table S2), while in the Gerlache Strait the lower
DIN/phosphate ratio (9.40 £ 0.87; r2=0.95; p<0.001; n=8) was recorded in 2019.
DIN/phosphate ratios higher than 20 were observed in the western basin of
Bransfield Strait in 2018 and in the eastern basin in 2017 and 2019.

The average silicic acid/DIN ratio ranged from 1.7 + 0.1 (r? = 0.974; p <
0.001) in Gerlache Strait to 3.1 + 0.3 (r> = 0.956; p < 0.001) in the western basin
of Bransfield Strait (Fig. 11l-7b). From 2013 to 2019 the lowest silicic acid/DIN ratio
(< 1.2) was recorded in 2014 along the entire NAP and the highest ratios (> 3.8)
were recorded in 2015 and 2017 along Bransfield Strait. A silicic acid/DIN ratio of
5.5 + 0.5 was recorded in 2009 in the central basin of Bransfield Strait, two-fold
the average for the entire period in that region (2.2 + 0.2).

The seasonal drawdown in all macronutrients is characterised by a
decreasing pattern from south (Gerlache Strait) to north (eastern basin of
Bransfield Strait) along the NAP (Fig. 1l-8). High seasonal drawdown of
phosphate was observed in 2010 in the western basin of Bransfield Strait, while

higher drawdown in silicic acid was observed in 2016 and 2017 in Gerlache Strait.
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Figure 11I-7: Time series of macronutrient uptake stoichiometry. (a) Dissolved inorganic nitrogen
(DIN)/phosphate (P) and (b) silicic acid (Si)/DIN ratios during austral summer (Jan-Mar) and along the
northern Antarctic Peninsula. Colours show the sub-regions studied (GS: Gerlache Strait; WB: Western
Bransfield; CB: Central Bransfield; EB: Eastern Bransfield). The vertical bars are the standard error on the
slope of the regression DIN versus P, and Si versus DIN. Likewise, the values shown on the inset of each
plot are the (a) DIN/P and (b) Si/DIN ratios with the respective standard deviations, considering the average
profiles over the period for each region (Fig. IlI-5). The solid black line marks the ratios (a) DIN/P=16 and
(b) Si/DIN=1. Statistics for each year are shown in Table S2.

Seasonal drawdown of silicic acid close to zero was observed in 2015 and
2016 in the western basin of Bransfield Strait, while for phosphate this depletion
was found in 2015 in Gerlache Strait. The interannual variability in drawdown of
phosphate (Fig. 111-8b) and silicic acid (Fig. 111-8¢c) concentration was high in the
western basin of Bransfield Strait, while the variability in drawdown of DIN was

fairly similar in all sub-regions along the NAP (Fig. 111-8a).
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Figure IlI-8: Time series of seasonal nutrient drawdown. (a) Dissolved inorganic nitrogen (DIN), (b)
phosphate and (c) silicic acid, during austral summer (Jan-Mar) along the northern Antarctic Peninsula. Each
circle represents the seasonal drawdown of each nutrient in Gerlache Strait (GS) and the western (WB),
central (CB), and eastern (EB) basins of Bransfield Strait. The values shown on the inset are the averages
for the entire period with the respective standard deviations.

3. 4 Discussion
3. 4. 1 Main sources of macronutrients for the NAP

The main source of macronutrients for the NAP environments is the

mMCDW intrusions in the coastal and shelf domains [Henley et al. 2019], which
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carry DIN, phosphate, and silicic acid (Fig. 11I-2 and 3) as this intermediate water
intrudes onto the continental shelf [Prézelin et al. 2000; Couto et al. 2017;
Venables et al. 2017]. When mCDW intrudes into the shelf domains (i.e.,
Gerlache Strait, and western basin of Bransfield Strait), it often upwells by
topographic effect [Venables et al. 2017; Parra et al. 2020], decreasing oxygen
at intermediate depths and transporting macronutrients into surface waters.
These waters are further advected northward by the Bransfield Current towards
the eastern basin of Bransfield Strait, enriching the surface waters of the NAP
with  high concentrations of macronutrients. Therefore, macronutrient
concentrations are mostly not exhausted in the NAP surface waters during
summer, even in years with strong phytoplankton blooms (e.g., 2016) Costa et
al. 2020, 2021]. Although the mCDW is also an important source of
macronutrients for the western Antarctic Peninsula (WAP) south of the NAP
[Prézelin et al. 2000; Klinck et al. 2004; Henley et al. 2019], surface waters almost
exhausted with respect to DIN and phosphate have been recorded in summer
over the WAP continental shelf [Henley et al. 2017, 2018]. However, along the
NAP surface, concentrations of DIN and phosphate were not lower than 15 and
0.5 umol kg, respectively (Fig. IlI-5 and 11I-S6a,d). This is likely because both
Gerlache Strait and the western basin of Bransfield Strait are regions more
exposed to the ACC influence, which probably facilitate more frequent intrusions
of mMCDW [Garcia et al. 2002; Parra et al. 2020], favouring higher supply of
macronutrients into the surface layer through topographic upwelling and
advective mixing. For example, high sea surface concentrations of nitrate (12-24
umol kg=1) and phosphate (1.0-1.6 pmol kg™) are observed offshore the WAP

[Hauri et al. 2015], under strong influence of the ACC that carries CDW. Indeed,
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at Palmer Station region, in the southernmost part of the NAP, mCDW is expected
to exert a strong and constant influence on macronutrient supply (Fig. 111-9)
[Prézelin et al. 2000; Kim et al. 2016]. In both the NAP (Fig. IlI-5c¢,f,i,l) and near
Palmer Station region (Fig. 111-S69), the surface concentrations of silicic acid are
higher than 50 umol kg=*. This is likely due to the local terrestrial sources of silicic
acid in both regions [e.g., Hawkings et al. 2017], further supplementing the high
silicic acid input from mCDW (see section 4.2 below). Indeed, the surface silicic
acid concentration at Palmer Station region (69.0 + 10.4 pmol kg™, Fig. IlI-S6a)
is higher than that found along the NAP (third column in Fig. I1I-5). In both regions,
such concentrations are even higher than those found in the northwest Weddell
Sea [Hoppema et al. 2015], where the direct influence of mMCDW is comparatively
small.

CDW is sourced from North Atlantic Deep Water [e.g., Ferreira & Kerr
2017], so it has had a long period over which remineralised organic matter has
accumulated and hence high concentrations of macronutrients. Along the NAP,
this is even more evident in the concentrations of phosphate (Fig. Ill-2e) and
silicic acid, whose concentrations are up to 50% higher under the influence of
mCDW in the Gerlache Strait and western basin of Bransfield Strait than in the
rest of the NAP (Fig. llI-2f). The central basin of Bransfield Strait is strongly
influenced by DSW from the Weddell Sea in the deep layers (> 800 m) [Dotto et
al. 2016; Damini et al. 2022; Wang et al. 2022], where there are higher
concentrations of DIN (Fig. 11l-2d), phosphate (Fig. Ill-2e) and dissolved oxygen
(Fig. llI-2c) associated with lower concentrations of silicic acid (Figs. Ill-2f and
[119). This is a result of the slower rate of opal dissolution, as diatom frustules sink

out of the surface layer, compared to the remineralisation of sinking organic
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matter [Brown et al. 2006] that releases DIN and phosphate [Hoppema et al.
2015]. Indeed, phytoplankton blooms recorded in the northwestern Weddell Sea
are often composed mostly (> 80%) of diatoms [Mendes et al. 2012], associated
with low DIN/phosphate uptake ratios (< 14) and high silicic acid/DIN ratios (> 1)
[Flynn et al. 2021]. Due to the marked depletion of silicic acid during diatom
growth, the DSW from the Weddell Sea is relatively low in silicic acid while the
concentrations of DIN and phosphate are increased by remineralisation of sinking
organic matter as it is advected towards the NAP. This is reinforced by the low
DIN/phosphate uptake ratios (< 16, Fig 7a) and high silicic acid/DIN uptake ratios
(> 2, Fig 7b) along the NAP, although there is great interannual variability in these
ratios. The advection time of shelf waters from the Weddell Sea towards the
Bransfield Strait is estimated to be between 1 and 5 months to reach the central
basin [van Caspel et al. 2018; Damini et al. 2022]. This time should not be enough
to release high silicic acid concentrations from late spring diatom blooms. Thus,
the interannual variability in nutrient concentrations driven by DSW advection is
likely due to variability in the advection time of these waters and in the timing and
duration of diatom blooms, from early spring to summer. The influence of mCDW
and DSW from the Weddell Sea on silicic acid concentrations is most evident
when we estimate the contribution of these waters along the NAP from the silicic
acid versus dissolved oxygen mixing diagram (Fig. 111-9). Below 50 m, the
southern end of the NAP (near Palmer Station) is strongly influenced by the silicic
acid-rich and dissolved oxygen-poor mCDW. Conversely, the central basin of
Bransfield Strait is strongly influenced by the high dissolved oxygen and low silicic
acid DSW. This west-east pattern in the fractional contributions of mCDW and

DSW to the total mixture is very close to the estimates determined by Damini et
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al. [2022] in the region. For the deep layers (i.e., > 800 m) of central basin of
Bransfield Strait, those authors estimated an averaged contribution of 31 £ 9 %
of mMCDW and 69 + 9 % of DSW, while for the eastern basin of Bransfield Strait
the averaged contribution to the mixture was 44 + 8 % for mCDW and 56 + 8 for
DSW. Although the Palmer Station region is made up of almost 100 % mCDW
below 50 m (Fig. 111-9), silicic acid concentrations are higher than those expected
only from mCDW input, revealing that there are important local sources of silicic

acid in this region.
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Figure I11-9: Influence of the mixture between modified Circumpolar Deep Water (NCDW) and Dense Shelf
Water (DSW) from the Weddell Sea on dissolved oxygen and silicic acid below 50 m along the northern
Antarctic Peninsula. Open circles represent the average concentrations of dissolved oxygen and silicic acid
for each depth interval below 50 m and closed circles indicate the average through the water column below
50 m at Palmer Station (PS), Gerlache Strait (GS) and the western (WB), central (CB) and eastern (EB)
basins of Bransfield Strait. The data used here are from the profiles shown in Figs. lll-4 and I1I5. For PS we
used dissolved oxygen [Waite 2022] and silicic acid [Ducklow et al. 2019] data from the U.S. Palmer Station
(Fig.Il-1). The dissolved oxygen concentration endmembers were 219 pmol kg for mCDW (red closed
circle) and 308 pmol kg* for DSW (blue closed circle), from Damini et al. [2022]. The silicic acid concentration
endmembers were 87 umol kg [Cape et al. 2019] for mCDW and 65 pumol kg [Hoppema et al. 2015] for
DSW.
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3. 4. 2 Additional sources of macronutrients for the NAP

In fact, local sources of macronutrients are also important along the NAP.
Terrestrial input of iron [De Jong et al. 2012; Hatta et al. 2013; Annett et al. 2017;
Sherrell et al. 2018] and silicic acid [e.g., Hawkings et al. 2017] is well known over
the Antarctic continental shelf. However, intense phytoplankton booms in fjords
that flow into the NAP [e.g., Mascioni et al. 2021; Forsch et al. 2021] can inject
high concentrations of remineralised DIN and phosphate into downstream
regions. Moreover, the abrupt freshwater inflow from fjords increases the upper
ocean stability and fertilises the region with iron [Forsch et al. 2021], triggering
intense phytoplankton blooms downstream. Likewise, such favourable conditions
for intense phytoplankton growth, mainly diatoms, are also triggered by glacial
[Hofer et al. 2019; Wang et al. 2020; Meredith et al. 2022] and sea ice melting
[Mendes et al. 2018; Brown et al. 2019; Costa et al. 2020]. Such high primary
productivity sustains a high zooplankton density [e.g., Henley et al. 2019; Plum
et al. 2020], which intensifies the remineralised nutrient stocks [Alcaraz et al.
1998; Whitehouse et al. 2011; Ratnarajah & Bowie 2016; Plum et al. 2020] locally
and further advected along the NAP. Furthermore, the eastern basin of Bransfield
Strait is an important pathway of icebergs released from the Weddell Sea
[Collares et al. 2018; Barbat & Mata 2022], which transport iron [Hopwood et al.
2017; Laufkotter et al. 2018] and likely silicic acid [Hofer et al. 2019] from the
eastern shelf of the Antarctic Peninsula into the NAP. Hence, there is an
increased supply of silicic acid in the eastern basin of Bransfield Strait (Fig. IlI-
2f), where there are also episodic intrusions of silicic acid-enriched mCDW at
intermediate levels [Dotto et al. 2016; Damini et al. 2022). Although widely

neglected in biogeochemical studies [Jones et al. 2015], mesoscale eddies may
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have a relevant impact on nutrient supply along the NAP. Such structures can
favour nutrient supply via upwelling of waters enriched with remineralised
material [Jones et al. 2015; Damini et al. 2023] and by intensifying
remineralisation by deepening the mixed layer depth within the eddies [Dufois et
al. 2014]. Moreover, eddies can trap advected water masses [Thompson &
Heywood 2009] with high remineralised material content [Dufois et al., 2014;
Damini et al. 2023], such as modified Warm Deep Water (a mixture of CDW with
Winter Water in the Weddell Sea) [Hoppema et al. 2015].

The high concentration of macronutrients (Fig. 111-2) and the supply of iron
[Ardelan et al. 2010; Annett et al. 2017; Sherrell et al. 2018] coupled with the
increased upper ocean stability driven by sea ice melting and/or glacial
freshwater input during the summer supports high productivity along the NAP
[Mendes et al. 2018; Hofer et al. 2019; Costa et al. 2020]. We found an average
DIN/phosphate uptake ratio (Fig. llI-7a) within the expected range for the NAP
(~13-21) [Henley et al. 2019], supporting the observations that diatoms are the
dominant group composing high biomass phytoplankton blooms [Mendes et al.
2008; van Leeuwe et al. 2020; Costa et al. 2020, 2021]. In the Southern Ocean,
lower DIN/phosphate ratios (<16) have been observed during diatom blooms,
while other smaller phytoplankton groups are associated with a higher (> 16) ratio
[Arrigo et al. 1999; Henley et al. 2019, 2020]. This is particularly true along the
NAP, where we observed low DIN/phosphate uptake ratios (< 16, Fig. Ill-7a)
when the phytoplankton composition was dominated by diatoms (Fig. 11I-S7). For
example, a low DIN/phosphate uptake ratio was observed in 2016 along the NAP
(Table S2), when an intense phytoplankton bloom was recorded (Costa et al.,

2020, 2021) and over 90% of it was composed of diatoms (Fig. 111-S7).
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Conversely, there were high DIN/phosphate ratios (> 20; Fig. lll-7a) when
phytoplankton composition was dominated by other smaller groups, such as
dinoflagellates, haptophytes (Phaeocystis antarctica), cryptophytes and green
flagellates, in 2017 along the NAP and in 2018 in the western basin of Bransfield
Strait (Fig. 111-S7). However, we found even lower DIN/phosphate uptake ratios
(< 9) in some years (Fig. llI-7a), indicating possible additional sources of
phosphate in relation to DIN. This may be associated with the release of
phosphate accumulated in sea ice [Fripiat et al. 2017], although its effect on the
water column remains unclear [Henley et al. 2019]. Moreover, the high density of
krill enriched by diatom blooms [Henley et al. 2020] may favour phosphate supply,
as krill release phosphate and ammonium through grazing and excretion
processes [Tovar-Sanchez et al. 2007]. We identified silicic acid/DIN ratios that
were within the range previously observed along the WAP and at Palmer Station
(1-3) [Henley et al. 2019; Kim et al. 2016]. Silicic acid/DIN ratios higher than 1
have been associated with diatoms growing under iron-limited conditions [Henley
et al. 2019, 2020], but the NAP is not expected to experience iron limitation [De
Jong et al. 2012; Hatta et al. 2013; Kim et al. 2016; Annett et al. 2017; Sherrell et
al. 2018]. The higher silicic acid/DIN uptake ratios are likely to be a result of high
silicic acid concentrations being supplied by mCDW intrusions and local
remineralisation/dissolution of diatoms walls. The intense diatom blooms in early
spring can lead to a depletion in silicic acid in the upper ocean [Kim et al. 2016]
and then opal dissolution increases the silicic acid concentration again towards
summer. Indeed, we found the highest silicic acid/DIN ratio and the lowest

DIN/phosphate ratio in the western basin of Bransfield Strait (Fig. 111-7), where
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there is a great influence of mMCDW intrusions (Fig. IlI-2) and intense diatom-

dominated blooms [Alvarez et al. 2002; Costa et al. 2020].

3. 4. 3 Drivers of interannual variability of macronutrients

The huge interannual variability in nutrient concentrations along the NAP
is driven mainly by the relative strength of mCDW intrusions and the advection of
DSW from the Weddell Sea. During positive SAM, westerly winds are intensified
southward [Marshall et al. 2006; Dinniman et al. 2012], strengthening mCDW
intrusions along the NAP [Barllet et al. 2018; Damini et al. 2022; Wang et al. 2022]
and increasing nutrient concentration. In addition to direct nutrient input, greater
vertical mixing leads to an increased supply of organic matter [da Cunha et al.
2018; Avelina et al. 2020] and a consequent increase in remineralised nutrient
concentrations throughout the water column. Overall, the influence of SAM on
nutrient concentrations is more evident in the central and eastern basins of
Bransfield Strait because these regions are more influenced by DSW from the
Weddell Sea than both the western basin of Bransfield Strait and Gerlache Strait
[Barllet et al. 2018; Damini et al. 2022; Wang et al. 2022]. In these regions, greater
differences between positive/negative SAM are observed in silicic acid
concentrations (Fig. 111-6) because DSW (mCDW) is depleted (enriched) in silicic
acid (Fig. 111-9). During positive SAM, DSW advection into Bransfield Strait is
weakened, while mCDW intrusion is strengthened [Wang et al. 2022], increasing
the difference between greater/lesser influence of these distinct water masses.
On the other hand, the influence of DSW is smaller in the western basin of
Bransfield Strait and the Gerlache Strait [\Wang et al. 2022], decreasing the silicic

acid depletion due to DSW advection. This is supported by the lower influence of
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SAM on phosphate and DIN concentrations in Gerlache Strait (Fig. 111-6), as the
time for organic matter remineralisation is likely shorter than the advection time
for DSW to reach this region.

Conversely, during positive ENSO, westerly winds typically migrate
northward [Stammerjohn et al. 2008] and weaken mCDW intrusions over the NAP
[Barllet et al. 2018; Damini et al. 2022], decreasing nutrient supply. Such
conditions strengthen the extent of the DSW advected from the Weddell Sea,
reaching the southern end of the NAP (i.e., Gerlache Strait) [Wang et al. 2022].
Since DSW is enriched in DIN and phosphate (Fig. IlI-2d,e) and contains lower
concentrations of silicic acid (Fig. 111-2f), the interannual variability in silicic acid
concentrations is intensified over the NAP. Indeed, we observed a 57% decrease
in silicic acid from 2015 (a year of positive SAM) to 2016 (a year of strong positive
ENSO) in the central basin of Bransfield Strait, where significant changes were
also observed in organic carbon concentrations between these two years
(Avelina et al., 2020). The influence of ENSO on nutrient concentrations is minor
compared to SAM (Fig. 1lI-6) because DSW also contains high concentrations of
DIN and phosphate. Moreover, variations in ENSO are expected to exert less
influence on circulation along the NAP than variations in SAM [e.g., Wang et al.
2022]. This may be associated with uncertainties in the circulation response time
to ENSO variations (i.e., 6 to 9 months) [Meredith et al. 2008; Barlett et al. 2018;
Dotto et al. 2016] and DSW advection time along the NAP, which are still a
challenge to understand. The DSW is estimated to take around 1 to 5 months to
reach the central basin of Bransfield Strait [van Caspel et al. 2018; Damini et al.
2022]. The period of around 5 months is consistent with the estimated time for

the drift of medium-sized icebergs from the northwestern Weddell Sea to reach

92



the central basin of Bransfield Strait [Collares et al. 2018]. However, its
interannual variability and sensitivity to SAM and ENSO events, as well as the
residence time of the waters within Bransfield Strait remain unclear. Nutrient
concentrations appear to be more sensitive to ENSO in the eastern basin of
Bransfield Strait (Fig. 1lI-6) because this is the main pathway of DSW input into
the NAP [van Caspel et al. 2018; Wang et al. 2022]. Therefore, it is reasonable
to conclude that the high interannual variability in nutrient concentrations along
the NAP is driven mainly by changes in ocean circulation and water mass mixing
caused by strong variability in the SAM. The effect of ENSO variability on silicic
acid concentrations via advected DSW is more evident while its effect on DIN and
phosphate concentrations is often counteracted because DIN and phosphate are
also high in DSW.

In addition, the effects of SAM and ENSO on the biogeochemistry of
waters along the NAP can either superimpose or counteract each other,
depending on whether the region experiences concomitant periods of positive
SAM and positive ENSO or vice versa [e.g., Stammerjohn et al. 2008]. Regarding
our results, unfortunately, we could not accurately assess these combined effects
because we only have a more robust time series in the last decade when the
Southern Ocean has been experiencing successive positive SAM [e.qg., Keppler
et al. 2019] and negative ENSO conditions [Santoso et al. 2017]. Moreover,
extreme events can trigger processes that change the concentration of
macronutrients over different time scales. For example, the anomalously high
silicic acid concentrations in 2017 (Fig. 1lI-5), mainly noted in the central and
eastern basins of Bransfield Strait, may have been a result of massive diatom

blooms triggered by the intense positive ENSO during 2016 [e.g., Costa et al.
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2020, 2021], which were subsequently remineralised. Although they were
recorded during the summer of 2016, reaching chlorophyll a concentrations > 45
mg m~3 with more than 95% composed of diatoms [e.g., Costa et al. 2020], these
blooms are thought to occur over a wider temporal window, including early austral
spring [Goncalves-Araujo et al. 2015; Ferreira et al. 2020). Therefore, these
anomalously high concentrations of silicic acid in 2017 may be a result of
subsequent remineralisation of the intense diatom blooms during 2016. In fact,
silica concentrations as high as 110 umol kg have been recorded above 150 m
in this region, associated with high diatom biomass in the 1980s [Heywood &
Priddle, 1987]. Nevertheless, such an anomalous increase in silicic acid likely
was the result of an additional supply besides the remineralisation of diatom
blooms, as DIN and phosphate concentrations were not anomalously high.
Although it is unclear what the additional sources of silicic acid there were in this
year, these could be linked to other extreme events during 2016. Since March
2016, an iceberg with an area of approximately 10% of the Larsen-C Ice Shelf
began its calving process until it was calved off the ice shelf in July 2017 [Hogg
& Gudmundsson, 2017]. Since continental ice can be an important source of
silicic acid to the polar oceans [Hawkings et al. 2017], the calving process of this
iceberg may have been one of the additional sources of silicic acid for the NAP.
Furthermore, a dramatic switch from the strong positive SAM index in September
to the strong negative SAM index in November 2016 favoured a 3°C anomalous
increase in air temperature over the Weddell Sea [Turner et al. 2020]. This rapid
change has led to a record reduction in sea ice extent in the Weddell Sea since
the satellite era began [Turner et al. 2020]. Both the strong positive SAM index

and the reduction in sea ice extent may have intensified the influence of modified
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Warm Deep Water with high silicic acid concentrations (> 125 pumol kg™)
[Hoppema et al. 2015] in the northwestern Weddell Sea. Hence, part of the
anomalous increase in silicic acid in 2017 may be associated with this chain of
extreme events, as modified Warm Deep Water influences the waters that are
advected to the Bransfield Strait [e.g., van Caspel et al. 2018; Barlett et al. 2018].
We cannot account for the impact of each event on the additional increase in
silicic acid. However, this increase is more likely to be associated with events in
the Weddell Sea, as the highest concentrations were recorded in the central and
eastern basins of Bransfield Strait (Fig. 11I-5). This suggests that the calving
process of the giant iceberg from the Larsen-C Ice Shelf probably had a greater
impact on silicic acid concentrations due to input from sediments on the shallow

continental shelf.

3. 4. 4 Seasonal macronutrients drawdown

Despite the high concentration of macronutrients that we observed
throughout the NAP environments, supporting high primary productivity,
Gerlache Strait and the western basin of Bransfield Strait appear to be the most
favourable regions for strong phytoplankton growth. Seasonal nutrient drawdown
in these regions is nearly double that observed in the rest of the NAP (Fig. 111-8).
There is a clear south-north decreasing gradient in seasonal nutrient drawdown
along the NAP. Even in the Gerlache Strait, where the seasonal drawdown is
higher (Fig. 11I-8), it is lower than that found at the Palmer Station region [Kim et
al. 2016] and further south along the WAP [Henley et al. 2017, 2018]. The
relatively lower seasonal drawdown of macronutrients, reaching values close to

zero (Fig. 11I-8) along the NAP, occurs because the surrounding environments
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are more exposed regions, prone to be influenced by mCDW intrusions [Garcia
et al. 2002; Parra et al. 2020] and normally show a high degree of mixing in the
water column structure. However, as Gerlache Strait and the western basin of
Bransfield Strait are shallower, more enclosed areas, and closer to the coast,
they are more likely to experience increased upper ocean stability as a result of
sea ice melting and glacial freshwater input. Such conditions are favourable to
phytoplankton blooms [Costa et al. 2020; Ferreira et al. 2022] and, therefore, to
greater seasonal drawdown of macronutrients. As the summer phytoplankton
blooms in these regions are dominated by diatoms [Costa et al. 2020, 2021;
Ferreira et al. 2022], which are known to enhance CO:2 uptake [Brown et al. 2019;
Costa et al. 2020], these regions also act as a strong summer atmospheric CO:2
sink [Monteiro et al. 2020a,b]. The dominance of phytoplankton growth either by
diatoms or smaller cells was thought to act as an additional control factor over
the magnitude of CO2 uptake in Gerlache Strait [Kerr et al. 2018c]. In fact, the
highest seasonal drawdown of silicic acid was recorded in Gerlache Strait in 2016
(Fig. 111-8c), when there was an intense diatom bloom [Costa et al. 2020] and the
strongest summer CO2 uptake since 1999 [Monteiro et al. 2020a,b]. The great
interannual variability in seasonal nutrient drawdown must also be driven to some
extent by winter sea ice cover [Kim et al. 2016; Henley et al. 2017]. During the
negative SAM condition, increased winter sea ice cover enhances the upper
ocean stability driving phytoplankton blooms in the following summer [Saba et al.
2014], increasing the seasonal nutrient drawdown [Kim et al. 2016]. Moreover,
diatom blooms can be strengthened by the release of diatom cells residing within
the sea ice when there is intense sea ice melting during the summer [Kim et al.

2016]. Hence, part of the high interannual variability in nutrient concentration
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associated with the SAM and ENSO climate modes along the NAP must be driven

by the oscillation in sea ice extent, which is also driven by SAM and ENSO.

3.5 Conclusions

High concentrations of macronutrients (DIN, phosphate, and silicic acid)
were recorded during austral summer in environments along the NAP. The
macronutrient concentrations exhibited huge interannual variability, reaching up
to three-fold changes in silicic acid and two-fold changes in phosphate
concentrations among the annually-averaged profiles for each region. The
coupling of mCDW intrusions together with local sources, such as
remineralisation of organic matter, terrigenous inputs of silicic acid, mesoscale
structures and circulation, and sea ice dynamics, explains the high nutrient
concentrations found along the NAP. The great interannual variability is also
driven largely by the extent of mCDW intrusions and its mixing with the DSW
advected from the Weddell Sea, which can be intensified by local mesoscale
processes. The strength of mMCDW intrusions, and hence nutrient supply, is often
modulated by the SAM, and to a lesser extent by ENSO. However, further studies
are still needed to better decouple their influences on changes in the mixture
between mCDW and DSW. In addition, we found stoichiometric uptake ratios of
DIN/phosphate less than 16 and silicic acid/DIN greater than 1, associated with
high phytoplankton biomass, mainly composed of diatoms, which have been
associated to strong CO2 uptake in the coastal and relatively shallow zone of the
NAP. Despite the enhanced summer phytoplankton growth, relatively low
seasonal nutrient drawdown was found in most sub-regions of the NAP, reaching

down to near-zero drawdown for phosphate and silicic acid. This is likely due to
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the high supply of macronutrients from different sources, which makes NAP
environments highly favourable for growth and development of phytoplankton
blooms. This is particularly important as the NAP is one of the most productive
regions in the Southern Ocean and where major climate-driven change is being
observed. Hence, these findings are critical to improving our understanding of the
natural variability of Southern Ocean ecosystems and informing our predictions
of how these nutrient inputs may respond to ongoing and expected climate and

environmental change.
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S1; Fig. lI-S2; Fig. IlI-S3; Fig. 11I-S4; Fig. 11I-S5; Fig. IlI-S6; Fig. 111-S7 e Fig. IlI-

S8. E a tabela Tab. I1I-S1.
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Figure 111-S1: The gray dots show the profiles of hydrographic parameters and macronutrients sampled in
the austral summer along the Gerlache Strait from 1996 to 2019 and the black dots show the average profiles
of each property, used to compose Figs. 1lI-4 and IlI-5 in the main text.
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Figure 111-S2: The gray dots show the profiles of hydrographic parameters and macronutrients sampled in
the austral summer along the western basin of the Bransfield Strait from 1996 to 2019 and the black dots
show the average profiles of each property, used to compose Figs. llI-4 and IlI-5 in the main text.
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Figure 111-S3: The gray dots show the profiles of hydrographic parameters and macronutrients sampled in
the austral summer along the central basin of the Bransfield Strait from 1996 to 2019 and the black dots
show the average profiles of each property, used to compose Figs. llI-4 and IlI-5 in the main text.
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Figure 111-S4: The gray dots show the profiles of hydrographic parameters and macronutrients sampled in
the austral summer along the eastern basin of the Bransfield Strait from 1996 to 2019 and the black dots
show the average profiles of each property, used to compose Figs. llI-4 and IlI-5 in the main text.
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Figure 111-S5: Surface (up to 5m), intermediate (at 300m) and deep spatial distribution of (a-c) conservative
temperature, (d-f) absolute salinity, and (g-i) dissolved oxygen during austral summer (Jan-Mar) along the
northern Antarctic Peninsula from 1996 to 2019.
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Figure 11I-S6: Surface (up to 5m), intermediate (at 300m) and deep spatial distribution of (a-c) dissolved
inorganic nitrogen (DIN), (d-f) phosphate, and (g-i) silicic acid during austral summer (Jan-Mar) along the
northern Antarctic Peninsula from 1996 to 2019.
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Figure IlI-S7: Percentage of relative phytoplankton biomass during austral summer along the northern
Antarctic Peninsula from 2008 to 2018. Here we separate the phytoplankton composition between diatoms
and other smaller groups (Dinoflagellates, Phaeocystis, Cryptophytes, and green flagellates). All analyses
of the composition of phytoplankton groups used here are detailed in Costa et al. (2020, 2021 and references
therein).
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DIN/P statistics

Table 111-S1: DIN/phosphate and silicic acid/DIN regression statistics for the summer profiles in each year along the northern
Antarctic Peninsula. The ratios * the standard deviations are the slope and root mean square error from the regressions,

respectively.
Year Gerlache Strait Western Bransfield Central Bransfield Eastern Bransfield
1996 13.38 £ 0.59 15.66 £ 0.46 16.24 £ 0.40
(R2=0.99; p<0.001; n=8)  (R?=0.99; p<0.001; n=8)  (R?=0.99; p<0.001; n=9)
2003 3.94+1.07
(R2=0.69; p=0.010; n=8)
2004 10.28 £ 1.59 7.21+1.53 12.69 + 3.67
(R2=0.88; p<0.001; n=8)  (R?=0.82; p=0.005; n=7)  (R?=0.63; p=0.011; n=9)
2005 11.86 + 2.69 6.44 + 3.07
(R2=0.71; p=0.002; n=10)  (R2=0.42; p<0.081; n=8)
2006 15.25+ 2.36
(R2=0.91; p=0.003; n=6)
2008 144+ 2.10 15.62+2.74 13.12+1.94
(R?=0.89; p<0.001; n=8) (R?=0.80; p<0.001; n=10) (R2=0.84; p<0.001; n=11)
2009 5.64 £0.79 6.76 £ 0.49
(R?=0.86; p<0.001; n=10)  (R2?=0.97; p<0.001; n=9)
2010 9.57+£0.23 11.68 £1.30 19.77+1.31
(R?=0.99; p<0.001; n=8) (R?=0.91; p<0.001; n=10) (R2=0.96; p<0.001; n=11)
2011 11.35+1.71
(R2=0.86; p<0.001; n=9)
2013 12.19+ 2.62 10.19+£1.35 9.38£1.59 13.57 +1.87
(R?=0.78; p=0.003; n=8)  (R?=0.90; p<0.001; n=8) (R?=0.81; p<0.001; n=10) (R?=0.84; p<0.001; n=12)
2014 15.09£0.41 1746 £ 0.71 12.77 £0.79 11.58 +1.19
(R?=0.99; p<0.001; n=8) (R?=0.99; p<0.001; n=7) (R?=0.97; p<0.001; n=10) (R?=0.90; p<0.001; n=12)
2015 17.25 +£ 2.46 1495+ 2.02 12.74+£1.01 12.81+1.33
(R2=0.89; p<0.001; n=8)  (R2=0.95; p=0.005; n=6)  (R2=0.95; p<0.001; n=10)  (R2=0.94; p<0.001; n=8)
2016 1441+ 1.15 9.00 £ 2.96 10.89£0.71 8.78+£1.19
(R2=0.96; p<0.001; n=8)  (R?=0.61; p=0.023; n=8)  (R2=0.97; p<0.001; n=10)  (R2=0.85; p<0.001; n=12)
2017 16.30 £ 2.02 9.62+1.31 13.70 £ 1.00 21.60+241
(R?=0.92; p<0.001; n=8)  (R?=0.90; p<0.001; n=8)  (R?=0.96; p<0.001; n=10)  (R2=0.90; p<0.001; n=11)
2018 16.74 £ 1.37 24.80 = 2.96 16.01£0.91 8.84+£1.05
(R?=0.97; p<0.001; n=7)  (R?=0.93; p<0.001; n=7)  (R?=0.91; p<0.001; n=10)  (R2=0.88; p<0.001; n=12)
2019 9.40 £ 0.87 13.72+£1.82 13.09+£0.94 20.29+271

(R2=0.95; p<0.001; n=8)

(R2=0.82; p<0.001; n=7)

(R?=0.94; p<0.001; n=10)

(R2=0.90; p<0.001; n=8)
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(R2=0.87; p<0.001; n=8)

(R2=0.93; p<0.001; n=7)

(R?=0.95; p<0.001; n=10)

Year Gerlache Strait Western Bransfield Central Bransfield Eastern Bransfield
1996 0.97+0.14 1.8+0.35 1.04 £ 0.25
(R?=0.89; p<0.001; n=8) (R?=0.82; p=0.002; n=8) (R?=0.71; p=0.004; n=9)
2003 1.31+£0.96 0.81+0.23 3.07£0.47
(R?=0.24; p=0.223; n=8) (R?=0.64; p=0.010; n=8)  (R2=0.84; p<0.001; n=10)
2004 1.63 £ 0.50 1.73 +0.57 2.65+0.37
(R2=0.64; p=0.017; n=8)  (R?=0.70; p=0.039; n=6)  (R?=0.87; p<0.001; n=9)
2005 2.74 +0.30 3.69+0.80
(R2=0.91; p<0.001; n=10)  (R2=0.84; p<0.010; n=8)
2006 2.78 £0.55
(R?=0.86; p=0.007; n=6)
2008 1.54 £ 0.40 0.84 +0.16 3.02+0.36
(R?=0.71; p=0.009; n=8)  (R?=0.78; p<0.001; n=10) (R2=0.92; p<0.001; n=8)
2009 5.55 %+ 0.46 2.61+0.26
g (R?=0.95; p<0.001; n=10)  (R?=0.93: p<0.001; n=9)
'% 2010 3.21+0.25 0.88 +0.13 2.03+£0.18
2 (R2=0.97; p<0.001; n=8)  (R?=0.84; p<0.001; n=10)  (R2=0.93; p<0.001; n=11)
% 2011 1.18+0.31
E (R2=0.68; p=0.006; n=9)
é 2013 1.02+£0.23 2.33+042 0.84+0.22 2.01+0.20
@ (R2=0.76; p=0.005; n=8)  (R?=0.83; p=0.002; n=8)  (R2=0.64; p=0.006; n=10)  (R?=0.91; p<0.001; n=12)
2014 0.65+0.17 0.65+0.17 0.91+0.12 1.15+0.17
(R?=0.75; p=0.012; n=7)  (R?=0.76; p=0.002; n=8)  (R2=0.88; p<0.001; n=10) (R?=0.82; p<0.001; n=12)
2015 1.34£0.40 3.83+0.68 4.03+0.38 4.05+0.49
(R?=0.66; p=0.015; n=8)  (R?=0.91; p<0.011; n=5) (R?=0.93; p<0.001; n=10) (R2=0.90; p<0.001; n=12)
2016 3.09+£0.57 1.73+1.17 1.56 £ 0.16 1.36 £ 0.18
(R?=0.83; p=0.002; n=8) (R?=0.31; p=0.197; n=7)  (R?=0.92; p<0.001; n=10) (R?=0.86; p<0.001; n=12)
2017 2.45+0.22 3.97£1.07 415+ 0.34 4.34 +0.25
(R2=0.95; p<0.001; n=8)  (R2=0.70; p=0.01; n=8)  (R2=0.95; p<0.001; n=10) (R2?=0.97; p<0.001; n=11)
2018 1.53+£0.12 1.02+0.11 1.89+0.19 2.97 £ 0.46
(R?=0.97; p<0.001; n=7)  (R?=0.95; p<0.001; n=7)  (R?=0.92; p<0.001; n=10)  (R2=0.81; p<0.001; n=12)
2019 201+0.31 1.67 £0.20 1.24+0.11 1.67 £ 0.17

(R?=0.91; p<0.001; n=12)
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Capitulo IV: Variabilidade sazonal e
interanual do FCO;, na NAP

este estudo foi investigada a variabilidade sazonal e interanual do

FCO:2 no estreito de Gerlache, no NAP, entre 2002 e 2017. Foi

identificado que durante oito meses (de abril a novembro) o estreito
de Gerlache libera CO2 para a atmosfera, mas em apenas quatro meses (de
dezembro a margo) essa regido absorve quase a mesma quantidade de CO2 que
€ liberada nos outros oitos meses. Como consequéncia, o FCO2 médio anual
entre 2002 e 2017 foi de 1,24 +4,33 mmol m? dia!, mostrando que o ciclo do
carbono nessa regido é muito mais sensivel que se imaginava. Além disso, 0s
processos que controlam o ciclo sazonal do FCO2 foram identificados, sendo a
fotossintese a principal responsavel pela intensa absorcdo de CO:2 durante o
verdo e a afloracdo de aguas ricas em COg2, principalmente CDW, como o
principal responsavel pela liberagédo de CO2 nas outras estacdes do ano. Este
estudo foi publicado no periddico Scientific Reports

(https://doi.org/10.1038/s41598-020-71814-0).
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4. 1 Introduction

The investigation of Antarctic coastal regions has long been neglected
because they are difficult to access [Takahashi et al. 2009; Lenton et al. 2013;
Takahashi et al. 2014; Roobaert et al. 2019], especially during periods other than
the austral summer [Gibson & Trull 1999; Metzl et al. 2006; Roden et al. 2013;
Legge et al. 2015]. This occurs because of most of the year (i.e., from April to
November), these regions are almost completely or completely covered by sea
ice [Cavalieri & Parkinson 2008; Parkinson & Cavalieri 2012]. Such conditions
lead to a biased representation of sampling in autumn and winter, which are likely
critical periods for changes in seawater carbonate chemistry and FCOo..

In fact, several studies have been conducted during the austral summer to
better understand the FCO:2 [Karl et al. 1991; Takahashi et al. 1993; Arrigo & Van
Dijken 2007; Brown et al. 2019; Monteiro et al. 2020a; Caetano et al. 2020] and
carbonate system parameter variability [Nomura et al. 2014; Jones et al. 2017;
Legge et al. 2017; Kerr et al. 2018a; Kerr et al. 2018b; Lencina-Avila et al. 2018]
in the remote Southern Ocean. It is widely known that the Antarctic coasts behave
as a strong CO:z2 sink during the summer [Monteiro et al. 2020a; Dejong & Dunbar
2017], which has intensified during recent years [Brown et al. 2019; Monteiro et
al. 2020a]. Actually, the intensity of this behaviour is marked by high interannual
variability, since the summer FCOz2 in the Gerlache Strait, for example, oscillate
between periods of strong CO2 sink (i.e., < = 12 mmol m~? day!) and sea-air near-

equilibrium conditions at inter-annual scales [Monteiro et al. 2020]. However,
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even when Antarctic coastal regions do not behave as a strong CO:2 sink, they
take up CO:2 in the summer [Monteiro et al. 2020a], although eventual episodes
of CO2 outgassing can occur [Kerr et al. 2018a].

Although some studies have provided important information on the
seasonality of the FCO2 [Roden et al. 2013; Legge et al. 2015; Legge et al. 2017],
they are restricted to a few specific years or localised regions, which may bias
the modelled long-term trends of these regions. Hence, understanding the annual
budget of FCO2 remains a challenge [Roobaert et al. 2019; Henley et al. 2019].
This is particularly true for the Gerlache Strait and likely other major embayments
around the Antarctic coasts since it remains unclear whether this CO2z sink
behaviour persists throughout the year or is balanced in other seasons.
Moreover, little is known about the main drivers of FCO2 seasonality and their
consequences for the sea surface carbonate system.

Therefore, here, we present an annual overview of the FCO2 and the
carbonate system properties in the Gerlache Strait, an ecologically and
climatically important area of the NAP. Furthermore, we demonstrate that this
region acted as an annual net CO:2 source to the atmosphere from 2002 to 2017,
contrasting with previous findings for the western Antarctic Peninsula
environments [Roden et al. 2013; Legge et al. 2015; Legge et al. 2017] and other
regions around Antarctica [Lenton et al. 2006; Bakker et al. 2008; Arrigo et al.

2008].

4. 2 Oceanographic features of the Gerlache Strait
The Gerlache Strait is a coastal region along the NAP that is being

impacted by climate change [Henley et al. 2019; Kerr et al. 2018c] and is
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essential for the health of the Antarctic food web [Nowacek et al. 2011; Dalla
Rosa et al. 2008; Mendes et al. 2018]. The strait is a shallow basin that lies
between the NAP and the Palmer Archipelago and is connected to the
Bellingshausen Sea (to the west) and the Bransfield Strait (to the north) (Fig. IV-
la,b). Although it covers a smaller area (~ 8000 km?) than other coastal regions
around the NAP, the Gerlache Strait is a highly productive coastal zone.

In the Gerlache Strait, records of chlorophyll a (used as an indicator of
primary producer biomass) range from ~2.0 mg m=3 [Mendes et al. 2018] to ~ 23
mg m=3 [Costa et al. 2020] under distinct austral summer conditions. These
concentrations have the same or a greater magnitude than those observed in
more extensive regions, such as the Bransfield Strait (4.4+3.84 mg m™)
[Costa et al. 2020] and the northwestern Weddell Sea (1.38 £2.01 mg m~3) [Ito et
al. 2018]. In addition, the Gerlache Strait has experienced intense diatom blooms
reaching > 45 mg m~2 of chlorophyll a [Costa et al. 2020]. Although higher, this
value is consistent with that recorded in the vicinity of Palmer Station, in the
southernmost part of the Gerlache Strait, where the maximum chlorophyll a
recorded was ~ 30 mg m~2 [Kim et al. 2018].

The high biological productivity in this region, reflected at different trophic
levels [Secchi et al. 2011], is mainly due to the complex interplay of its distinct
water mass sources, sea ice dynamics, ocean circulation, nutrient-rich meltwater
input and protection from severe weather conditions [Prézelin et al. 2000;
Wadham et al. 2019]. Additionally, the rapid effects of climate change [Henley et
al. 2019; Kerr et al. 2018c; Meredith & King 2005], a recent increase in glacial
meltwater discharge [Moreau et al. 2015], and likely the advection of both organic

and anthropogenic carbon around the NAP [Kerr et al. 2018b; da Cunha et al.
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2018; Avelina et al. 2020] have influenced the coupled physical-biological
processes changing the carbon biogeochemistry across the entire western
Antarctic Peninsula shelf region [Kerr et al. 2018c; Moreau et al. 2015].

Moreover, the Gerlache Strait is affected by irregular intrusions of CDW
[e.g., Prézelin et al. 2000; Smith et al. 1999; Garcia et al. 2002; Couto et al. 2017]
(Fig. IV-1b). CDW is a warm, salty, poorly oxygenated, and carbon- and nutrient-
rich water mass flowing eastward with the ACC at intermediate and deep levels
around the continent [Garcia et al. 2002; Barllet et al. 2018; Cape et al. 2019].
CDW intrusions along the western shelf of the Antarctic Peninsula are often
associated with upwelling, mainly caused by shallow bathymetry [Venables et al.
2017] and predominant wind systems [Prézelin et al. 2000].

These intrusions are also affected by modes of climate variability that
regulate the intensity of winds in the Southern Ocean, such as the ENSO and
SAM [Barllet et al. 2018; Stammerjohn et al. 2008; Dinniman et al. 2012]. During
the positive phases of the SAM, the westerly winds are intensified, and the
frequency and intensity of episodic CDW intrusions increase [Barllet et al. 2018].
Conversely, under extreme ENSO, winds are weakened and cooled
[Stammerjohn et al. 2008], probably reducing CDW intrusions on the western
shelf of the Antarctic Peninsula. Under any of these conditions, the physical
properties of CDW change when it is mixed with cooler and less saline surface

waters, originating the mCDW in the shelf and coastal domain.
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Figure IV-1: Location of the (a) western and northern Antarctic Peninsula and the (b) Gerlache Strait, with a simplified surface circulation pattern (red arrows) that is strongly
influenced by the Bellingshausen Sea. The surface circulation in (b) was based on Savidge & Amft [2009]. The dashed red arrows represent the modified Circumpolar
Deep Water intrusions into the strait, which were identified by Smith et al. [1999], Prézelin et al. [2000] and Garcia et al. [2002]. The green square depicts the U.S. Palmer
Station location (64.8°S, 64.1°W), from which we extracted atmospheric data. The colour shading represents the bottom bathymetry. These maps were generated by using
the software Ocean Data View (v. 5.3.0, https://odv.awi.de).
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At depths greater than 100 m, the Gerlache Strait is influenced by the
mixing of water masses sourced from the Bellingshausen and Weddell seas. In
addition to mCDW, the north of the strait is influenced by a modified variety of
High Salinity Shelf Water (HSSW), which is cooler and more oxygenated than
CDW [Barllet et al. 2018; Zhou et al. 2002]. HSSW is formed on the northwestern
Weddell Sea continental shelf and is advected towards and along the Bransfield
Strait by the Antarctic Coastal Current [Zhou et al. 2002; Dotto et al. 2016]. Signs
of its presence at deep levels of the Gerlache Strait are an important aspect of
the NAP because HSSW is younger than CDW, and the biogeochemical impact
of mixing between the modified varieties of these waters is not yet completely
understood [Kerr et al. 2018b; Lencina-Avila et al. 2018; da Cunha et al. 2018].
However, a consequence of HSSW is the intrusion of anthropogenic carbon in
deep levels of the strait (Lenton et al., 2006; Bakker et al., 2008), which can

intensify the ocean acidification process in the region.

4. 3 Material and Methods
4. 3. 1 Dataset and carbonate system properties

We used the data available from SOCAT [Bakker et al. 2016] to compile a
temporal series spanning 2002 to 2017 (Fig. IV-S2) of the SST, SSS and pCO2%"
of the Gerlache Strait. Here, we evaluated the seasonal variability of the FCO:
and hydrographic and carbonate system parameters. Therefore, the seasons
were defined as (1) summer: January to March; (2) autumn: April to June; (3)
winter: July to September; and (4) spring: October to December. We analysed
the months in which the data covered the majority of the Gerlache Strait in all

seasons (Fig. IV-S3).
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The pCO2%" data extracted from SOCAT were directly measured using air—
water equilibrators and an infrared analyser for CO2 quantification [Bakker et al.
2016]. However, SOCATv6 provides surface pCO2" data with only
corresponding SST and SSS values. Hence, we used At from the GOAL [Mata
et al. 2018] and the World Data Centre PANGAEA [Hellmer & Rohardt 2010] to

estimate At from SSS using Eq. IV-1 (r?=0.98, RMSE =4.4, n = 140).

Ar = 36.72 x SSS + 1052 V-1

These data were sampled in the austral summers of 1995/96 (PANGAEA;

https://doi.pangaea.de/10.1594/PANGAEA.825645) [Anadon & Estrada 2002]

and 2015-2019 (GOAL); [Monteiro et al. 2020; Lencina-Avila et al. 2018].
Equation 1 was developed using the curve fitting toolbox of MATLAB, with the
least absolute residual mode and first-order polynomial adjustment. This option
considered all the data important, minimised the residuals, and can be used when
data series have few nonconfigurable values [Patil & Rao1994].

Using the estimated At and pCO2%" from SOCATV6, we calculated the Cr,
pH, Qca and Qar with CO2SYS version 2.1 [Lewis et al. 1998; Pierrot et al. 2006].
This program determines these parameters from the thermodynamic equilibrium
relation among the carbonate species using carbonate dissociation constants.
Because of the good response obtained in high-latitude regions [Brown et al.
2019; Monteiro et al. 2020a; Kerr et al. 2018a; Millero et al. 2002; Laika et al.
2009], we used the constants K1 and K2 proposed by Goyet & Poisson [1989]
and the sulphate and borate constants proposed by Dickson [1990] and

Uppstrom [1974], respectively.
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4. 3. 2 Drivers of pCO2%" changes

The pCO2%" drivers throughout the seasons were calculated based on the
difference between the values of the parameters in each season and their
respective averages in previous seasons (ApCO2%V; Table IV-1). Then, the
ApCO2" values were separated into categories representing the contributions of
differences in Cr, A, SST and SSS. The relative contributions of the drivers
changing pCO2°" were assessed by converting their relative changes

into pCO2%" units (patm) following Lenton et al. [2012] as in Eq. IV-2:

apcoz” apcoz” i
ST ASST +—aSSS ASSS V-2

drv _ dpcod” apcod”
A = 2. NCt + 2 NAT +
pCO, aCt Cr oAT T

where ACr, AAT, ASST and ASSS are the differences between the values of the
parameters and their respective averages in previous seasons. This analysis was
conducted in each year, and the results were averaged to represent an average
year.

The partial derivatives were calculated using Egs. IV-3 to IV-6 (see details
in Takahashi et al. [2014]). These approximations have been widely used in the
Southern Ocean [Lenton et al. 2012; Takahashi et al. 2014; Brown et al. 2019] to
evaluate pCO2%" drivers, both seasonally and spatially. Here, we used the

average Revelle and Alkalinity factors of 14 and —13, respectively.

opcoz” _ pco3"

o e Revelle Factor V-3
PCO = PC%  « Alkalinity Factor V-4
aAT AT
9pCOZ" _ sw -
Zs= =0.026 x pCO; IV-5
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opcos - sw 0.0423 x ASST
oL ASST =2 x pCOS" x (e = -1) V-6

Table IV-2: Average differences and standard deviations for the SST (°C), SSS, Ar (umol kg?),
and Cr (umol kg™?) involved in pCO2" (uatm) changes. The table shows the differences between
the values of the parameters in each season and their respective averages in previous seasons
(ApCO2M),

Summer Autumn Winter Spring
ASST 147+0.62 -1.86+0.59 -0.80+0.34 0.86=*0.88
ASSS -0.33+048 0.34+0.25 0.25%+0.20 -0.26+0.29

AAT -12+18 12+ 9 9+7 -9+11
ACT -50 + 52 62+14 25+10 -36 +42
ApCO2¥v  —69+70 8724 38 £ 22 -55+70

4. 3. 3 Calculation of FCO»

We calculated FCO2 using Eq. IV-7 [Roobaert et al. 2019; Deacon 1977]:

FCO, = K; x K¢ x (1 - Ice) ApCO, V-7

where ApCO: is the difference between pCO2" and pCO22"; Kt is the gas transfer
velocity, depending on wind speed [Wanninkhof 2014]; Ks is the COz solubility
coefficient, as a function of both SST and SSS [Weiss 1974]; and Ice is a
dimensionless coefficient corresponding to the fraction of the air—water interface
(between 0 and 1) covered by sea ice.

We used monthly averages of pCO22" and wind speed (m s?) data from
the U.S. Palmer Station, located in the southern part of the Gerlache Strait. The
station continuously measures meteorological parameters throughout the year
[Dlugokencky et al. 2015]. We calculated pCO22" from the monthly averages of
the xCO22" and atmospheric pressure (both from the Palmer Station), which was
corrected by the water vapour pressure estimated from SST and SSS by the

widely used equations of Weiss & Price [1980]. Sea ice cover was obtained from
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the monthly mean of the 0.25° daily satellite products by Reynolds et al. [2007],

which cover the entire length of the Gerlache Strait (Fig. IV-S9e-h).

4. 3. 4 Sea ice growth and melt processes

The sea ice growth and sea ice melt processes represented by the
theoretical grey arrow in Fig. 1V-3 were built based on the end-members of Ar
and Cr described in Rysgaard et al. [2011] and references therein. For sea ice
growth, the authors estimated that the salinity, At and Cr values were 33.98, 2361
umol kgt and 2219 umol kg, respectively, and for sea ice melt, these values
were 6, 864 umol kg* and 480 umol kg, respectively. Therefore, we adapted
the widely known biogeochemical diagram [e.g., Zeebe 2012; Wanninkhof et al.
2015] and included these two processes through the theoretical line in Fig. IV-
S1. Therefore, the closer the relationship between nArt and nCr is to this
theoretical line, the more likely it will be that the sea ice growth/sea ice melt

processes are influencing nAr and nCr.

4. 3. 5 Normalisation of At and Ct by average seasonal SSS
At and Cr data were normalised to a seasonal average salinity using a

non-zero freshwater end-member according to the Eq. IV-8 by Friis et al. [2003]:

_ A_rlr_'neas _ A‘Sr=0

nAT = Sl x §S8™9 + AT V-8

where At™e3s is the measured Ar, At is the At for a non-zero salinity, SSS™eas
is the measured salinity and SSS29 is the average salinity for each season. The

same equation was used to calculate the Ct normalised by salinity. We used

118



A7570 =864 pumol kgt and Ct57° = 480 umol kg from the end-members proposed

by Rysgaard et al. [2011] and references therein.

4. 3. 6 Estimation of meteoric water

We estimated the meteoric water percentage (MW) using Eq. V-9,
following Rivaro et al. [2011], which is widely used in polar regions [e.g., Rivaro
et al. 2014; Mendes et al. 2018], and assuming an average sea-ice salinity of 6

[Ackley et al. 1979]:

_ Salintyg, tace —6

Meteoric Water = (1 ) x100 V-9

Salinity, on—6

where Ssurface and Shotton are the salinities at the surface and bottom of the ocean,
respectively. Here, we considered an average bottom salinity of 34.50 following
Monteiro et al. [2020], who estimated it from the GOAL and World Ocean
Database 2013 (WOD13) datasets. MW was defined by Meredith et al. [2008] as
the freshwater contribution without source distinction from precipitation, glacial

discharge and iceberg or sea ice melt.

4. 3. 7 Spatial distributions of properties

All spatial distribution maps for the properties in this study were
interpolated using Data-Interpolating Variational Analysis (DIVA) gridding
[Troupin et al. 2012]. We used a length scale value of 15%. for both the X and Y
axes to ensure optimal preservation of data structure and smoothness. The
averaging and all other calculations performed in this study were based only on
the observed or reconstructed data and not on the interpolated data. Map

interpolations were made to provide reader-friendly visualization of the results.
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4. 3. 8 Limitations and uncertainties
We estimated the propagated uncertainty from the partial derivatives of all
calculated parameters (Tab. IV-2) in relation to each variable involved in the

calculation as follows:

0= J( o () )2 0.2+ (ﬂ)z G2+ .. + (ﬂ)z 0,2 V-10

dvariable a dvariable b dvariable z

where the derived functions f(x) are the calculated parameters (i.e., FCOz2, Ct, Q
and pH) and o is the uncertainty associated with each variable involved in
calculation of the parameter. Because SSS uncertainties are expected to be low
enough to be negligible (i.e., <0.001, according to the GOAL and PANGAEA
datasets), they were not considered here. Hence, the propagated uncertainties
in Cr, Q and pH fundamentally represented the errors associated with the
estimated At (4.4 umol kg™'), SST (£0.05°C) and measured pCO2%". We
used pCO2%" data from SOCATV6 with uncertainties <2 patm (55% of total)
and <5 patm (45%).

We calculated the propagated uncertainties for all carbonate system
properties with the CO2SYS error tool [Orr et al. 2018]. For FCOz2, uncertainty was
related to the standard error of the averaged wind speed for each season, the
measured pCO2%" and xCO22", and sea ice cover. The analytical error for
xCO23" measurements from the U.S. Palmer Station was estimated to
be £ 0.07 umol/mol for the studied period [Dlugokencky et al. 2015]. Sea ice
concentrations were computed to a precision of 1% coverage [Reynolds et al.

2007; Grumbine 1996].
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Tab IV-2: Average and standard deviation of the uncertainties propagated in the calculations of the carbonate
system properties and FCO:z flux for each season. The units of uncertainty are the same as the units of the
evaluated parameters: FCO2 (mmol m=2 d™1), Ct (umol kg™), pH (total scale) and Q (unitless). Standard

deviations ~ 0 are smaller than the limit of significant digits in the averages.

SW
pCOZ. Summer Autumn Winter Spring
uncertainty
FCOz2 1.96 £ 0.64 2.65 +0.83 3.46+1.18 2.34+£0.76
Cr 5.58 + 0.57 5.00+£0.10 4.84 +0.05 5.13+0.46
Qca < 2 patm 0.15+0.03 0.12+0.01 0.11+£0.003 0.12+0.03
Qar  (55% of all 0.10 £0.02 0.07+£~0 0.07+~0 0.08 £ 0.02
data) 0.0076 + 0.0075 * N 0.0075 £
PH 0.0003 0.0003 0.0075£~0 0.0002
FCO:2 4.15+0.73 6.53+2.10 8.29 + 3.04 5.44 +1.80
Cr 6.11+1.16 5.22 +0.13 5.02 £ 0.07 5.45 +0.83
Qca <5 patm 0.16 £ 0.04 0.12+0.01 0.11+£0.003 0.13+0.03
Qar  (45% of all 0.10 £0.02 0.07+£~0 0.07+~0 0.08 £ 0.02
data) 0.0097 + N 0.0086 * 0.0090 +
pH 0.0015  00087x-0 " 55001 0.0010

Finally, we used a first-order polynomial relationship between At and SSS
to estimate At and calculate the other parameters of the carbonate system based
on summertime data. We assumed this relationship for all seasons because the
summer was the only period with available At data for the study region. However,
the summer is characterised by greater Ar variability than other seasons,
implying that the ranges of Ar and SSS may represent the annual range (i.e., At:
2200-2320 umol kg™; SSS: 32-34.5). Such limitations are mainly due to the
scarcity of data in periods other than summer and highlight the need for additional
efforts to better understand the dynamics of the carbonate system parameters in

coastal regions of the Southern Ocean.

4. 4 Results
4. 4. 1 Hydrographic properties and the carbonate system
Negative sea surface temperatures were recorded from April to November

(Fig. IV-2a), and the lowest values in summer were observed in the northernmost
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part of the strait, where the highest salinities were recorded (Fig. 1V-S4). The
opposite temperature distribution pattern occurred during spring, when the lowest
temperatures were recorded at the southern end of the strait. At the connection
between the central basin of the Gerlache Strait and the Bellingshausen Sea (i.e.,
Schollaert Channel), higher temperatures were associated with lower salinity
(Fig. IV-S4). On the other hand, the spatial distributions of temperature and
salinity in autumn and winter were more homogeneous than those in summer and
spring.

The carbonate system properties also demonstrated distinct spatial
distribution patterns among seasons (Figs. IV-S5 to IV-S8). The seasonal
variabilities of Ar and Cr followed that of pCO2%" and were inverse to those of pH
and the Qca and Qar throughout the year. At was higher than Ct from December
to March and was lower than Cr during the rest of the year (Fig. IV-2d). This
seasonal pattern was also observed for CO:2 saturation relative to the
atmosphere, i.e., the difference (ApCO2) between pCO2%" and the pCO22" was
positive from April to November and negative from December to March (Fig. IV-
2b). Minimum pH values (total scale) of 7.99 £ 0.02 were observed in winter, while
in the other seasons, they were equal to or greater than 8.00 (Fig. IV-2c).
Undersaturated carbonate calcium conditions (i.e., Q less than 1) were not
observed for either species during the seasonal cycle (Fig. IV-2c), although the

lowest surface values of Qca and Qar were recorded in winter, on average.
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Figure IV-2: Detrended annual cycle of hydrographic and carbonate system properties on the surface of the
Gerlache Strait. (a) Temperature and salinity, (b) CO:2 partial pressure in the sea surface (pCO2%") and the
difference between pCO2%" and atmospheric pCO2 (ApCOy), (c) pH (total scale) and saturation states of
calcite (Qca) and aragonite (Qar), and (d) total alkalinity (At) and total dissolved inorganic carbon (Ct). The
blue bars are the standard deviations oriented up or down for visual clarity. The horizontal lines are the
boundaries of 0 °C (a) and a ApCO:2 equal to 0 (b).
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4. 4. 2 Drivers of pCO2%" seasonal changes

In summer, virtually all processes exerted some influence on the surface
CO2 system, as shown by the wide dispersion of the salinity-normalized Ar and
Cr (nAtr and nCr, respectively; Fig. IV-3a). In general, carbonate dissolution
seems to exert a greater influence in autumn and winter than in spring and

summer, although sea ice growth also acts to control At and Cr in winter.
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Figure 1V-3: Salinity-normalised (average salinity for each season as in Fig. IV-S4) total alkalinity and total
dissolved inorganic carbon (nAr and nCr, respectively) dispersal diagram for the (a) summer, (b) autumn,
(c) winter, and (d) spring. nAt and nCt were calculated for non-zero salinities following Friis et al. [2003].
Arrows represent the nAr:nCr ratio that characterises the physical-biogeochemical processes that affect nAr
and nCr (adapted from Zeebe [2012]). The theoretical arrow representing the sea ice growth and melt
processes was based on the threshold values for At and Cr described in Rysgaard et al. [2011]. More details
about the normalisation of Ar and Cr as well as sea ice growth and melt processes are provided in the
Supplementary Material. Note that the magnitudes of the axes are different among subplots.
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Carbonate dissolution/calcification processes were observed to play a role
in changing the At and Cr surface distributions in spring, although sea ice growth
and melting processes are also expected to exert an influence, mainly during
October and November, in association with low temperatures (Fig. IV-3d) and
high pCO2%". On the other hand, high temperatures (>0 °C) in spring were

associated with an increased influence of photosynthesis on the Ar and Cr (Fig.

IV-3d).
150
i mApCO,4Y mC,
m A m SST
90 = SSS m Error
£
©
=
7
o~
@)
Q
Q
-150

Summer Autumn Winter Spring

Figure IV-4: Effects of total alkalinity (Ar), total dissolved inorganic carbon (Cr), sea surface temperature
(SST) and sea surface salinity (SSS) on seawater pCO2 (pCO2%") for each season in the Gerlache Strait.
The variation in each parameter is calculated as the difference between the values of each parameter and
their respective averages in previous seasons. The unit of all drivers is the same as that for pCO2%" (uatm),
and their magnitudes represent their influence on pCO2%" changes. Positive values indicate that an increase
in the parameter led to an increase in pCO2%"; negative values indicate that a decrease in the parameter led
to a decrease in pCO2%". The only exception to this is At because an increase in At leads to a decrease
in pCO2%" and vice versa. The error bars (purple) show the difference between the sum of all drivers and the
actual variation in pCO2%" (ApCO2"), indicating the extent to which the decomposition of pCO2" into its
drivers differs from ApCO2%". More details are given in the methods section.

Cr had the dominant effect on changes in pCO2%" throughout the year.
At and temperature were secondary drivers of these changes, while salinity had
a minor influence on surface pCO2%" (Fig. IV-4). In summer and spring, there was

a considerable decrease in pCO2%", mainly due to the Crdrawdown. This
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decrease was compensated by the increasing effect on pCO2%" of the reduction
in At and the increase in temperature. In winter and autumn, the considerable
increase in pCO2%" was driven by the increase in Ct and partially compensated

for by the increase in At and decrease in temperature.

4. 4. 3 Seasonal and interannual variability of FCO»>

FCO:2 exhibited distinct seasonality throughout the year, with the region
swinging from a strong COz2 sink (FCO2<-12 mmol m=2 day?) in summer to a
strong CO2 source (FCO2>12 mmol m=2day™?) in winter (Fig. IV-5). During
autumn and spring, the behaviour of the region oscillated between the major
situations normally observed during winter and summer, resulting in a moderate
FCO:2. Despite this well-marked seasonality, the region was an annual weak
COz source from 2002 to 2017, with an average estimated FCO:2 of
1.24 £4.33 mmol m~? day*. Notably, with high spatial and temporal variability,
this net near-equilibrium condition was achieved because the region switched
from a moderate to strong CO:z ocean sink from December to March to a
moderate to strong CO:2 source to the atmosphere throughout the rest of the year
(Fig. 1V-5). Months with the most intense CO:2 uptake levels (<-12 mmol m~
2 day?) have occurred more frequently since 2011, with the peak in January and
February of 2016. On the other hand, months with the maximum CO:2 outgassing
(> 12 mmol m=2 day!) seem to have become less frequent since 2009 (Fig. IV-

5).
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Figure IV-5: Monthly averages of net sea-air COz2 fluxes (FCO2) in the Gerlache Strait from January 2002 to December 2017 with an inset showing the variability throughout
the year to characterise the seasonal cycle of FCO2 and the percentage of sea ice cover (filled blue bars). The gaps are from years when there was no winter sampling in
the region. The blue bars oriented upwards are the standard deviations from the respective monthly averages, as are the black bars in the inset. Positive FCO: values
represent the outgassing of CO:2 to the atmosphere, whereas negative FCO:2 values represent CO2 uptake by the ocean.
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Considering all seasons between 2002 and 2017, high seasonal variability
in FCO2 magnitude was identified (Fig. IV-6). However, the behaviour of the
Gerlache Strait as a COz2 sink or source remained almost consistent within each
season, as observed in summer (Fig. 1V-6b) and winter (Fig. 1V-6d). Only two
particular exceptions occurred in the autumns of 2011 and 2014, when the region
was a weak COz sink (Fig. IV-6¢). Exceptions were also identified in spring, when
the region behaved as a strong CO:2 source in 2008 and a particularly strong

COz2 sink in 2010 (Fig. IV-6e).
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Figure 1V-6: Time series of average (a) annual net sea-air COz2 flux (FCOz) during (b) summer, (c) autumn,
(d) winter and (e) spring in the Gerlache Strait from 2002 to 2017. The gaps are from years when there was
no winter sampling in the region. The blue bars oriented upwards are the standard deviations from the
respective annual averages. Positive FCO2 values represent the outgassing of CO:2 to the atmosphere,
whereas negative values represent CO2 uptake by the ocean.
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Although the specific episodes in autumn did not appear to influence the
average annual FCO2, the unusual spring FCO2 magnitudes coincided with
increases in the average annual FCO: in the respective years (Fig. IV-6a). The
Gerlache Strait acted as an absolute annual CO2 source of 4.4 £2.8 mmol m~
2 day™* from 2002 to 2009 and has become predominantly a net annual CO2 sink

of —2.0 £3.0 mmol m=2 day* since 2010 (Fig. IV-6a).
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Figure IV-7: Surface distribution of the net sea-air CO2 flux (FCOy) in the Gerlache Strait from 2002 to 2017
in (a) summer, (b) autumn, (c) winter and (d) spring. Positive FCO2 values represent the outgassing of CO2
to the atmosphere, whereas negative FCO2 values represent CO2 uptake by the ocean. The numbers
indicate the averages and standard deviations of FCOz2 in each season. The black continuous and dashed
isolines depict the FCO2 values of —12 and + 12 mmol m~2 d-%, respectively, for the strong CO2 sink and
outgassing situations. These maps were generated by using the software Ocean Data View (v. 5.3.0,
https://odv.awi.de) [Schlitzer 2018].
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A seasonal pattern in the spatial distribution of FCO2 along the Gerlache
Strait was also identified. This pattern was characterised by a more
homogeneous spatial distribution in autumn and winter (Fig. IV-7b,c) than in
summer and spring (Fig. IV-7a,d). Moreover, the northernmost part of the strait,
north of 64°S, had a higher annual FCO:2 (3+8 mmol m=2 day!) than the
southernmost part of the strait, south of 65°S. In the southernmost part, there was

an annual CO2 uptake of =7 £ 16 mmol m=2 day.

4.5 Discussion
4. 5. 1 Seasonal changes in FCO2

In late spring and summer, the Gerlache Strait is a CO:2 sink, with rates
ranging from —13+12 mmol m=2 day in January to —5+9 mmol m=2 day in
March (Fig. 1V-5). This strong CO:2 uptake is driven by an increase in biological
activity coupled with meltwater input (Fig. IV-8a) [Brown et al. 2019; Monteiro et
al. 2020; Kerr et al. 2018a; Alvarez et al. 2002; Mendes et al. 2013; Mendes et al.
2018] from December until late summer (Fig. IV-5), when sea ice formation
becomes gradually more intense [Cavalieri & Parkinson 2008; Parkinson &
Cavalieri 2012]. This is revealed by the substantial Cr drawdown (Fig. 1V-4),
which characterises the influence of photosynthesis on the surface water
[Takahashi et al. 2014; Lenton et al. 2012; Zeebe 2012], associated with a slight
decrease in At as a result of further respiration (Fig. IV-3b). Phytoplankton growth
is favoured by the increased stability of the nutrient-rich shallower mixed layer in
summer and late spring (Fig. IV-8a), mainly due to meltwater input [Brown et al.
2019; Cape et al. 2019; Mendes et al. 2013; Mendes et al. 2018; Lancelot et al.

1993]. This is more evident in the southernmost part of the strait, where intrusions
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of warmer mCDW would likely lead to sea ice melting [Prézelin et al. 2000] and
the higher percentage of meteoric water (Fig. 1V-S9) than in the northernmost
region, which is comparatively ice-free (Fig. IV-S9). Hence, this could potentially
account for the greater CO2 uptake in the southern region than in the northern
region (Fig. IV-7). Nevertheless, the spatial variability of the carbonate system
parameters is clearly greater in spring and summer than in autumn and winter.
Therefore, it is likely that other oceanographic processes simultaneously have
roles in changing the surface nAr and nCr.

In fact, during early spring, the carbonate dissolution/precipitation and sea
ice growth/melt associated with low temperatures (Fig. IV-3d) seem to influence
the carbonate system due to the increase in Ct that is rejected through the sea
ice brine. However, the impact of each of these processes, and even the
presence of other involved processes, is not yet well understood. The dominant
processes in  spring (i.e., carbonate dissolution/precipitation  or
photosynthesis/respiration), as well as during other seasons, can also exhibit
interannual variability. For example, during summer, there is variability in
CO:2 uptake oscillating between 2 and 4 years, by which FCO:2 in the region
alternates between strong CO: sink and near-equilibrium conditions [Monteiro et
al. 2020]. This variability is associated with both intense biological activity and the
intrusion of local upwelled CO2-rich waters (e.g., mCDW). In addition, it is linked
to the influence of modes of climate variability, such as ENSO, which decreases
the wind intensity, leading to favourable conditions for phytoplankton blooms
[Brown et al. 2019]. This explains why the most intense CO2 uptake was recorded
in 2016 (Fig. IV-5), as this was the year with the most extreme ENSO since 1998

[Santoso et al. 2017], which was associated with biogeochemical changes along
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the water column [Avelina et al. 2020]. Therefore, the same mechanism
underlying the shift in the dominant physical processes may occur in other
seasons of the year. This would likely explain why the region was an exceptionally
strong CO:2 source in spring 2008 but a strong CO2 sink in spring 2010 (Fig. IV-
6e).

In autumn, the region becomes a moderate CO:2 source to the atmosphere,
with the maximum magnitude in August (14 £ 7 mmol m=? day!). Such behaviour
is due to a significant increase in Cr, which leads to an increase in pCO2%". This
is further partially offset by the effect that the increase in At has on pCO2%" (Fig.
IV-4), implicating the upwelling process as a likely cause. In fact, more intense
short-term irregular intrusions of mMCDW [Couto et al. 2017; Moffat et al. 2009;
Moffat & Meredith 2018] coupled to the deeper mixed layer, which lead to
intensified vertical mixing in the winter [Venables & Meredith 2014], are likely to
carry COz2-rich waters to the surface layer of the strait (Fig. IV-8b). Indeed, this
has been the process most observed in other Southern Ocean coastal regions
[Legge et al. 2015; Karl et al. 1991; Henley et al. 2019]. On the western Antarctic
Peninsula shelf, for example, there is no evidence of inorganic macronutrient
regeneration in late summer, revealing that the increase in Cr must be more
associated with upwelling and/or advection processes [Jones et al. 2017].
Although these mCDW intrusions can occur throughout the year and through
virtually all connections of the Gerlache Strait [Prézelin et al. 2000; Smith et al.
1999; Garcia et al. 2002], they are expected to be more intense in winter
[Venables & Meredith 2014] and at the southern end of the strait [Parra et al.
2020]. In addition, the rejection of Ct through sea ice brine [Nomura et al. 2006;

Rysgaard et al. 2011] is an important process (Fig. 1V-8b). Despite occurring
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more intensely in winter than in other seasons, this process should also contribute
to COz2 release in autumn, as it was also dominant in controlling Ar and Cr (Fig.

IV-3c).

co,
Source

Figure 1V-8: Distinct processes driving surface CO2 partial pressure (pCOz) and seasonal sea-air COz2 fluxes
in a coastal region of the northern Antarctic Peninsula (NAP). From (a) December to March, sea ice melting
provides a shallow mixed layer that leads to phytoplankton growth. This spring—summer scenario coupled
with less intense modified Circumpolar Deep Water (MCDW) intrusions into the NAP and a decrease in total
dissolved inorganic carbon (Cr) from meltwater causes pCO2 drawdown. Therefore, in these months, the
region behaves as a strong sink of atmospheric CO2. Conversely, from (b) April to November, under sea ice
cover conditions, more intense mCDW intrusions coupled with a deeper mixed layer lead to intensified
vertical mixing, resulting in the upwelling of CO2-rich waters. Such processes, in association with the
rejection of Cr through brine release during sea ice growth, lead to a significant increase in surface pCOa.
Then, the region becomes a moderate to strong CO2 source to the atmosphere during the autumn—winter.
The theoretical depth of the shallowest spring—summer mixed layer is approximately 50 m, reaching
approximately 150 m in the autumn—winter [Venables & Meredith 2014]. Drawn by Thiago Monteiro. Symbols
courtesy of the Integration and Application Network, University of Maryland Center for Envrionmental
Science (ian.umces.edu/symbols/).
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The increase in Ct due to ice growth, first shown in a laboratory experiment
[Nomura et al. 2006], occurs in both Arctic and Antarctic regions, where there is
an intense sea ice dynamic [Rysgaard et al. 2011]. Hence, the increase in
Cr leads to high pCO2%" values but is also related to decreases in Qca and Qar
[Hauri et al. 2015]. Thus, these conditions contribute to maintaining a relatively
low pH (£8.00) until mid-spring, when sea ice begins to melt and both
Cr and pCO2%" decrease towards the summer season.

Although the spatial distribution of FCO2 is more homogeneous in autumn
and winter than in other seasons (Fig. IV-7), there is intense interannual variability
in these fluxes (Fig. IV-6). It is not yet clear what drives this variability, but it has
been linked to sea ice cover variability in other Antarctic regions [Legge et al.
2015; Arrigo & Van Dijken 2007; Keppler & Landschitzer 2019]. This link makes
sense due to the good correlation (r?=0.73; p=0.0006; n=12) of the
FCO2 seasonal cycle with the sea ice cover seasonality in the Gerlache Strait,
mainly in the months when it acts as a CO2 source (r?=0.93; p=0.0136; n=7)
(Fig. 1V-S10). Despite the strong CO:2 outgassing during these periods, sea ice
cover constrains sea-air CO2 exchanges [Legge et al. 2015; Bakker et al. 2008],
leading to the conclusion that this CO2 outgassing could be even more intense
under sea ice-free conditions, as observed in the Arctic Ocean [Ouyang et al.
2020]. Hence, the FCO2 dynamics in sea ice-covered periods may be more

sensitive than previously thought.

4. 5. 2 Seasonality of the carbonate system and acidification process
The carbonate system parameters on the surface of the strait follow

seasonal FCO2 dynamics, that is, sea ice dynamics. The lower pH, Qca and
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Qar values in winter than in other seasons, although expected, reinforce the
biogeochemical sensitivity of this season. The low temperatures and the brine
released by sea ice growth lead to the dissolution of calcium carbonate and
decreases in Qcaand Qar [Legge et al. 2017]. However, we did not find the
calcium carbonate in the surface of the Gerlache Strait to be in a subsaturated
state, even in winter when there was high pCO2%%; this was also the case in Ryder
Bay [Jones et al. 2017; Legge et al. 2017], a region located farther south on the
western Antarctic Peninsula shelf, which is under dynamic conditions similar to
those of the Gerlache Strait. In summer, carbonate mineral supersaturation is
associated with regions where there is strong CO:2 uptake, such as in the
southernmost portion of the strait, where meteoric water input is most intense
(Fig. IV-S9) and salinity is relatively low (Figs. IV-S4 and IV-S7). This reveals that
the intense pCO2%" drawdown caused by biological activity outweighs the
increase in pCO2%" by the effect of carbonate precipitation [Jones et al. 2017],
and carbonate dissolution is minimized due to the biological uptake of Cr.
Nevertheless, the sensitivity of these parameters should be observed in more
detail, as carbonate calcification and dissolution processes also seem to play an
important role in controlling At and Cr (Fig. IV-3b,c). Furthermore, because we
found minimum pH values in winter (7.92) lower than those at Ryder Bay in 1994
(8.11) and 2010 (8.00) [Roden et al. 2013] as well as between 2011 and 2014
(7.95) [Legge et al. 2017], these waters may be experiencing ocean acidification,
although counterintuitive processes may be offsetting the effects in the studied
region [Lencina-Avila et al. 2018]. In fact, the waters of the Gerlache Strait have

previously been reported to show signs of acidification in summer below the
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mixed layer [Kerr et al. 2018a; Lencina-Avila et al. 2018], with surface pH values
lower than those found at Ryder Bay (8.21-8.48) [Jones et al. 2017].

The effects of intensified summer CO2 uptake on calcite and aragonite
saturation in surface waters may emerge in the coming years. However,
supersaturation of these carbonate species is associated with
decreased pCO2%" values in summer [Monteiro et al. 2020]. This reveals that
these feedback effects need to be further investigated, especially considering the
residence time of these waters in coastal regions. As strong summer COz2 sink
periods are extended, an inverse effect of sea surface acidification may occur, as
observed in the southernmost portion of the Gerlache Strait. Nevertheless, the
acidification process should occur in the deep layers of these strong CO:2 sink
regions and in adjacent deep waters due to horizontal advection. Indeed, this will
likely be the case because the residence time of surface waters in this region was
estimated to be less than 7 days, while the residence time in adjacent larger
basins ranges between 13 and 40 days [Zhou et al. 2002]. Therefore, assuming
a steady increase in both atmospheric CO2 [Dlugokencky et al. 2015] and
temperature [Turner et al. 2014], the Southern Ocean coastal regions may
become intense hotspots of deep-ocean acidification, with some expected
implications for organisms throughout the water column and the food web as a
whole. For example, on the sea surface, there may be a restructuring of the food
web due to a shift in the dominant groups of phytoplankton, such as from diatoms
to smaller organisms [Henley et al. 2019; Mendes et al. 2013, and references
therein]. Such changes will potentially decrease the transfer of carbon, energy
and nutrients through organisms such as diatoms to pelagic and benthic

ecosystems, with complex feedbacks on ocean biogeochemistry and climate
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[Henley et al. 2019]. In this sense, these findings shed light on the importance of
clarifying the real impacts of these changes throughout the water column. This is
because, despite showing signs of acidification, most studies provide only
shapshots, and coupled ocean—land—ice processes can mask the real ocean

acidification state of Southern Ocean coastal regions.

4. 5. 3 Annual budget of FCO2

We have identified the Gerlache Strait as a weak CO2 source from 2002
to 2017, with an annual budget of sea-air CO2 exchanges at near-equilibrium
conditions. This contrasts with the expectations for other Antarctic coastal
regions, which demonstrate annual CO2 sink behaviour [Gibson & Trull 1999;
Arrigo & Van Dijken 2007; Lenton et al. 2006], such as in summer and spring [Karl
et al. 1991; Brown et al. 2019; Ito et al. 2018]. The studied region acts as a
moderate CO:2 source in autumn and a strong CO:2 source in winter. The
CO2 outgassing that occurs during 8 months of the year (i.e., from April to
November) is almost fully compensated for in only 4 months (i.e., from December
to March), when the region acts as a moderate to strong CO: sink. Although this
behaviour is not considered typical for Antarctic coastal regions, the Gerlache
Strait lies at approximately 64°S, where Takahashi et al. [2012] verified an
approximately neutral annual sea-air CO:2 flux. Nevertheless, here, we
hypothesise that this scenario is more common to coastal regions of the Southern
Ocean than previously thought because incipient signs of this behaviour have
already been identified in other Antarctic coastal regions. For example, Bakker et
al. [2008] found strong supersaturation of seawater CO:2 relative to atmospheric

CO:2 in autumn and winter in the Weddell Sea but suggested that the region was
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an annual COgzsink. These contrasting summer/winter behaviours, with an
annual COz2 sink budget, also extend to other Southern Ocean coastal regions,
such as the western Antarctic Peninsula [Gibson & Trull 1999; Roden et al. 2013;
Legge et al. 2015; Karl et al. 1991], the Ross Sea [Arrigo & Van Dijken 2007], the
Indian Antarctic sector [Metzl et al. 2006; Metz| et al. 1995] and even the Antarctic
Zone south of 62°S as a whole [McNeil et al. 2007]. However, the relatively low
monthly and interannual coverage in most of these studies may have biased the
integrated FCO2 budget throughout the year. This is particularly true if we take
into account recent estimates of FCO2 from long-term climatology for global
coastal regions [Roobaert et al. 2019]. In this climatology, the NAP, as well as the
Weddell Sea and much of the Atlantic and Indian sectors of the Southern Ocean,
was a net COz source between 1998 and 2015. Despite this, the CO2 uptake by
CO: sink regions was so intense that the annual FCO2 budget for this period was

approximately — 17 Tg C year! [Roobaert et al. 2019].

4. 5. 4 Expected scenarios for the future of FCO>

The recent changes observed in the NAP, mainly related to the
intensification of the westerly winds [Dinniman et al. 2012], rising temperatures
[Siegert et al. 2019] and the prolongation of ice-free water periods [Shepherd et
al. 2018; Del Castillo et al. 2019], are expected to persist in the coming years
[Henley et al. 2019; Kerr et al. 2018c]. In this sense, two future scenarios for net
sea-air COz2 fluxes can be projected. First, with longer ice-free water periods,
these coastal regions could release CO:2 that would otherwise remain in the
seawater isolated by sea ice, intensifying the annual CO:2 source. This release

may be enhanced by intensified mCDW intrusion into the western Antarctic
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Peninsula shelf that have been projected [Henley et al. 2019; Barllet et al. 2018],
although little is known about its periodicity and variability. On the other hand,
nutrient-rich mCDW intrusions coupled with the delayed sea ice cover period and
rising temperatures should lead to prolonged phytoplankton growth [Del Castillo
et al. 2019]. Thus, strong COz2 sink periods should also extend beyond late
summer. As CO:2 uptake has intensified in the summer [Brown et al. 2019;
Monteiro et al. 2020] and proved to nearly counteract annual CO2 evasion, this
region could become an annual CO: sink in future years, particularly assuming
that the Southern Ocean is becoming greener [Del Castillo et al. 2019]. Actually,
this second scenario seems likely to occur, as the magnitude and frequency of
FCO:2 in months when the region is a strong CO:z sink are increasing and in
months when the region is a strong CO2 source have been less frequent (Fig. IV-
5), leading to intensified annual CO2 uptake since 2010 (Fig. IV-6a).

These scenarios become more complex when we take into account the
influence of the modes of climate variability. For example, the positive phase of
SAM has been associated with more intense CO:2 outgassing due to the
deepening of the mixed layer [Lovenduski et al. 2007]. Conversely, it was also
associated with higher CO2 uptake due to the intensification of upwelling, which
supplies iron and nutrients to the sea surface and hence increases phytoplankton
growth [Hauck et al. 2013]. This reveals the sensitivity of sea-air CO2 exchanges
to these feedback mechanisms and the urgent need to broaden investigations for
a coupled analysis of ocean-climate systems. Nevertheless, signs of intensifying
summer COz2 sink behaviour [Brown et al. 2019; Monteiro et al. 2020a] suggest
that the influence of SAM should be reversing the flux to encourage annual net

CO2 uptake in Antarctic coastal regions.
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APENDICE |l

Este apéndice contém as seguintes figuras mencionadas no Capitulo IV:
Fig. IV-S1; Fig. IV-S2; Fig. IV-S3; Fig. IV-S4; Fig. IV-S5; Fig. IV-S6; Fig. IV-S7,

Fig. IV-S8; Fig. IV-S9; Fig. IV-S10
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Figure IV-S1: End-members used in the construction of the theoretical line of the sea ice growth/sea ice melt
processes (grey arrow) in Fig. IV-3. This line was based on the Ar and Cr values for meltwater (864 pmol
kg' and 480 pmol kg%, respectively) and for sea ice growth (2361 pmol kg?! and 2219 pmol kg3,
respectively), as suggested by Rysgaard et al. [2011] and references therein.
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Figure IV-S2: Data coverage of pCO2%" (with temperature and salinity) per year in each season available for
the Gerlache Strait from SOCATV6. The coloured circles indicate the seasons. The percentage of data in
each month of the seasons is shown in Fig. IV-S3. These maps were generated by using the software Ocean

Data View (v. 5.3.0, http://odv.awi.de).
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Figure IV-S3: Density and distribution of data in each season with the data percentages within each month.
At each point, temperature, salinity and pCO2" data were measured and used to derive the other
parameters. These maps were generated by using the software Ocean Data View (v. 5.3.0,

http://odv.awi.de).
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Figure IV-S4: Seasonal surface distribution of temperature (a-d) and salinity (e-h) in the Gerlache
Strait from detrended time series from 2002 to 2017. The values indicate the average and standard
deviation of each property for the entire area and season. These maps were generated by using
the software Ocean Data View (v. 5.3.0, http://odv.awi.de).
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Figure IV-S5: Same as Figure 1V-S2 except for total alkalinity—At (a-d) and total dissolved inorganic
carbon—Cr (e-h). These maps were generated by using the software Ocean Data View (v. 5.3.0,

http://odv.awi.de).
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Figure IV-S6: Same as Figure IV-S2 except for pCO2%" (a-d) and ApCO2 (pCO2%" — pCO22") (e-h). These
maps were generated by using the software Ocean Data View (v. 5.3.0, http://odv.awi.de).
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Figure IV-S7: Same as Figure IV-S2 except for the saturation states of calcite—QCa (a-d) and aragonite—
QAr (e-h). These maps were generated by using the software Ocean Data View (v. 5.3.0,

http://odv.awi.de).

147


http://odv.awi.de/

63.5°S

8.13 = 0.1b

64°S

64.5°S

65°S

Ocean Data View / DIVA

Summer

63.5°S —
pH =8.02 +0.03

64.5°S

65°S

Autumn | | d) 7

62°W 61°W 60°W 65°W

7.9 8 8.1 8.2 83 8.4 85 8.6
pH (Total scale)

Figure IV-S8: Same as Figure IV-S2 except for pH. These maps were generated by using the software
Ocean Data View (v. 5.3.0, http://odv.awi.de).
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Figure 1V-S9: Same as Figure 1V-S2 except for meteoric water (a-d) and sea ice cover (e-h) percentage.
These maps were generated by using the software Ocean Data View (v. 5.3.0, http://odv.awi.de).

149


http://odv.awi.de/

15

<

> 10

©

c 5

5

£

€ 0

o

O 5

L
10
15

'y =0.50x - 14.28!
1 : r’=0.93

|__p=00136 _
i Q@ B

— ’./ -
y = 0.95x - 36.04
1 e hd r’=0.73
o p = 0.0006

30 35 40 45 50

Sea ice cover (%)

Figure IV-S10: Linear correlation between the seasonal cycle of the net sea-air CO: flux (FCOz) and the
percentage of sea ice cover in the Gerlache Strait. Each point represents the monthly averaged values of
FCO2 and sea ice cover between 2002 and 2017. The sea ice data are from the 0.25° daily satellite products
from Reynolds et al. [2007]. The continuous black line represents the linear fit for all months of the year, and
its statistical properties are shown in the continuous black rectangle. The dashed line represents the linear
fit only for the months in which the region exhibits CO2 outgassing (i.e., from April to November; blue-filled
circles), and its statistical properties are shown in the dashed blue rectangle.
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Capitulo V: Variabilidade espacial e
temporal do FCO, no WTA

este estudo foi demonstrado porque existe divergéncias nas

estimativas de FCO2 no WTA, qual o papel da ARP na absorcao de

CO2 e quais processos controlam o FCO:2 nessa regido. A
divergéncia entre os estudos ocorre porque o WTA é dividido em trés sub-regides
distintas em termos de FCO2: a sub-regido sob o dominio da NBC, que atua
como uma fonte de CO2 para a atmosfera; a sub-regido sob influéncia da NEC,
gue atua como sumidouro de COz; e a sub-regido sob a influéncia da ARP, que
atua como um forte sumidouro de CO2. Além disso, foi mostrado que a ARP é
responsavel por 87% da absorcdo de CO:2 pelo WTA e que essa forte absorcao
ocorre principalmente devido a alta produtividade primaria, alimentada pelas
altas concentracdes de nutrientes. Este estudo foi publicado no periodico Global

Biogeochemical Cycles (https://doi.org/10.1029/2022GB007385).
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Contrasting sea-air CO2 exchanges in the western =]
Tropical Atlantic Ocean :

Thiago Monteiro, Matheus Batista, Sian Henley, Eunice da
Costa Machado, Moacyr Araujo and Rodrigo Kerr

5. 1 Introduction

The global ocean plays an essential role in regulating atmospheric CO:
levels because it takes up about ~25% of atmospheric COz2 [Friedlingstein et al.
2020]. However, the Tropical Atlantic Ocean is the second largest source of CO:2
from the ocean to the atmosphere, mainly due to equatorial upwelling and warm
waters [Landschutzer et al. 2014; Takahashi et al. 2009]. The ocean dynamics of
the surface current system [e.g., Johns et al. 1998; Johns et al. 2021; Salisbury
et al. 2011] and the large freshwater input from the Amazon River [Liang et al.
2020], coupled with precipitation dynamics [Ibanhez et al. 2015; Utida et al. 2019],
also add a biogeochemical complexity to the WTA [da Cunha & Buitenhuis 2013].

Such complexity is reflected in the pronounced spatial and temporal
variability of the marine carbonate system and particularly in the FCO2 [Cooley et
al. 2007; Kortzinger 2003; Lefévre et al. 2010; Louchard et al. 2021; Mu et al.
2021; Valerio et al. 2021]. As a result, some FCO:2 estimates indicate that the
WTA acted as a net CO2 source region [e.g., Cooley et al. 2007; Louchard et al.
2021; Valerio et al. 2021]. Conversely, other studies revealed a net CO2 sink
behavior, mainly due to the high primary productivity driven by optimal nutrient
availability supplied by the Amazon River waters [e.g., Ibanhez et al. 2015;
Ibanhez et al. 2016; Kortzinger 2003; Lefévre et al. 2010; Mu et al. 2021].

Even when these estimates indicate a FCO2 in the same direction, the
magnitude of these fluxes can vary widely among estimates. For example,

estimates of FCO:2 based on satellite data show an average annual COz2 release
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of 4.6 mmol m~2 day* [Valerio et al. 2021], while complex biogeochemical models
indicate a CO2 source an order of magnitude lower (0.5 mmol m™2 day™)
[Louchard et al. 2021] in a vast area of the WTA. Although most studies indicate
that the area under the influence of the ARP is an important atmospheric CO2
sink, the magnitude of ocean CO:2 uptake also varies greatly among them [e.g.,
Louchard et al. 2021; Mu et al. 2021].

The great variability in these fluxes is likely associated with sampling that
occurs over a limited period and/or with limited geographic scope that does not
capture the full extent of variability across the region. This is particularly true
because the spreading area of the ARP, as well as the period of maximum
freshwater discharge, vary seasonally and interannually [Liang et al. 2020].
Furthermore, the surface current system [e.g., Johns et al. 1998; Johns et al.
2021; Salisbury et al. 2011] and the ocean-atmosphere-land coupling [Johns et
al. 2021; Louchard et al. 2021; Utida et al. 2019] make it difficult to build an overall
picture of sea-air CO2 exchanges in this region from spatial and temporal

shapshots.

5. 1. 1 Oceanographic features of the WTA

Surface dynamics in the WTA are characterized by a complex system of
ocean currents (Fig. V-1). The NEC flows westwards in the northern hemisphere,
carrying relatively cold waters from the North Atlantic to the WTA (Fig. V-1c)
[Johns et al. 2021]. On the other hand, the NBC flows northwest along the
Brazilian coast [Rodrigues et al. 2007; Silva et al. 2009; Stramma et al. 1995],
carrying warm and more saline waters (Figs. V-1b,c) from the equatorial Atlantic

to the northern hemisphere [Johns et al. 1998, 2021; Salisbury et al. 2011]. NBC
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waters reach the Amazon River mouth at approximately 5°N, where intense
mixing occurs between marine and riverine waters. North of the Amazon River
mouth, the NBC retroflects seasonally (Fig. V-1a), carrying waters from both the
NBC and the ARP eastwards into the tropical Atlantic, forming the NECC
[Fonseca et al. 2004; Garzoli et al. 2004].

NECC waters reach the easternmost portion of the WTA in September-
October [Araujo et al. 2017; Lefevre et al. 2020], when their velocity is maximal
[Richardson & Reverdin 1987], while there are no clear signs of the NECC in the
early months of the year [Johns et al. 2021]. Moreover, NBC retroflection can lead
to the formation of anticyclonic rings (Fig. V-1a), which transport waters with NBC
properties to the northwest of the Tropical Atlantic Ocean [e.g., Aroucha et al.
2020; Didden & Schott 1993]. Those eddy-advected waters also carried
properties derived from the South Atlantic Ocean, which is influenced by sources
in the Indian Ocean [Azar et al. 2021; Orselli et al. 2019a,b], highlighting important
inter-ocean and inter-hemispheric transports.

In addition to its complex ocean surface current system, the WTA is
strongly influenced by freshwater input from the Amazon River (Fig. V-Sla),
which discharges around 6.6 x 10% km? of riverine water to the WTA annually
[Korosov et al. 2015; Salisbury et al. 2011]. As it flows into the ocean, the Amazon
River develops a plume that can extend over 10 km? and reach depths of up to
30-35 m, covering a vast portion of the Tropical Atlantic and reaching up to 30°W
and 15°N [Coles et al. 2013]. The maximum discharge in the inner portion of the
Amazon River mouth occurs in March [Liang et al. 2020] and there is a delay of
around 3 months before these waters spread into the WTA [e.g., Coles et al.

2013; Hellweger & Gordon 2002; Korosov et al. 2015].
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Figure V-1: (a) Western Tropical Atlantic Ocean and the main surface currents that characterise the ocean
dynamics in this region (see Johns et al. [2021] and references therein): North Equatorial Current (NEC),
North Brazil Current (NBC) and the North Equatorial Countercurrent (NECC), which originates from the
retroflection of the NBC (NBC-R), as well as the NBC rings. The symbols over the mouth of the Amazon
River (a) represent the extensive reef system in this region. (b) Annual climatology of sea surface salinity for
the period 1993-2019, with isohalines equal to 35 (dashed black line) and 34 (dashed pink line), representing
the Amazon River plume (ARP). (c) Annual climatology of sea surface temperature for the same period in
the region.

Although the riverine waters reduce the light penetration in this region due
to their relatively high sediment loads, there is an extensive reef system around
0° and 49°W (Fig. V-1a), which almost confines itself to the Amazon River mouth

[Moura et al. 2016]. The properties of the ARP waters influence the solubility of
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CO:2 [Cooley et al. 2007] and enhance primary production, both of which lead to
under saturation of sea surface CO:2 [Ibanhez et al. 2015; Kortzinger 2003;
Louchard et al. 2021]. Thus, the ARP waters act as a globally relevant
atmospheric COz sink [Cooley et al. 2007; Ibanhez et al. 2015, 2016; Lefevre et
al. 2010].

The intense precipitation (Fig. V-S1b) driven by the position of the ITCZ
also influences the ocean dynamics in the WTA. The ITCZ varies seasonally,
reaching its most northerly position (near 10°N) from June to August and its most
southerly (near 4°S) from March to May [Fonseca et al. 2004; Utida et al. 2019],
contributing to the seasonal regulation of sea surface salinity (SSS). In addition,
this region is influenced by the El Nifio—Southern Oscillation (ENSO), which acts
to intensify the drought and flooding periods [Marengo & Espinoza 2016], and by
the anomalous warming in the Atlantic Ocean [Tyaquica et al. 2017]. These
events can occur simultaneously, with a range of responses in the physical and
chemical properties of the sea surface [Kucharski et al. 2016], adding more
complexity to biogeochemical cycles in the WTA.

Here, we use a broader set of in situ data, with improved spatial and
temporal coverage compared to any previous study to investigate why there are
contrasting results among the estimates of sea-air CO2 exchanges. Hence, we
have gained a more comprehensive understanding of the CO2 system and its
spatial and temporal variability to explain these contrasting estimates of sea-air

CO:2 exchanges in the WTA.
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5. 2 Material and Methods
5. 2. 1 Data set and carbonate system properties

We compiled a time series of the hydrographic and carbonate system
parameters from the SOCAT version 2020 [Bakker et al. 2016] in the WTA
spanning 27 years from 1993 to 2019 (Fig. V-S2). The variables used included
the SST, SSS and pCO2. The SOCAT represents a synthesis of quality-controlled
sea surface CO2 fugacity data for the global surface oceans and coastal seas
with regular updates. Here we used CO: fugacity data from SOCAT with
uncertainties <2 patm (71% of total) and <5 patm (29% of total). The CO: fugacity
data extracted from the SOCAT were measured directly using air-water
equilibrators and infrared analyzers for CO2 quantification [Bakker et al. 2016].
We converted the CO: fugacity data from the SOCAT to pCO:z using the
equations of Weiss [1974].

Since SOCAT only provides SST, SSS and pCO:2 data, we determined the
sea surface TA based on the LIAR approach of Carter et al. [2018], using SST
and SSS as input variables. LIAR is a set of linear regressions capable of
estimating TA from different sets of input parameters, considering the depth and
coordinates of the measurements. The global uncertainty in the TA estimates
using SST and SSS as input variables is expected to be 4.4 ymol kg™ [Carter et
al. 2018]. The results of LIAR approximations were compared with in situ TA data
available from GLODAP 2020 [Olsen et al. 2020] in the study region (accuracy of
+4.0 ymol kg™t) and RMSE was 6.5 pmol kg™ (r> = 0.99, n = 453, p < 0.0001).

The surface DIC was determined using CO2Sys v2.1 [Pierrot & Wallace
2006] based on inputs of SST, SSS, pCO2 and TA, using the HSO4~ dissociation

constant of Dickson [1990] and the total borate-salinity relationship proposed by
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Uppstrom [1974]. We verified the K1 and K2 constants of Millero et al. [2006],
Millero [2010], Lueker et al. [2000], and Mehrbach et al. [1973] refit by Dickson &
Millero [1987], as generally recommended for our SSS and SST ranges, and Cai
& Wang [1998] for low salinities. The greatest inconsistency for DIC among these
constants was 4.64 umol kg™ between Millero et al. [2006] and Cai & Wang
[1998], while the smallest inconsistency was —0.13 pymol kg™ between Lueker et
al. [2000] e Mehrbach et al. [1973] refit by Dickson & Millero [1987]. These
inconsistencies are lower than the error of + 6.5 ymol kg™ associated with the
estimate of TA by the LIAR approximation. Thus, we used the carbonate
constants of Millero et al. [2006], which have been widely used in studies in the

WTA [e.g., Araujo et al. 2018; Bonou et al. 2016].

5. 2. 2 Calculation of FCO»

The FCO:2 was calculated by following Eq. V-1:
FCO, = K; x K¢ x (0CO3}" — pCO3"), V-1

where Kt is the COz2 gas transfer velocity, depending on wind speed [Wanninkhof
2014]; Ks is the CO:2 solubility coefficient, as a function of both SST and SSS
[Weiss 1974], pCO2%" is sea surface pCO2 and pCO22" is atmospheric pCOz2. The
pCO22" was calculated from the monthly averages of the atmospheric molar
fraction of CO2 at Barbados Station located at 13.16°N-59.43°W [Dlugokencky
et al. 2021] and atmospheric pressure from SOCAT. The latter was corrected by
the water vapor pressure estimated from SST and SSS by the widely used
equations of Weiss & Price [1980]. We used monthly averages of wind speed (m

s™1) at 10 m from the atmospheric reanalysis ERA5 (Fig. V-S1d) with a spatial
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resolution of 0.25° [Hersbach et al. 2020]. We combined the coordinates and
sampling month of the sea surface pCO2 from SOCAT with the reanalysis ERA5
data to ensure that the wind speed covered the same region and the same period.

The spatial distribution maps for sea-air CO2 flux, SSS and SST were
interpolated using the Ocean Data View function of weighted-average gridding
[Schlitzer 2018] to construct the climatologies showed in Figs. V-1 and V-2. We
used a length scale value of 20%. for both the X and Y axes to ensure optimal
preservation of data structure and smoothness. The averaging and all other
calculations performed in this study were based only on the observed data and
not on the interpolated data. We made the map interpolation to provide reader-

friendly visualization of the results.

5. 2. 3 Drivers of pCO; changes

We estimated the drivers of seasonal changes in sea surface pCO:2
(ApCO:2P) between the wet season and the dry season by the approach described
in Takahashi et al. [2014], which is based on the seasonal amplitudes of the

variables, following Eq. V-2:

D__ 9pCO, 9pCO, apCO, apCO, ]
5= o= ADIC+——= ATA+——=* ASST+——= ASSS, V-2

ApCO

where ADIC, ATA, ASST and ASSS are the seasonal amplitudes of the variables
(i.e., the difference between averaged values for the wet and dry seasons; Tab.

V-1).
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Table V-1. Average differences for the sea surface temperature — SST (°C), salinity — SSS, total alkalinity —
TA (umol kg™), and dissolved inorganic carbon — DIC (umol kg™?) involved in seasonal pCO2 changes —
ApCO2P (patm). The table shows the differences in the average values of the parameters between the wet
(April-September) and dry (October-March) seasons in the following regions: North Brazil Current (NBC),
North Equatorial Current (NEC) and Amazon Plume region (APR).

NBC-NECC NEC ARP

ASST 0.51 -0.22 -0.09

ASSS -0.08 0.29 -2.75
ATA -17.82 16.68 —-168.26
ADIC -19.14 23.35 -128.07
ApCOZ° -3.15 15.87 -15.88

We calculated the partial derivatives using Egs. V-3 to V-7 [see details in
Sarmiento & Gruber 2006] and the term involving SST using Eq. V-8 [Takahashi
et al. 2014]. The terms Revelle factor (Eq. V-7) and Alkalinity factor (Eq. V-8) refer
to the sensitivity of pCO:2 to changes in DIC and TA, respectively. Here, we used
average Revelle and alkalinity factors of 9.13 and-8.5, respectively. The
combined influence of the seasonal drivers is consistent with the calculated

ApCO:2P, with an average error of 1 patm.

a,DCOz _ pC02
DI DIC. x Revelle Factor V-3
dpCO, _ pCO, - -
PR TO Alkalinity Factor V-4
opCO, _ )

3TAxDIC — 2DIC?
Revelle Factor = (2DIC — TA)(TA - DIC) Vo

. 5 TA?
Alkalinity Factor = — 2DIC _TATA_DIC) V-7
9pCO, 5 ASST
P2 ASST = 2 pCO, [Exp (0.0423x : ) - 1] V-8
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Here, the seasonal periods were defined as wet (April-September) and dry
(October-March) following Bonou et al. [2016], which includes the months when
the waters from the Amazon River spread over a larger area throughout the WTA
in the wet season. There is a delay of up to 3 months from the largest freshwater
discharge of the Amazon River to the extreme northwest and east spreading that
the freshwater plume can reach [e.g., Hellweger & Gordon 2002; Coles et al.
2013; Korosov et al. 2015]. Therefore, we include both the period of maximum
freshwater discharge at the mouth of the Amazon River [Liang et al. 2020] and
the months in which its waters reach the easternmost point of the WTA [Varona
et al. 2019; Lefevre et al. 2020].

To assess the effect of SST on the sea surface pCO:2 time series, we
removed its thermal component by normalising pCO: to the annual average SST

(Eq. V-9), following the approach of Takahashi et al. [2002]:

pCO =pCO, . * exp[0.0423%(SST g — SSTeps)], V-9

2 non-thermal 2 obs

where pCO2obs and SSTobs are in situ sea surface pCO2 and SST, respectively,
and SSTayg is the average SST for the entire study period in each sub-region (i.e.,

NBC-NECC: 27.65 °C, NEC: 26.89 °C, ARP: 28.29 °C).

5. 2. 4 Normalization of TA and DIC by average annual SSS
We normalized TA and DIC to an annual average salinity for each region
using a non-zero freshwater end-member according to the Eq. V-10 by Friis et al.

[2003]:

meas_ 2S=0
NTA = Z T xSSSAVE 4 TAS=, V-10
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where TA™eas is the measured TA, TAS™ is the TA for a non-zero salinity, SSSmeas
is the measured salinity and SSSayg is the annual average salinity for each region.
We used the same equation to calculate the DIC normalised by salinity. Here we
used the linear correlation coefficient between TA/DIC and SSS as the non-zero
freshwater end-member terms (i.e., TAS"® and DICS=Y). We used the following

average salinities, TAS™ and DICS™0 (Tab. V-2).

Table V-2. Values for annual average salinity (SSS), TAS® (umol kg?) and DICS® (umol kg?) used to
calculate the TA and DIC normalised to the average salinity in North Brazil Current-North Equatorial
Countercurrent (NBC-NECC), North Equatorial Current (NEC), and Amazon River plume (ARP) regions.

NBC-NECC NEC ARP

SSS 35.87+1.26 34.71+2.57 32.02 +3.39
TAS=0 303 346 355
DICS=0 404 290 320

5. 2. 5 Chlorophyll-a trend

Sea surface chlorophyll-a concentrations with a spatial resolution of 4 km
and a monthly temporal resolution for the period of 1997-2020 were obtained for
the WTA from the European Space Agency (ESA) Ocean-Colour Climate Change
Initiative  project (OC-CCI v5.0) [Sathyendranath et al. 2021]

(http://dx.doi.org/10.5285/1dbe7a109c0244aaad713e078fd3059a). This dataset

was created by band-shifting and bias-correcting observations from the
SeaWiFS, MODIS, VIIRS, and OLCI sensors to match MERIS observations,
merging those data in a unique dataset. As the dataset is available in two
projections (sinusoidal and geographic) only data from the geographic projection
was used for the analysis. We applied the methodology of Kulk et al. [2020] to
estimate the annual rate of chlorophyll-a changes. Therefore, chlorophyll-a

climatologies for each month and the total period were calculated by logging the
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chlorophyll-a concentrations, averaging, and then unlogging the results. This step
was necessary due to the highly skewed distribution of chlorophyll values,
especially in the regions near the coast [Gaube et al.,, 2014]. Subsequently,
monthly concentrations were deseasonalized by subtracting the monthly
climatologies, and a linear regression was applied to each grid point to evaluate
the rate of change over time. Using the slope and intercept from the regression
analysis the percentage change per year in chlorophyll-a (%CHL) was calculated

as Eq. V-11:

12 X slope
intercept + climatology

%CHL = 100 x V-11

5. 2. 6 Defined sub-regions in the WTA

We set the ARP sub-region (i.e., the region under the Amazon River plume
domain) to SSS < 35 (Fig. V-2) and split the sub-regions under NBC-NECC and
NEC domain from a climatology equi- librium isoline of annual average FCO:2 (Fig.
V-S3). Since the FCO2 equilibrium isoline is expected to oscillate regionally over
the time series, we used an average isoline for the entire period, so we can

observe the signs of this oscillation in our time series.

5. 3 Results
5. 3. 1 Regional variability and main drivers of FCO>

We identified three distinct sub-regions for annual sea-air CO2 flux
behavior in the WTA from 1993 to 2019, which are maintained both in dry and
wet seasons (Fig. V-2).The NBC-NECC sub-region acted as a weak annual

source of CO2 to the atmosphere of 1.5 + 0.7 mmol m=2 day™', while the NEC
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acted as a weak annual CO2 sink of —=2.2 + 1.0 mmol m~2 day~' throughout the
analysis period. The ARP (i.e., SSS < 35) acted as a moderate CO:2 sink with an
annual average of —5.0 + 3.0 mmol m™2 day™', while a strengthened CO:2 uptake
of =10 mmol m™2 day~' is observed where the influence of the ARP is intensified
(Fig. V-2c), mainly during the wet season (Fig. V-2b). The sub-region under NBC-
NECC influence is outlined by an annual sea-air CO2 equilibrium isoline around
10°N and is constrained by the ARP sub-region at approximately 50°W. However,
the area under the NBC-NECC domain extends beyond 50°W in the dry season
and there are signs of its influence beyond 10°N in both the wet and dry seasons
(Figs. V-2a and V-2b).

Moreover, we observed signs of CO2 outgassing northwest of the ARP
sub-region in both dry (Fig. V-2a) and wet (Fig. V-2b) seasons. The annual ocean
CO2 uptake is intensified in the northwest, and it is reduced in the southern portion
of the NEC sub-region. Despite presenting sub-regions with contrasting sea-air
CO:z2 flux behavior, the WTA behaved as an oceanic COz2 sink overall from 1993
to 2019 in both wet and dry seasons, with an annual average of —=1.6 £ 1.0 mmol
m~2 day~'. 87% of this CO2 uptake occurs in waters under the influence of the
ARP, as shown by the average CO:2 net flux dropping notably to —0.2 + 1.0 mmol
m~2 day~! when the strong CO:2 uptake at the ARP was not considered in the

average.
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Figure V-2: Climatological distribution of the net sea-air COz2 flux (FCOz) in the western Tropical Atlantic
Ocean from 1993 to 2019 in the (a) dry and (b) wet seasons, as well as (c) annual average. Positive FCO2
values (yellow to red) represent the outgassing of CO2 to the atmosphere, whereas negative FCO2 values
(light to dark blue) represent CO2 uptake by the ocean. There are three distinct sub-regions for FCOz: the
North Brazil Current-North Equatorial Countercurrent (NBC-NECC), acting as a weak source of COz2 to the
atmosphere; the North Equatorial Current (NEC), acting as a weak sink of atmospheric CO2; and the Amazon
River plume (ARP), which is a moderate sink of atmospheric CO2. The bold black line represents the isoline
for FCO2 equal to zero, where there is an equilibrium in the sea-air CO2 exchange. The black dashed isoline
in (c) delimits the region under the influence of the ARP, characterised by salinity < 35 and the pink dashed
isoline delimits the region with salinity <34, where the influence of the Amazon plume is intensified. The
numbers indicate the averages and standard deviations of FCO: in each sub-region.
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Since atmospheric pCOz2 is more stable seasonally than sea surface pCOz,
we consider seasonal variations in sea surface pCO: as the main driver of the
sea-air COz fluxes. From the dry to the wet season, sea surface pCO: increased
by 16 patm in the NEC sub-region, while it decreased by 16 patm in the ARP sub-
region and by only 3 patm in the NBC-NECC sub-region (Fig. V-3). DIC and TA
were the main drivers of seasonal variations of sea surface pCO: in all sub-
regions and SSS was a secondary driver in ARP. Both DIC and TA had the same
magnitude but with opposite signs, thus almost counteracting each other's effect
on sea surface pCO:2 (Fig. V-3a).

However, when we normalized DIC and TA to SSS, SSS appears as the
main driver of sea surface pCO2 drawdown in the wet season in ARP. Such a
pCO2 drawdown is partially counteracted by an increase in salinity-normalized
DIC (nDIC) in the wet season, and the influence of salinity-normalized TA (nTA)
and SST is negligible (Fig. V-3b). A significant difference was observed in NBC-
NECC, where nDIC and SSS led to a sea surface pCO2 drawdown in the wet
season, and this was almost counteracted by the increase in SST. The main
change by using nDIC and nTA in NEC was the decrease in the magnitude of TA
as a sea surface pCO: driver, so virtually every increase in sea surface pCO:z in

the wet season was driven by the increase in DIC (Fig. V-3Db).
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Figure V-3: Effects of seasonal variation sea surface in total alkalinity (TA), dissolved inorganic carbon (DIC),
temperature (SST) and salinity (SSS) on the seasonal variation in sea surface pCOz2 (ApCO2P) for each sub-
region of the Western Tropical Atlantic Ocean. In (a) the influence of TA and DIC and in (b) the influence of
TA and DIC normalised to the annual average salinity of each sub-region (nTA and nDIC, respectively),
following Friis et al. [2003]. The annual average salinities used were 35.87, 34.71 and 31.93 for the North
Brazil Current-North Equatorial Countercurrent (NBC-NECC), the North Equatorial Current (NEC), and the
Amazon River plume (ARP) sub-regions, respectively. The seasonal variation in each parameter is
calculated as the difference between the wet (April — September) mean value and the dry (October — March)
mean value. The unit of all drivers is the same as that for pCOz (patm), and their magnitudes represent their
influence on pCO:2 changes. Positive values indicate that an increase in the parameter led to an increase in
pCOz2; negative values indicate that a decrease in the parameter led to a decrease in pCO2. The only
exception to this is TA because an increase in TA leads to a decrease in pCO:2 and vice versa. The combined
influence of the seasonal drivers is consistent with the calculated seasonal variation in pCO2 (ApCO2P), with
an average error of less than 10%. More details are given in the methods section.
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The dispersion of TA and DIC and the ratio between these parameters can
be used to diagnose the processes influencing them (Fig. V-4), because each
process alters TA and DIC with a certain ratio [Zeebe & Wolf-Gladrow 2001].
Here, the TA:DIC ratio for the whole region was 1.13, very close to the 1.12 ratio
expected for the sum of all processes acting together (Fig. V-4). This ratio
decreases to 0.81 in NEC and to 0.87 in NBC-NECC, revealing that variations in
DIC in these sub-regions are likely more important than variations in TA.

In fact, when the effect of SSS on TA and DIC is removed, the CO2 release
and uptake processes seem to exert greater influence in waters under the NEC
and NBC-NECC domain (Fig. V-4b). On the other hand, in the ARP sub-region
the TA:DIC ratio was 1.14, likely revealing that all processes controlling TA and
DIC act simultaneously. After removing the SSS effect in the ARP sub-region,
dissolution and calcification processes exerted greater influence over a wide
range of salinity, while photosynthesis (Fig. V-S8) and CO: release/uptake
processes can also work to control the changes in nDIC and nTA in waters with

salinities <30 (Fig. V-4c).
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Figure V-4: (a) Total alkalinity (TA) and dissolved inorganic carbon (DIC) dispersion diagram for the North Brazil Current-North Equatorial Countercurrent (NBC-NECC), North
Equatorial Current (NEC), and Amazon River plume (ARP) sub-regions. In (b) the diagram is shown considering TA and DIC normalised by the annual average salinity of each
sub-region (nTA and nDIC, respectively), following Friis et al. [2003] and in (c) the same only for ARP. The annual average salinities used were 35.87, 34.71 and 31.93 for the
sub-regions NBC-NECC, NEC and ARP, respectively. The arrows represent the TA:DIC (nTA:nDIC) ratio that characterises the physical-biogeochemical processes that affect
these parameters (based on Zeebe & Wolf-Gladrow [2001]) and the colourbar indicates salinity in (b) and (c). Such TA:DIC ratios are as follows: 2:1 for calcification/dissolution,
6:5 for dilution/evaporation, -0.14:1 for photosynthesis/respiration, whereas only DIC is altered in release/uptake processes. Note that the axis scales are different among subplots.
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5. 3. 2 Temporal variability and trends in FCO»

From 1993 to 2019, the temporal variability of the carbonate system
parameters and SSS follow similar oscillation and lower amplitude in both NBC-
NECC and NEC sub-regions, while much larger interannual variability occurs in
the ARP domain (Fig. V-5). On the other hand, SST was the parameter that varied
most in NBC-NECC and NEC over the period studied, with amplitude similar to
that of ARP (Fig. V-5c). SSS, pCOz2, DIC and TA were markedly higher in NBC-
NECC and NEC than in ARP. In the NBC-NECC and NEC sub-regions, sea
surface pCO:2 increased significantly at a rate of 2.27 and 2.23 patm year™ from
1993 to 2019, respectively (Fig. V-5a). This resulted in a sea surface pCO:2
increase of 59 pyatm at NBC-NECC and 58 patm at NEC over the 27-year study
period. Such an increasing trend was also observed in the time series of sea
surface pCO2 anomaly in both sub-regions (Fig. V-S4) and in both wet and dry
seasons (Fig. V-S5). SST showed a significant increase of 0.06°C year™ in the
NEC sub-region, when the anomalous year 2002 (i.e., the warmest year in the
time series) is removed (Fig. V-5c¢). DIC also increased at a rate of 1.22 ymol kg™
year™! in NBC-NECC sub-region (Fig. V-5e).

All hydrographic and carbonate variables showed marked interannual
variability in ARP, without any statistically significant trend. The highest
interannual amplitude of sea surface pCO:2 in ARP (84 yatm) was found between
2012 and 2017, concurrent with higher amplitudes in SSS (4.67), TA (259 pmol

kg™) and DIC (232 pmol kg™).
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Figure V-5: Time series of annual averages of (a) sea surface (colours) and atmospheric (black) CO: partial
pressure (pCOz2), (b) salinity, (c) temperature, (d) total alkalinity (TA), (e) dissolved inorganic carbon (DIC)
and (f) net sea-air CO2 flux (FCOz) in the Western Tropical Atlantic Ocean from 1993 to 2019. Three sub-
regions are shown: North Brazil Current-North Equatorial Countercurrent — NBC-NECC (red), North
Equatorial Current — NEC (blue), and the Amazon River plume — ARP (green). The dashed lines reflect the
temporal trend of the parameters, and their colours are associated with the respective sub-regions. For
significant trends (solid lines, with colour depicting sub-region), the trend + standard deviation as well as its
regression statistics are shown. The y-axis error bars (black) are the standard errors of the respective annual
averages.
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Despite the significant steady increase in sea surface pCO2z in NBC-NECC
and NEC, there was no significant trend in sea-air CO2 exchanges in these sub-
regions (Fig. V-5f). On the other hand, CO2 uptake in ARP showed a slight
increase of —0.21 mmol m~ day™ year™ over the time series, at the 94%
confidence level (Fig. V-5f). Over the 27-year study period, these sub-regions
maintained their average behavior as a source (NBC-NECC) or sink (NEC and

ARP) of COg2, with variations only in the magnitude of these fluxes.

5. 4 Discussion
5. 4. 1 Main Findings

We demonstrate that the WTA can be split into three distinct sub-regions
in terms of sea-air CO2 exchanges. These contrasting behaviors of the three sub-
regions explain why there is such inconsistency in estimates of sea-air CO:2
exchanges in this region (Tab. V-3) since many of them are temporally and/ or
spatially restricted to the time of sampling. The sub-region under the NBC-NECC
domain is a constant weak annual CO2 source to the atmosphere, with minor
interannual variability. This sub-region is limited by the ARP at approximately
50°W and by the NEC south of 10°N. The NEC sub-region acts as an annual CO:2
sink with greater temporal variability in COz2 flux than the NBC-NECC sub-region.
The Amazon River waters exert a great influence on the spatial variability of sea-
air CO2 exchanges in these two sub-regions. The ARP is the sub-region with the
greatest interannual variability in CO2 fluxes, but it acts as a persistent net
oceanic sink for atmospheric CO2. The CO2 uptake is twice as high in the ARP
core (i.e., SSS < 34), where the influence of the fresh and nutrient-enriched

waters from the Amazon River is even greater than in its surroundings.

172



Several processes act simultaneously to control the CO2 system in the
whole region. However, freshwater discharge seems to exert a strong influence
on sea surface pCOz2 in the ARP domain, mainly through dilution and biological
activity that is enhanced by riverine nutrient inputs. On the other hand, in the
NBC-NECC and NEC domains sea-air CO2 exchange is likely to be the dominant
process. Despite the contrasting behavior among the sub-regions, the entire
region acted as a net annual COz2 sink of =1.6 = 1.0 mmol m~2 day~* from 1993 to
2019. We also found a significant increasing trend in sea surface pCO:2 in NBC-
NECC and NEC between 1993 and 2019, which is more pronounced than the
increase in atmospheric pCO2, revealing the sensitivity of carbon dynamics in

these sub-regions to ongoing and expected changes in the global climate system.

5. 4. 2 Regional variability and main drivers of FCO>
5.4.2.1FCO2inthe NBC-NECC

The sub-region under strong NBC-NECC dominance extends to
approximately 50°W, where it is bounded by the waters from the Amazon River
and is limited to south of 10°N by an isoline of equilibrium sea-air CO2 exchanges.
This sub-region is homogeneously a CO:2 source to the atmosphere throughout
the year, which becomes more intense near the Brazilian coast, where the NBC
flow is intensified [e.g., Johns et al. 1998; Salisbury et al. 2011]. Such CO:2
outgassing behavior is associated with warmer tropical waters (Fig. V-S6) [Azar
et al. 2021; Johns et al. 2021] coupled with equatorial upwelling [Landschutzer et
al. 2014; Takahashi et al. 2009]. Moreover, the influence of CO2-enriched waters

from the Indian Ocean [Orselli et al. 2019a,b], which are advected by mesoscale
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structures along the South Atlantic Ocean [Azar et al. 2021; Souza et al. 2018],
may strengthen the seawater CO2 supersaturation in this sub-region.

During the wet season, there is a greater influence of the waters from the
Amazon River over the WTA [Lefevre et al. 2020; Louchard et al. 2021; Mu et al.
2021]. This is coupled with increased precipitation due to the northward
displacement of the ITCZ [Ibanhez et al. 2015; Ibanhez et al. 2016; Utida et al.
2019], hence leading to a net pCO2 drawdown in the NBC-NECC sub-region,
although it remains supersaturated with respect to atmospheric pCOo..

The decrease in DIC and SSS (Fig. V-3b) suggests that the pCO2 drawdown
is mainly driven by the physical solubility pump, which has already been
suggested as the main driver of pCO2 changes in this sub-region [Araujo et al.
2018]. This is more evident when TA and DIC are normalized to SSS, revealing
that pCO2 drawdown is almost counteracted by the increase in SST, which
decreases the COz2 solubility. This occurs mainly in the NBC-NECC core, where
surface waters are typically warmer (Fig. V-S6) [Johns et al. 1998; Salisbury et
al. 2011] and the CO: release is doubled near the Brazilian coast (Fig. V-2). In
addition, NBC-NECC is a favorable sub-region for -calcium carbonate
precipitation (Fig. V-4), allowing the development of the extensive reef system at
the Amazon River mouth [Francini-Filho et al. 2018; Moura et al. 2016; Neumann-

Leitdo et al. 2018].
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Table V-3: Contrasting magnitudes of net sea-air CO:2 fluxes (FCO2) recorded in the whole western Tropical Atlantic Ocean as well as in the different sub-regions
such as North Brazil Current-North Equatorial Countercurrent (NBC-NECC), North Equatorial Current (NEC) — split by the climatology equilibrium isoline of annual
averaged FCO: in the region, and Amazon River plume (ARP) — SSS < 35. Positive FCO2 values indicate the outgassing of CO2 to the atmosphere, whereas
negative FCO2 values indicate COz uptake by the ocean. In the third column are shown the parameterizations used in the FCO2 calculations (i.e., Wanninkhof
1992 (W92); Wanninkhof & McGillis 1999 (WM99); Sweeney et al. 2007 (S07); Wanninkhof 2014 (W14)) as well as the measure of wind speed used.

References Temporal Kt Region domain Region FCO:2
coverage Wind speed Latitude; Longitude Period (mmol m=2 day?)
Whole region
— +
1993-2019 11x16
ARP
— +
. W14 1993-2019 °.0£3.0
This Study Annual . 5°S-15°N; 60°W-30°W
ERADS reanalysis NBC-NECC
1.5+0.7
1993-2019
NEC
— +
1993-2019 2.2+1.0
N w92 Whole region
Kaortzinger, , o oNl- 201° o
Monthly Climatology 3°S-18°N; 30°W-60°W October/November -1.4+£05
[2003]
2002
Cooley et al. WM99 Whole region
Monthl . 6°N—-13°N; 48°W-58°W 1.4+0.6
[2007] y Climatology 1995-1996, 2001-2003
Lefevre et S07 Whole region
A I °S—10°N; 65°W-35°W -1.0+£1.2
al. [2010] nnua Scatterometer >°S—10°N: 65°W=35 2006-2008 0
Ibanhez et S07 Whole region
A I . . . °N-14°N; 41°W-52°W -0.6+6.1
al. [2015] nhua ERA-interim reanalysis ° > 2006-2013 066
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Valerio et al. W14 Whole region

A I °S—15°N; 45°W-60°"W 4.6 2.
[2021] nnua ECMWF product 9°S-15°N; 45°W-60 2011-2014 625
3°S-5°S; 35.5°W- NBC-NECC 33411
Carvalhoet w14 38.5°W October 2012 e
onthly .
al. [2017] In situ/ECMWF product -
P 1°5-4°S; 37°W-43°W NBC-NECC 5931
September 2014
Araujo et al. S07 NBC-NECC
Monthl 0°-8°N; 37°W-51°W 16+£34
[2017] onthly Scatterometer ’ October 2012
Araujo et al. Wi4 o £o o o NBC-NECC
— . — +
[2018]* Monthly In situ 15°5-5°N; 30°W-51°W 1995-2001 0.31.7
Lefévre et S07 NBC-NECC
Monthl 8°N; 38°W 0.6 £0.5
al. [2020] onthly ERA5S ’ June-September 2013
Whole region
— +
September 2011 0.4£08
M | 507 ARP
uetal.  \onthly In situ/ 0°~13°N; 45°W—60°W 24+13
[2021] o . June 2010
ERA-interim reanalysis
ARP/NBC-NECC 03+06
July 2012 R
Whole region 05
' 1998-2018 '
Louchard et uninformed ) 505 4eN; 30°W—70°W!
al. [2021] ERA-Interim reanalysis ARP** 09
1998-2018 e

*In this study sea surface pCO:2 was estimated from SST and SSS.
**For Louchard et al. [2021] the area of the ARP (~1.1 x 10% km-2) was estimated at 12% of the total area of the western Tropical Atlantic
(9.6 x 108 km2) for the FCO: calculation.
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5.4.2.2 FCO:zinthe NE

The NEC sub-region is a moderate CO:2 sink, but with greater internal
variability than NBC-NECC. This is evidenced by higher spatial heterogeneity in
the sea-air CO:z2 flux in the NEC sub-region, which is intensified to the northwest
where the influence of waters from the Amazon River is greater. In fact, the waters
from the Amazon River are expected to have influence on the position of the sea-
air CO2 equilibrium isoline that demarcates the NEC and NBC-NECC sub-
regions, due to the NBC retroflection transporting riverine waters in the wet
season [Garzoli et al. 2004; Goes et al. 2005; Lefevre et al. 2020]. However, the
increase in sea surface pCO2 driven by the increase in DIC during the wet season
(Fig. V-3) indicates that the influence of NBC-NECC waters supersaturated in
CO2 overlaps with the influence of Amazon River waters in this period.

Furthermore, this increase in pCO2 may be associated with the influence
of CO2z-rich waters from the Canary upwelling system [Landschutzer et al. 2020],
which influences the NEC before reaching the WTA [Ibanhez et al. 2017]. This
leads to a net increase in pCO:2 over the whole NEC (Fig. V-3) during maximum
NBC retroflection, despite the nutrient- and carbon-enriched waters from the
Amazon River [Lefevre et al. 2020]. During the dry season, instead of being
transported to the east, the waters from the Amazon River are mainly advected
to the northwest, decreasing pCO:2 in the NEC sub-region due to high primary
productivity [Bonou et al. 2016; Ibanhez et al. 2015; Mu et al. 2021; Louchard et
al. 2021], hence intensifying the biological uptake of CO2 (Fig 2a). Indeed, model
estimates suggested that without the influence of the Amazon River, much of the
WTA, including part of the NEC sub-region, would be a CO2 source year-round

[Louchard et al. 2021].
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Nevertheless, CO2 uptake is reduced east of the NEC sub-region, where
sea-air CO2 exchange is close to ocean-atmosphere equilibrium (Fig. V-2c). It is
a note of mention that previous studies have recorded a CO: release during the
wet season in the NEC sub-region [Lefevre et al. 2014; Ibanhez et al. 2015;
Ibanhez et al. 2017]. These records were associated with the influence of extreme
events driven by ENSO (i.e., 2009 and 2010), leading to anomalous SST and
consequent increase in sea surface pCO2. We also observed these signs of CO2
release in 2009, 2010 and 2014 (Fig. V-S3), but further investigations are needed
to assess to what extent this behaviour should be considered anomalous as well
as its periodicity, which might also be associated with the influence of the Canary
upwelling system [Landschutzer et al. 2020].

Although the ITCZ lies to the north during most of the wet season [Utida et
al. 2019], precipitation does not seem to exert a strong influence on pCO:2
seasonality in the NEC. Otherwise, the increase in pCO2 would be partially
attenuated, due to the dilution process [Ho & Schanze 2020], and SSS would
decrease rather than increase during the wet season (Fig. V-3b). This suggests
that the hydrographic and biogeochemical properties in the NEC vary with ocean
circulation [e.g., Bruto et al. 2017] rather than precipitation. Thus, the seasonal
changes in pCOz2, and hence in sea-air CO2 exchanges, in NEC are likely driven
by CO:2 release and uptake processes controlled by the variability of ocean

dynamics and to some extent by the Canary upwelling system.

5.4.2.3FCO2inthe ARP
The ARP is the most complex sub-region for understanding the changes

in the marine carbonate system, since several processes act together, with often
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contrasting influences on sea surface pCO2. The strength of each of these
processes is likely coupled with the balance between freshwater discharge and
seawater influence since there was a great difference in sea surface pCO:2 drivers
after normalization to SSS. For instance, sea surface pCO2 drawdown in the wet
season (Fig. V-3) is driven by the dilution of riverine waters through mixing with
seawater [Bonou et al. 2016; Varona et al. 2018; Mu et al. 2021; Louchard et al.
2021]. In addition, the calcium carbonate calcification and dissolution processes
are also intensified as SSS increases (Fig. V-4c), although their net effect on sea
surface pCO: is not clear.

Moreover, the pronounced sea surface pCO2 drawdown in the wet season
is also due to the uptake of CO2 during phytoplankton growth, mainly diatoms and
diatom-diazotroph-assemblages [Louchard et al. 2021], driven by nutrient
enrichment from Amazon River waters [Smith & Demaster 1996; Dagg et al.
2004; da Cunha & Buitenhuis 2013; Louchard et al. 2021]. Although the relative
influence of each of these processes (i.e., dilution and photosynthesis) on pCO:2
remains unclear, most studies conducted in the ARP sub-region indicate that
biological activity is the main driver for the sea surface pCO:2 drawdown
[Kortzinger 2003; Bonou et al. 2016; Lefevre et al. 2017; Mu et al. 2021; Louchard
et al. 2021].

However, we identified a decrease in TA in the wet season (Fig. V-3a),
rather than a small increase expected as a result of photosynthesis, revealing the
influence of TA dilution through mixing of marine and riverine waters [Bonou et
al. 2016; Araujo et al. 2018; Louchard et al. 2021]. Furthermore, the increase only
in normalized DIC (Fig. V-3b) reveals the influence of carbon remineralized from

particulate and dissolved organic matter, transported by the waters of the
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Amazon River during the wet season [Ward et al. 2013; Mu et al. 2021; Louchard
et al. 2021]. Thus, both the increase in DIC from remineralisation and the
decrease in TA from dilution lead to an increase in sea surface pCOz2, but this is
not sufficient to counteract the pCO2 drawdown by primary production.
Therefore, photosynthesis is the main driver of sea surface pCO:2
drawdown in the ARP (Fig. V-S8), as has been suggested in a number of previous
studies [Kortzinger 2003; Bonou et al. 2016; Lefevre et al. 2017; Mu et al. 2021;
Louchard et al. 2021]. Moreover, both CO2 solubility and calcium carbonate
dissolution by riverine waters likely exert some influence on the marine carbonate
system. This may have some effect on the extent of the reef system, as it appears
to be limited to the warmer and more saline waters under the NBC-NECC domain
[e.g., Moura et al. 2016; Francini-Filho et al. 2018; Neumann-Leitédo et al. 2018].
The annual average net CO: flux across the whole region drops
considerably from —1.6 to —0.2 mmol m~2 day—* when we remove the ARP sub-
region. Thus, the waters derived from ARP are responsible for 87% of the CO:
uptake by the WTA, a greater contribution than the 60% showed by
biogeochemical models [Louchard et al. 2021]. Hence, further observational
efforts are needed to broaden our understanding of this biogeochemically

complex region, and thus to improve ocean and climate model estimates.

5. 4. 3 Temporal variability and trends in FCO2

The progressive increase in sea surface pCO: is likely associated mainly
with the increase in SST in both NEC and NBC-NECC waters and DIC in the
NBC-NECC domain (Fig. V-5c,e). For instance, the sea surface pCO2 growth

trend decreased by 35% in NEC and by 31% in NBC-NECC waters when we
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removed its thermal effect (Fig. V-6). Indeed, an increase in SST has been
reported in the North Atlantic [Bates & Johnson 2020], where NEC waters
originate before being advected to the Tropical Atlantic [e.g., Lefevre et al. 2014].
The NBC-NECC sub-region is influenced by both COg2-rich waters from the
equatorial upwelling [e.g., Lefevre et al. 2014] and warmer, more saline upper
waters from the South Atlantic Ocean. Those waters comprise a considerable
contribution (34%) derived from the Indian Ocean, which are transported through
the Agulhas eddies along the South Atlantic Ocean [Souza et al. 2018; Azar et
al. 2021].

In fact, around 20% of those waters that reach the NBC system through
the southern South Equatorial Current bifurcation is sourced from the Indian
Ocean [Azar et al. 2021]. Thus, the mesoscale activity along the South Atlantic
Ocean likely acts as an interhemispheric coupling component also influencing the
CO2 behaviour in the NBC-NECC sub-region through the transfer of
biogeochemical properties between ocean basins [Orselli et al. 2019a,b]. For
instance, the Agulhas eddies typically intensify the ocean CO:2 uptake along their
pathway in the South Atlantic [Orselli et al. 2019a], increasing their initial DIC
storage from Indian Ocean waters. Hence, those structures also contain more
anthropogenic carbon than the surrounding waters [Orselli et al. 2019b]. Since
the release of the Agulhas eddies has been intensifying [Biastoch et al. 2009;
Lubbecke et al. 2015], it is likely that part of the increase in DIC and sea surface
pCO:2 in the NBC-NECC domain is explained by the increasing influence of these

waters being transferred to the NBC current system.
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Figure V-6: Time series of annual averages of sea surface CO: partial pressure normalised to annual
average surface temperature in North Brazil Current-North Equatorial Countercurrent — NBC-NECC (red),
North Equatorial Current — NEC (blue), and Amazon River plume — ARP (green) sub-regions. For significant
trends (solid lines, with colour depicting sub-region), the trend + standard deviation as well as their regression
statistics are shown. The y-axis error bars (black) are the standard errors of the respective annual averages.

A sea surface pCO:2 increase of 1.20 £ 0.02 patm year~ in the NBC-NECC
sub-region was reported for 1983-2010 but was lower than the increase in
atmospheric pCO:2 of 1.70 patm year—* over the same period [Araujo et al. 2018].
This trend in sea surface pCO:2 has increased rapidly to the current estimate of
2.27 + 0.21 patm year—* from 1993 to 2019 (Fig. V-5a), indicating that it is likely
to continue to accelerate in the coming years. This is also observed in the NEC
sub-region (Fig. V-5a), as it is influenced by the circulation and ocean dynamics
of the NBC-NECC system [Garzoli et al. 2004; Goes et al. 2005; Varona et al.
2018; Lefévre et al. 2020].

In fact, Park & Wanninkhof [2012] identified a sea surface pCO2 growth
rate (0.17 + 1.23 patm year™) north of 18°N that was lower than atmospheric

pCO2 growth (2.05 + 0.09 patm year™1) until 2009, mainly during the boreal winter
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(dry season). However, they identified a higher sea surface pCO2 growth (1.57 +
0.86 patm year™) in boreal summer (wet season), which is in agreement with our
findings of higher sea surface pCO2 growth during the wet season (Fig. V-S5).
Furthermore, the sea surface pCO2 growth in NEC has intensified from 2009, as
well as in the NBC-NECC sub-region. In both sub-regions, the rate of increase in
sea surface pCO: is greater than that of atmospheric pCO2 (1.93 £ 0.02 patm
year!; p < 0.0001). Therefore, CO2 outgassing is intensifying in the NBC-NECC
while the NEC sub-region can be expected to show a trend towards CO:
equilibrium with the atmosphere.

Assuming a growth in atmospheric pCOz2 at current levels (1.93 patm year-
1), these trends suggest that it will take around 50 years for sea surface pCOz2 in
the NEC to reach equilibrium with atmospheric pCO2 and from there begin
predominantly releasing COz2. At the same time, the disequilibrium between sea-
air CO2 in NBC-NECC is expected to double, intensifying the CO2 outgassing.
Indeed, although this sub-region is relatively resilient to decreased seawater
buffering capacity [Jiang et al. 2019], we observed a small yet significant
increasing trend in Revelle Factor (Fig. V-S7), indicating a likely reduction in
buffering capacity in both NEC and NBC-NECC waters. However, since this trend
in sea surface pCO2 in NBC-NECC increased rapidly by 33% from 2010 to 2019,
it is likely that this equilibrium point in NEC and intensification in NBC-NECC will
be reached even before the 50 years projected based on a linear increase in
atmospheric pCOs.

The timing of these changes will depend on global CO2 emissions and the
future evolution of atmospheric pCO:2 in the coming years, as reflected in the

Shared Socioeconomic Pathways (SSP) [Meinshausen et al. 2020] used in the
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latest IPCC report [IPCC 2021]. For instance, if global CO2 emissions are cut to
net zero by around 2050, in the most optimistic scenario (SSP1-1.9), the NEC
sub-region would switch to releasing instead of taking up CO2 and NBC-NECC
would double its CO2 outgassing in approximately 20 years, assuming the current
sea surface pCOz2 trend.

However, it remains difficult to predict an accurate response of the marine
carbonate system to different scenarios, because sea-air CO2 exchanges are an
important driver for sea surface pCOz: in these sub-regions [e.g., Araujo et al.
2018]. In any case, the increase in sea surface pCO:2 can further lead to changes
in seawater pH and hence affect the extensive reef system at the Amazon River
mouth along the continental shelf [Moura et al. 2016], which is highly sensitive to
changes in biogeochemical conditions [Francini-Filho et al. 2018; Neumann-
Leitdo et al. 2018].

The ARP sub-region exhibits high interannual variability but no trend in sea
surface pCO2. However, there is a trend (at the 94% confidence level) towards
an increase in CO:2 uptake in this sub-region (Fig. V-5f) because of the increase
in atmospheric pCO2 (Fig. V-5a) and therefore the sea-air CO2 disequilibrium.
The ARP waters have been experiencing an increasing trend in the concentration
of chlorophyll-a from 1997 to 2020 (Fig. V-S8), which is likely associated with the
amplification of the hydrological cycle in this sub-region [Liang et al. 2020],
characterized by an increase in precipitation and discharge from the Amazon
River. The waters exported from the Amazon River are the main source of
nutrients that enrich the ARP sub-region for phytoplankton growth [Bonou et al.
2016; Ibanhez et al. 2015; Mu et al. 2021; Louchard et al. 2021]. Hence, the

increasing trend in ARP sea surface pCO:2 expected due to both the increase in
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atmospheric pCO2 and sea surface pCO:z in the surroundings is completely
counteracted by the increase in biological CO2 uptake.

The strong interannual variability of the carbonate system in the ARP sub-
region is matched by the variability in SSS (Fig. V-5). However, it remains unclear
which is the main driver of this strong interannual variability, since several
processes act together and decomposing them is still a challenge [Bonou et al.
2016; Ibanhez et al. 2015; Mu et al. 2021; Louchard et al. 2021; Valerio et al.
2020]. For example, although precipitation driven by the ITCZ position intensifies
in the wet season south of 10°N, it has not been associated with interannual pCO:2
variability in this sub-region [Lefevre et al. 2020]. Nevertheless, the years with the
highest SSS and pCO:2 (2005, 2010 and 2011) were those with the most
significant droughts due to the coupled influence of the El Nifio phase of ENSO
with warming of the tropical North Atlantic [Marengo & Espinoza 2016; Tyaquica
et al. 2017].

Conversely, the lowest SSS and pCO2 were found in years (2009 and
2012-2014) marked by heavy flooding associated with the La Nifia phase and
warming of the tropical South Atlantic [Marengo & Espinoza 2016; Tyaquica et
al. 2017]. Such climatic events add complexity to the dynamics of the carbon
cycle in the WTA [Kucharski et al. 2016] and require further investigation using
observations, models [Louchard et al. 2021], reanalysis products and satellite
imagery [e.g., Valerio et al. 2021; Liutti et al. 2021] to constrain their relative

importance to regional biogeochemistry.
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5. 5 Caveats and limitations

Although the contrasting behavior of sea-air CO2 exchanges in the sub-
regions of the WTA is evident, the marine carbonate system sampling is limited
before the 2000s. As such, the increasing trends in sea surface pCO2 may be
even greater than those we found here. However, this limits us to associating the
interannual variability of sea surface pCOz2 in the ARP sub-region with its likely
drivers, such as precipitation, river discharge and chlorophyll-a concentrations
(Fig. V-S1).

Despite our findings suggesting that the behaviour of the NBC-NECC,
NEC and ARP sub-regions is consistent in the dry and wet seasons in terms of
average FCOz, our time series is limited to just one season in some years, mainly
until 2009 (Fig. V-S2). Nevertheless, the CO2 source or COz2 sink behavior in each
sub-region is evident in the years in which there is sampling in both dry and wet
seasons (Fig. V-S3).

The ARP is the sub-region with the lowest spatial and temporal data
coverage. Although temporal coverage has increased since 2006, when both dry
and wet season data are available more frequently, the temporal variability of the
average annual pCO:2 in the ARP may be biased by the greater amount of data
in the wet season (Fig. V-S5). This demonstrates that the ARP is a priority sub-
region to focus efforts on future studies to solve the issue of seasonal biases in
data coverage.

Another complication is that organic substances influence alkalinity
measurements, mainly in estuarine waters [e.g., Kerr et al. 2021]. Moreover,
although the organic fraction of alkalinity over a vast area of the WTA is estimated

to be less than 5 pmol kg™ [Kerr et al. 2021], this fraction may be higher in ARP
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waters, because of riverine transport. Since the TA that we estimated from SSS,
SST and location [Carter et al. 2018] does not consider the organic fraction of
alkalinity, the TA may be underestimated, and this could influence the TA:DIC
ratios to some extent. This may be an explanation for the lack of a clearly
observed increase in TA as a result of photosynthesis (Fig. V-4c). In fact, the
organic fraction in TA has been a global challenge in studies of the carbonate
system in coastal regions [Kerr et al. 2021] and a limitation shared among several
studies conducted to date in the WTA [e.g., Kortzinger 2003; Lefevre et al. 2010;
Araujo et al. 2014; Lefevre et al. 2014; Bonou et al. 2016; Araujo et al. 2017,
Lefévre et al. 2017; Araujo et al. 2018].

Furthermore, other biogeochemical aspects need to be investigated in
future studies to elucidate the consequences of the increase in sea surface pCO2
in the NEC and NBC-NECC sub-regions, and what has been driving the resilience
of the ARP to this increase. Since little is known about the temporal and spatial
variability of the carbonate system properties in the whole region, separating the
main processes driving the sea surface pCO2 changes remains a challenge, as

several processes act simultaneously.

5. 6 Conclusions and closing remarks

The contrasting estimates in sea-air CO2 exchanges in the WTA occur
because this region is composed of three distinct sub-regions in terms of these
exchanges. The sub-region under the NBC domain is a net annual CO2 source
to the atmosphere, while the sub-region under the NEC influence is a net annual
CO:2 sink. The ARP waters are a strong net CO:2 sink, being responsible for 87%

of the CO2 uptake in the WTA. Since several studies have only used snapshots
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of sea-air CO2 exchanges in this region, the comprehensive approach of this
study expands our knowledge about their spatial and temporal dynamics.

Our findings shed light on the risk of extrapolation in estimating sea-air
CO2 exchanges from geographic or temporal snapshots. Hence, in addition to
pointing out questions that still need to be answered on the marine carbonate
system, our study may be useful for informing the sampling design of future
studies in this region. Increased availability of observational data should
significantly improve the performance of complex coupled models (e.g., ocean-
biogeochemical and climate models) to provide more robust information about
the natural behaviour and changes underway and anticipated in the WTA. Finally,
the significant increase in sea surface pCO:2 in both the NBC and NEC reveals

the sensitivity of carbon dynamics in these sub-regions to global climate change.
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APENDICE Il

Este apéndice contém as seguintes figuras mencionadas no capitulo V:

Fig. V-S1,; Fig. V-S2; Fig. V-S3; Fig. V-S4; Fig. V-S5; Fig. V-S6; Fig. V-S7.
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Figure V-S1. Time series of annual averages (crosses) of the (a) Amazon River water discharge at the
Obidos station, (b) precipitation, (c) chlorophyll-a concentration and (d) wind speed in the western Tropical
Atlantic Ocean. The blue bars oriented up and down are the standard errors of the respective annual
averages. Data from the Obidos station were obtained from the Brazilian National Water Agency
(http://lwww.snirh.gov.br/hidrotelemetria/Mapa.aspx), while precipitation and wind speed data were extracted
from the ERA 5 reanalysis [Hersbach et al. 2020].
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Figure V-S2. Density and distribution of data from SOCAT version 2020 per year over the western Tropical
Atlantic Ocean from 1993 to 2019 (a-u). The colours indicate the seasons: dry (October — March; red) and
wet (April — September; blue). The data density (n = 142,942 for the entire period) for the seasons was as
follows: 59.39% during dry period and 40.60% during wet period.
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Figure V-S3. Annual average CO: flux (FCOz2) per year over the western Tropical Atlantic Ocean from 1993
to 2019 (a-u). The solid black line represents the climatology equilibrium isoline of annual average FCO2
(i.e., FCO2=0) that divides the North Brazil Current-North Equatorial Countercurrent (NBC-NECC) and North
Equatorial Current (NEC) regions. The pink dashed line represents the annual climatological isoline of SSS
= 35, which delimits the ARP region.
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Figure V-S4. Annual average (dots) and trends (full line) of sea surface pCO2 anomaly in the (a) North Brazil
Current-North Equatorial Countercurrent (NBC-NECC), (b) North Equatorial Current (NEC), and (c) Amazon
River plume (ARP) regions.
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Figure V-S5. Time series of seasonal average and trends (full line) of sea surface pCO2 in the (a) North
Brazil Current-North Equatorial Countercurrent (NBC-NECC), (b) North Equatorial Current (NEC), and (c)
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(black) are the standard errors of the respective seasonal averages.
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Figure V-S6. Climatological distribution of sea surface (a,b) salinity and (c,d) temperature in the western
Tropical Atlantic Ocean from 1993 to 2019 in the dry and wet seasons. The numbers indicate the averages
and standard deviations of each variable in each sub-region: North Brazil Current-North Equatorial
Countercurrent (NBC-NECC), North Equatorial Current (NEC), and the region under the influence of the
Amazon River plume (ARP).
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Figure V-S7. Annual average (dots) and trends (full lines) of Revelle Factor in the (a) North Brazil Current-
North Equatorial Countercurrent (NBC-NECC), (b) North Equatorial Current (NEC), and (c) Amazon River
plume (ARP) regions. There is no significant trend in ARP (c). The blue bars oriented up and down are the
standard deviation of the respective annual averages.
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Figure V-S8. Trend in chlorophyll-a concentration from 1997 to 2020 derived from satellite images. Trend
are expressed in % per year, with positive trends in red and negative trends in blue.
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Capitulo VI: Sintese dos Resultados e
Conclusoes

qui séo destacados os principais pontos de discusséo e conclusdes
dos artigos cientificos apresentados nos Capitulos I, IV e V.
Primeiramente, os artigos serdo abordados individualmente e, por
fim, a tese ser& concluida através da verificacdo da hipotese formulada e das

consideracdes finais.

6. 1 Variabilidade especo-temporal dos macronutrientes e ambiente chave
para a absorcédo de CO2 no NAP

Neste estudo, 0s principais processos que controlam a variabilidade
espacial e temporal dos macronutrientes inorganicos dissolvidos foram
investigados ao longo do NAP, desde o estreito de Gerlache, no extremo sul, até
a bacia leste do estreito de Bransfield, no extremo norte do NAP. A principal fonte
de nutrientes (i.e., DIN, acido silicico e fosfato) para o NAP é a intrusdo de CDW

em camadas intermediarias (200 - 500 m), principalmente a partir do estreito de
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Gerlache e da bacia oeste do estreito de Bransfield. Alguns processos locais
como a remineralizacdo apos as floracbes de fitoplancton, a presenca de
estruturas de mesoescala (i.e., vortices) e o aporte regional a partir de fjords
também podem adicionar nutrientes para o NAP. Por isso, altas concentracdes
de nutrientes foram identificadas ao longo do NAP, até mesmo na superficie e
sob condicfes de intensas floracGes de fitoplancton durante o veréo austral.

No estudo também foi observado que a mistura de CDW com a DSW
proveniente do mar de Weddell é responsavel pela variabilidade interanual na
concentracdo desses nutrientes, pois a DSW é uma agua recentemente
ventilada comparada a CDW e, portanto, com menores concentracdes de
nutrientes. Tal diferenca € ainda mais evidente na concentracao de acido silicico,
gue € abundantemente utilizado durante as floracdes de diatomaceas. A mistura
entre CDW e DSW, por sua vez, é fortemente influenciada pela circulagéo local,
gue € modulada pelos modos de variabilidade climatica SAM e ENSO. Isso
ocorre porque quando o indice SAM é positivo as intrusbes de CDW séo
intensificadas, aumentando a concentracao de nutrientes ao longo do NAP. O
oposto ocorre quando o indice ENSO é positivo, embora com menor influéncia
sobre a concentracao dos nutrientes do que o SAM.

Além disso, a reducdo dos nutrientes entre o inverno e o verdo austral foi
estimada ao longo do NAP, revelando-se um claro gradiente espacial, com
maiores reducdes em todos os nutrientes no estreito de Gerlache e menores
reducdes na bacia leste do estreito de Bransfield. Na verdade, a reducao entre
o0 inverno e o verdo em todos 0s nutrientes no estreito de Gerlache é o dobro da
que é observada na bacia leste do estreito de Bransfield. Este € um resultado

importante porque demonstra que apesar de toda o NAP ser rica em nutrientes,
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o estreito de Gerlache é provavelmente a regido onde ha melhores condicbes
para o desenvolvimento de floracdes de fitoplancton. Tais condicbes estédo
associadas ao maior aporte de agua de degelo continental e derretimento de
gelo marinho, proporcionando uma maior estabilidade na camada superior do
oceano, o que favorece as floracdes de fitoplancton. Além disso, o estreito de
Gerlache é uma das regides mais abrigadas do NAP, tornando-a relativamente
protegida as condicbes de ventos extremos, que impacta diretamente a
estabilidade da coluna de agua. Como alguns estudos sugerem que o NAP né&o
deve experimentar limitacbes por ferro, o estreito de Gerlache pode ser
considerado como uma regido altamente favoravel ao crescimento do
fitoplancton.

As intensas floracdes de fitoplancton, principalmente de diatoméceas, ja
foram associados a intensa absorgcdo de CO2 atmosférico ao sul do NAP e no
estreito de Gerlache durante o verdo austral. Além disso, o estreito de Gerlache
absorve desproporcionalmente mais CO2 do que regifes ao redor da Antartica
com areas maiores, como o estreito de Bransfield. Apenas as altas
concentracdes de nutrientes e a disponibilidade de luz no verdo nao explicam tal
desproporcionalidade na absorcdo COz2, pois em geral todas as regides ao redor
da Antértica experimentam essas mesmas condi¢cdes durante o verdo astral.
Portanto, nesse estudo, foi demonstrado porque o estreito de Gerlache, e
provavelmente outras regides costeiras abrigadas ao redor da Antartica, sdo
consideradas regifes-chave para a absorcao de CO2. No entanto, as conclusdes
até o0 momento eram restritas ao comportamento dessa regido durante o verao
austral, de modo que uma questao ainda permanecia em aberto: o que ocorre

com o FCOz2 no estreito de Gerlache nas outras estacdes do ano?
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6. 2 Variabilidade sazonal e interanual do FCOz2 no estreito de Gerlache

A variabilidade sazonal do FCOz2 nas regides costeiras da Antartica ainda
€ muito pouco conhecida, principalmente devido a dificuldade de acesso a essas
regioes, especialmente durante o inverno austral. Por isso, nesse estudo foi
investigado como o estreito de Gerlache se comporta em relacdo ao FCO:2 ao
longo do ano, ja que durante o verdo essa regiao € um importante sumidouro de
CO2 atmosférico, e quais processos controlam esses fluxos. Isso foi possivel por
meio da analise de uma série temporal do FCO2 de 2002 a 2017, incluindo as
variabilidades sazonais e interanuais. Durante oito meses do ano (i.e., de abril a
novembro) o estreito de Gerlache se comporta como uma fonte de CO:2 para a
atmosfera, com uma forte liberagdo de CO2 durante o inverno (i.e., de julho a
setembro). No entanto, em apenas quatro meses (i.e., de dezembro a marco), a
absorcdo de CO:2 pelo oceano é tao intensa que ela quase compensa 0s 0ito
meses em que a regido se comporta liberando CO: para a atmosfera.

A média anual do FCOz2 entre 2002 e 2017 foi 1,24 +4,33 mmol m dia!,
relevando que o estreito de Gerlache € uma regido bastante sensivel as
alteracdes climaticas que influenciam o ciclo do carbono. A desproporcionalidade
na intensa absorc¢do de CO2 durante o verdo tem ficado ainda mais evidente nos
altimos anos a medida em que a magnitude da absor¢cdo de CO2 no verao tem
aumentado desde 2011. Assim, houve uma mudanc¢a no FCO2 médio anual de
4,4 £ 2,8 mmol m? dia! até 2009 para —2.0 + 3.0 mmol m~ dia™! a partir de 2010,
revelando que a regido era uma fonte anual de CO2 para a atmosfera e desde
2010 tem se comportado predominantemente como sumidouro anual de CO:

atmosférico.
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Diversos processos podem estar associados a essa mudanca e alguns
cenarios sdo esperados para o futuro, inclusive contrastantes. Por exemplo, o
aumento das intrusdes de CDW devido a intensificacdo dos ventos de oeste e
sua migracao para sul podem diminuir o desequilibrio entre a pCO2m" e pCO2¥,
minimizando a absor¢édo de CO2 no verdo. No entanto, 0 mais provavel é que a
absorcdo de CO: seja intensificada devido a extenséo do periodo livre de gelo
marinho, comecando mais cedo na primavera e se prolongando até depois do
verao.

Durante o outono e, principalmente, no inverno austral, parte do fluxo de
CO2 entre 0 oceano e atmosfera é minimizada devido a cobertura de gelo
marinho. As intrus6es de CDW e a ressurgéncia dessas aguas sao intensificadas
nessas estacdes do ano, aumentando a pCO2m" e a0 mesmo tempo propiciando
o derretimento de gelo marinho, devido a maior temperatura da CDW. Além
disso, a camada de mistura é mais profunda, proporcionando uma maior mistura
vertical, incrementando a pCO2"" devido a remineralizacdo de matéria organica.
Essas condicdes levam a regido a se comportar como uma moderada a forte
fonte de CO2 para a atmosfera. No final da primavera (dezembro) e durante o
verao austral a disponibilidade de luz associada a maior estabilidade da coluna
de agua, devido ao derretimento de gelo marinho, favorece o crescimento do
fitoplancton, especialmente diatomaceas, que reduzem drasticamente a
pCO2Ma,

Embora diversos processos atuem simultaneamente no controle da
pCO2ma" no estreito de Gerlache, a reducao significativa de Ct no verao sugere
gue o consumo de CO:2 pelo crescimento do fitoplancton se sobrepde aos demais

processos como a solubilidade, a calcificacéo e o derretimento de gelo marinho.
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Isso fica mais evidente quando, na primavera, a razdo At:Cr sob maiores
temperaturas na superficie do mar (>0 °C), principalmente em dezembro, indica
0 processo de fotossintese, enquanto sob menores temperaturas (<0 °C) essa
razao reflete processos de calcificacdo/dissolucdo de CaCOs e formacéo de gelo
marinho.

O intenso aporte de agua doce de degelo durante o verdo aumenta a
estabilidade na camada superior do oceano, favorecendo o crescimento do
fitoplancton. Portanto a fotossintese deve exercer maior influéncia direta sobre a
absorcdo de CO2 do que o aporte de agua doce, no estreito de Gerlache. No
entanto, o estreito de Gerlache € uma regido relativamente pequena e protegida
do NAP, cujos aportes de agua doce de degelo sdo consideravelmente menores
do que o aporte de agua doce que o rio Amazonas descarrega sobre o WTA. Ou
seja, sera que a fotossintese também € um processo dominante na absorgéo de
CO2 nas aguas da ARP, com uma extensdo e um aporte de agua doce

significativamente maiores do que no estreito de Gerlache?

6. 3 Variabilidade espacial e temporal do FCO2 no WTA

Apesar de a ARP ser uma importante feicdo oceanografica no oceano
Atlantico Tropical, pouco ainda € conhecido sobre o seu impacto na
biogeoquimica dessa regido. H4 uma grande divergéncia entre a maioria dos
estudos que abordam o FCO2 no WTA. Mesmo na ARP, onde os estudos
convergem em relacdo ao seu comportamento de sumidouro de CO:
atmosférico, ha uma enorme variabilidade na magnitude desses fluxos. Nesse

estudo foi possivel demostrar porque existe essa divergéncia entre os estudos,
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tanto sobre o comportamento da regido em relacdo ao FCO:2 quanto sobre a
variabilidade na magnitude da absorcédo de CO:2 pela ARP.

No presente estudo foi demonstrado que a divergéncia no FCO2 do WTA
ocorre porque essa regido € caracterizada por trés sub-regides com
comportamentos distintos em relagdo ao FCO2. A regido sob dominio da NBC
atua como uma fonte de CO2 para atmosfera, enquanto as aguas sob dominio
da NEC atuam predominantemente como um sumidouro de CO2 ao longo do
ano. As aguas sob dominio da ARP atuam como um forte sumidouro de CO:2
atmosférico, tanto no periodo seco quanto no chuvoso, sendo responsaveis por
cerca de 87% da absorcdo de CO2 pelo WTA. Tais comportamentos distintos
levavam os estudos a resultados contrastantes sobre o FCO:2 quando as
amostragens se restringiam majoritariamente em determinadas sub-regides.

Além disso, foi identificada uma tendéncia de aumento significativo na
pCO2M" tanto nas aguas da NBC quanto nas aguas da NEC. Essas tendéncias
de aumento da pCO2™ ja haviam sido identificadas até 2010 em outros estudos,
no entanto elas aumentaram em 42% na NEC e em 89% na NBC entre 2010 e
2019, enquanto a tendéncia de aumento da pCO2®" aumentou apenas 14% no
mesmo periodo. Como consequéncia, atualmente, a tendéncia de aumento da
pCO2"" na NEC e na NBC € maior do que 0 aumento da pCO2¥. Isso significa
que se essas tendéncias persistirem nos proximos anos, em torno de 50 anos a
NEC pode comecar a liberar ao invés de absorver CO2 e a NBC pode dobrar a
quantidade de CO: liberada para a atmosfera, impactando o equilibrio
biogeoquimico da regiao.

Parte do aumento da pCO2"" na NBC (31%) e, principalmente na NEC

(35%), é devido ao aumento da SST. No entanto, ndo esta claro quais processos
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sao responsaveis pela maior parte desse aumento. Na NBC, o aumento de
pCO2ma" deve estar associado ao aumento significativo de Cr, que foi associado
a intensificacdo na liberacdo dos vortices das Agulhas do oceano indico. Essa
associacao foi pensada porque essas estruturas sao importantes sumidouros de
COg2, possuem maior Ct em seu interior do que nas aguas ao redor e ja foi
demostrado que elas podem atingir as aguas da NBC antes de serem
advectadas para o WTA.

A ARP é aregido onde a biogeoquimica é mais complexa porque diversos
processos atuam simultaneamente controlando a pCO2"", As aguas da ARP tém
altas concentracfes de nutrientes e uma alta estabilidade nos primeiros metros,
devido a baixa SSS. Tais condi¢des favorecem o crescimento do fitoplancton,
especialmente as assembleias de diatomaceas diazotroficas, que sdo muito
eficientes na absorcdo de CO2. A diminuicdo da SSS também aumenta a
solubilidade do CO2, o que facilita a difusdo desse gas entre o oceano e
atmosfera. Até 0 momento nao esta claro qual o real impacto desses processos
(fotossintese e solubilidade) na reducdo da pCO2™" das aguas da ARP, embora
a maioria dos estudos apontem que a fotossintese sejam o principal processo.

Durante o periodo chuvoso, quando ha maior influéncia das aguas do rio
Amazonas, hd uma intensa diminui¢cdo de Cr e At associada a maior diminui¢éo
de pCO2™" na ARP. A diminuig&o de At ocorre devido a diluicdo da agua do mar
com as aguas da ARP, onde ha intensa remineralizacdo de matéria organica
proveniente do rio Amazonas, o que deveria aumentar o Cr. Tanto a diminuicdo
da At quanto o aumento do Ct causam um aumento da pCO2"". No entanto, foi
observada uma reducéo liquida de Cr e de pCO2"2 na ARP no periodo chuvoso.

Isso releva que, de fato, a fotossintese parece ser o principal controlador da
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reducéo de pCO2™ e, consequentemente, da intensa absor¢cdo de CO2 pelas
aguas da ARP.

Além disso, nenhuma tendéncia na pCO2m2" foi identificada nas aguas da
ARP, como foi observada na NBC e na NEC. Em vez disso, foi identificada uma
tendéncia de aumento na absor¢cdo de CO2, como resposta ao aumento da
pCO2?". Essa maior resiliéncia das aguas da ARP em relagdo ao aumento de
pCO2ma" provavelmente estd associada a intensa produtividade primaria, pois
nessa regido ha uma tendéncia de aumento da clorofila a, indicando que a
intensificacdo da fotossintese esta neutralizando o aumento de pCO2™" que

seria esperado devido a mistura com as aguas da NBC.

6. 4 Consideracdes finais e direcionamentos futuros

A hipétese testada nesta tese foi que “a alta produtividade primaria
proporcionada pelas altas concentracdes de nutrientes € o principal controlador
da absorcdo de CO2 no estreito de Gerlache, no NAP, e na ARP.” A parte da
hipétese associada ao estreito de Gerlache foi aceita porque nessa regido se
observa as maiores concentracdes de nutrientes ao longo do NAP e a maior
reducdo entre o inverno e 0 verdo, nos primeiros 50 m, em todos o0s
macronutrientes analisados. Essa maior redu¢cdo nos macronutrientes esta
associada a maior produtividade primaria, que é proporcionada pela maior
estabilidade na coluna de agua, ja que o estreito de Gerlache € a regido mais
abrigada e sob maior influéncia de degelo continental e de gelo marinho ao longo
do NAP. Tais condi¢cbes altamente favoraveis ao crescimento e as episodicas
floracdes de fitoplancton tornam o estreito de Gerlache uma regiao bastante

importante para a absorcao de CO2 no verédo (Fig. VI-1).

204



Em relacdo a ARP, a hip6tese foi parcialmente aceita porque nessa regiao
a razdo Ar:Cr indicou a fotossintese como o principal controlador desses
parametros, os quais foram identificados como os principais controladores da
pCO2ma". Contudo, a fotossintese foi identificada como o principal processo
controlando At e Ct apés sua normalizacdo pela SSS, ou seja, apds a remogao
do efeito da diluicdo pelas aguas do rio Amazonas. A distribuicdo de At e Ct nédo
normalizados revelou que diversos processos atuam simultaneamente
controlando esses parametros e a alteracdo nessa distribuicdo apds a
normalizacédo revela que a diluicdo tem um papel importante sobre At e Cr.
Portanto, embora os resultados indiqguem que a fotossintese seja o principal
processo controlando a absorcdo de CO: (Fig. VI-1), mais estudos sé&o

necessarios para identificar o papel da diluicao e da solubilidade nessa absorcéo.

& \ Absorgéao
it de CO,

Fig. VI-1: Esquema representativo dos principais processos controlando a presséo parcial do CO2 (pCOz)
na superficie do mar no estreito de Gerlache, localizado no norte da Peninsula Antartica, e na pluma do rio
Amazonas, no oceano Atlantico Tropical oeste. O esquema destaca o intenso processo de fotossintese,
indicador da alta produtividade primaria, como o principal controlador da redugéo da pCOz2, que leva a forte
absorcdo de CO2 em ambas as regifes. E alta produtividade ocorre devido as altas concentracdes de
nutrientes (Nutri) e o aporte de agua doce € um controlador secundério da absorgdo de CO2, através da
diluicdo e da solubilidade. A siglas Si e P significam os nutrientes silicato e fosfato, respectivamente,
enquanto CDW significa Agua Profunda Circumpolar.
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Ambas as regides estudadas séo caracterizadas por altas concentracdes
de nutrientes, que sustenta uma alta produtividade primaria. O crescimento do
fitoplancton, por sua vez, € um dos principais mecanismos que reduzem a
pCO2m" fazendo as aguas superficiais absorverem CO:2 da atmosfera (Fig. VI-
1). Porém, outra caracteristica importante dessas regides € o intenso aporte
sazonal de agua doce, embora por motivos distintos: no NAP por degelo
continental e de gelo marinho e no WTA pela descarga do rio Amazonas. Tais
condicBes reforcam o crescimento do fitoplancton e influenciam diretamente a
solubilidade do CO2 na agua, facilitando a troca de CO2 entre 0o oceano e
atmosfera.

Embora os estudos apresentados nesta tese tenham fortes indicios de
que a produtividade primaria seja o principal processo que controla a absorcéo
de CO2 em ambas as regides estudadas, ndo esta muito claro qual a magnitude
do papel da diluicdo e da solubilidade nessas trocas. No NAP ha mais estudos
gue buscaram resolver esse dilema, utilizando dados de diferentes grupos de
fitoplancton e os associando ao FCO2. Porém, ainda é muito dificil separar o
papel da SST e da SSS do papel da fotossintese sobre a pCO2™, j4 que a SST
e a SSS também sao variaveis importantes para o crescimento do fitoplancton.

Descobrir a magnitude da influéncia dos processos fisicos e
biogeoquimicos sobre as mudancas na pCO2" parece ser ainda mais complexo
na regido sob influéncia da ARP. Tal complexidade ocorre porque, além de
nutrientes, o rio Amazonas transporta altas concentracdes de matéria organica
em decomposicdo, que influencia a pCO2", e material e suspensdo, que
aumenta a turbidez da agua e influencia a produtividade primaria. Todos esses

processos atuam simultaneamente com precipitacdo/dissolucdo de CaCOs,
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fotossintese/respiracdo, absorcaol/liberacdo de CO2, diluicdo/evaporacao,
tornando a compreensdo da magnitude de cada um deles um desafio para os
futuros estudos.

Um dos maiores desafios para se compreender melhor a magnitude de
cada um desses processos e para desacoplar um dos outros € a escassez de
dados fisicos e, principalmente, biogeoquimicos nessas regifes estudadas.
Nesse sentido, 0 GOAL tem tido um papel fundamental no monitoramento das
propriedades fisicas e biogeoquimicas ao longo do NAP, o que contribuiu
significativamente para o desenvolvimento dos estudos apresentados nessa
tese. Além disso, a disponibilidade de dados em plataformas com livre acesso,
como 0 SOCAT e o GLODAP, sdo essenciais para melhorar nossa compreensao
dos processos oceanograficos em diversas regides oceanicas. Sem esses
bancos de dados, esses estudos ndo seriam possiveis e o entendimento sobre
o ciclo do carbono e a biogeoquimica marinha seriam ainda mais limitados.
Portanto, uma das acdes que devem ser encorajadas em projetos e estudos
futuros € o monitoramento dessas e de outras importantes regides, a
manutencdo das plataformas de dados disponibilizados livremente e a ampla
utilizacdo desses dados. Assim, poderemos aprofundar e ampliar nosso
entendimento sobre os processos biogeoquimicos sob um ponto de vista

interdisciplinar.
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