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Executive Summary

The Atlantic Meridional Overturning Circulation (AMOC) transports biogeochemically important
parameters such as dissolved oxygen, nutrients and carbon as well as heat and salt. However, whilst
observations and infrastructure for the monitoring of physical parameters are well-established,
measurements of biogeochemical variables are very much in their infancy.

This report details dissolved oxygen measurements made within iAtlantic at the southern (34.5 °S) and
northern (57.5 °N) boundaries of the Atlantic Ocean. Measurements at both sites were made using
moored dissolved oxygen sensors deployed on deep ocean moorings monitoring important
components of the AMOC: the Agulhas Leakage, the Brazil Current and the North Atlantic Current.

Near the eastern boundary at 34.5 °S (known as SAMBA-E), dissolved oxygen sensors were deployed
within the Agulhas Leakage. Two instruments were deployed in October 2020 and recovered in
September/October 2022. Dissolved oxygen concentrations typically covary with temperature and
salinity indicating the intrusion of different water masses to the study site. Additionally, data suggest
the passage of Agulhas Rings past the mooring locations. The dissolved oxygen data have been
formatted and accessioned through the South African National Marine Information Management
System.

Near the western boundary at 34.5 °S two new full-depth moorings, one under iAtlantic and one under
the sister project TRIATLAS, were deployed in December 2022. The iAtlantic mooring includes dissolved
oxygen measurements at the core of the Brazil Current. These moorings are significant additions to the
western component of the AMOC monitoring array in the subtropical South Atlantic and provide, for
the first time, time series observations of mid-depth dissolved oxygen, velocity, temperature, and
salinity. At the time of preparation of this report, the moorings are still deployed. Due to heavy Covid
delays, the moorings will be recovered after the conclusion of iAtlantic. It is expected that the iAtlantic
mooring data from both sides of the south Atlantic basins will be submitted soon after the instruments
are recovered (western) and the data are calibrated (western and eastern). The observations will be
used primarily to study collocated changes in ocean currents and water mass properties relevant to
marine ecosystems in both the Brazil and Agulhas Currents to contribute to regional and global
assessments.

At 57.5 °N, dissolved oxygen sensors were deployed at the eastern boundary within a branch of the
North Atlantic Current. Instruments were first deployed in May 2017 with the latest recovery in July
2022. Data from 65 m show a clear seasonal signal with a maximum dissolved oxygen saturation and
concentration associated with the Spring bloom. Additionally, dissolved oxygen saturation shows a
secondary peak in October, possibly linked to an Autumn bloom. The lowest concentrations (and
saturations) are observed at 960 m within a mid-depth lower oxygen layer. The highest dissolved oxygen
variability is not observed at 65 m, but rather at 750 m, which lies in a depth of rapidly changing
dissolved oxygen between the well-oxygenated upper waters and lower oxygen layer.

The dissolved oxygen measurements at 57.5 °N are being used to derive nutrient and carbon fields to
enable the transport of these parameters by the AMOC to be quantified. Nutrient and carbon transports
associated with the easternmost branch of the North Atlantic Current are highly variable, showing the
value in deriving these from moored observations rather than hydrographic sections.

Although iAtlantic concludes in March 2024, future comparisons of measurements in the Brazil Current,
at the Agulhas Leakage and from the North Atlantic Current will improve our understanding of
exchanges at sensitive gateways in the Atlantic Ocean. In addition, the oxygen sensors deployed on the
moorings across SAMBA-E will provide, for the first-time, high-resolution data of the impact that the
Agulhas Leakage has on the mid-depth ventilation of this region.
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1. Introduction

An important component of circulation in the Atlantic is the Atlantic Meridional Overturning Circulation
(AMOC). This involves the conversion of less dense upper waters into denser intermediate and deep
waters in the subpolar North Atlantic, and upwelling and destruction of deep water elsewhere. The
AMOC comprises a warm northward flow in the upper water column (the upper limb) balanced by a
cold return flow at depth (the lower limb).

The AMOC is a unique feature of the Atlantic (Buckley & Marshall, 2015) and understanding it is crucial
to assessing the ocean impact on climate and to unravel future changes. According to the Sixth
Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC, 2021), it is likely
that a collapse of the AMOC would cause “abrupt shifts in regional weather patterns and water cycles,
such as a southward shift in the tropical rain belt, weakening of the African and Asian monsoons and
strengthening of Southern Hemisphere monsoons, and drying in Europe”. While it is very likely that the
AMOC will weaken over the 21st century, IPCC (2021) predicts “with medium confidence” that the
AMOC will not undergo an abrupt collapse before 2100.

The AMOC forms an important connection across the Atlantic (Figure 1). The main part of the upper
limb enters the Atlantic south of South Africa via the Agulhas Leakage. Here, the Agulhas rings transport
warm and saline equatorial Indian Ocean water masses into the South Atlantic (Biastoch et al., 2008).
This water is transported across the South Atlantic to South America within the wind-driven subtropical
gyre. The westward flow bifurcates into northward and southward flow at about 11 °S off the coast of
Brazil before it crosses the equator within the North Brazil Current (e.g., Hazeleger & Drijfhout, 2006;
Schott et al., 2004). Here, a complex system of alternating zonal currents forms an interhemispheric
buffer for the AMOC. One third of the AMOC transport recirculates and upwells within the zonal
currents and the shallow subtropical cells of the tropical Atlantic, gaining heat and freshwater, before
it rejoins the AMOC with modified properties (Hazeleger & Drijfhout, 2006).

The main part of AMOC travels further northward in the western boundary currents of the wind-driven
North Atlantic subtropical gyre. In the subtropics, the northward flow is separated into the transport
through the Florida Strait and the Antilles Current west of it, both compiling the Gulf Stream. At Cape
Hatteras, the Gulf Stream separates from the coast and meanders to the northeast. Further north at
Grand Banks, a large part of the cold southward flowing Labrador Current joins the Gulf Stream on its
northeast path forming the North Atlantic Current (Buckley & Marshall, 2015; and references therein).
The North Atlantic Current moves eastwards where it breaks up into several branches. Part of the North
Atlantic Current recirculates in the subpolar gyre, whilst the other part travels into the Nordic Seas via
the eastern boundary. In the Nordic Seas, water mass transformation from surface to deep water takes
place through buoyancy loss and mixing (Buckley & Marshall, 2015; and references therein). These
dense, cold and saline water masses return to the Atlantic through deep channels in the Greenland-
Scotland Ridge. This water combines with intermediate water formed in the Labrador Sea to form the
lower limb of the AMOC and the Deep Western Boundary Current. This current travels south all the way
to the Southern Ocean.

The AMOC transports heat and salt/freshwater and is important to global climate through air-sea
exchanges. Additionally, the AMOC transports biogeochemically important parameters such as
nutrients (e.g. Alvarez et al., 2004), carbon (e.g. Brown et al., 2021) and dissolved oxygen (Atamanchuk
et al.,, 2022). However, these biogeochemical transports are less well understood. This is despite the
importance of them to climate, primary productivity, ecosystems and human activities such as fishing.
For example, dissolved oxygen is vital to life in the ocean with levels above around 6 mg I'* (183 pumol
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kg™) being required for organisms to exist with minimal problems (Best et al., 2007). Dissolved oxygen
levels in the ocean are decreasing, both as a result of increased stratification and reduced ventilation
of intermediate and deep waters, and decreasing solubility as ocean temperatures increase (Garcia-
Soto et al.,, 2021). Despite the importance of dissolved oxygen, measurements from moored sensors
are still relatively novel with technology and procedures to best calibrate and process the data still being
established and refined (Berx et al., 2019).

Figure 1. Schematic diagram of the AMOC (coloured lines) and location of the AMOC monitoring lines (white).
Shown are the pathways of surface (red), intermediate (yellow), deep (blue), and abyssal (purple) waters over the
bottom topography (blue shading). Transitions between these colours indicate water mass transformations.
Important currents and bathymetric features labelled are: AC — Agulhas Current, ACC — Antarctic Circumpolar
Current, ARs — Agulhas Rings, BC — Brazil Current, BCS — Benguela Current System, DWBC — Deep Western
Boundary Current, MC — Malvinas Current, NBC — North Brazil Current, SEC — South Equatorial Current. The
location of the northern (OSNAP, 53—-37°N) and southern (SAMBA, 34.5°S) monitoring arrays discussed within this
report are shown by solid white lines. Also shown by white dashed lines are the RAPID/MOCHA/WBTS, MOVE and
TRACOS monitoring arrays (definitions are given in acronym table). Modified from Chidichimo et al. (2023).
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This report details dissolved oxygen measurements made within iAtlantic at the southern and northern
boundaries of the Atlantic Ocean. The southern boundary is monitored by the South Atlantic Meridional
Overturning Circulation Basin-wide Array (SAMBA) at 34.5 °S which forms part of the international
South Atlantic Meridional Overturning Circulation (SAMOC) initiative (Figure 1). The northern boundary
is monitored by the Observing the Subpolar North Atlantic Program (OSNAP) mooring array which is
sited at 57.5 °N (Figure 1). Both arrays were designed to monitor and quantify physical transports
associated with the AMOC. The iAtlantic dissolved oxygen measurements make use of this
infrastructure.

The report is structured as follows. First, we describe the measurements made at the southern
boundary from the SAMBA mooring array (section 2). This is comprised of measurements at the eastern
boundary targeting Agulhas Leakage (section 2.1) and measurements at the western boundary within
the Brazil Current (section 2.2). Due to Covid, the western boundary component was heavily delayed
and therefore section 2.2 focusses on deployment details and plans for data analyses when the
instruments are recovered (after the completion of iAtlantic). In section 3, we describe measurements
made at the northern boundary from the OSNAP mooring array focussing on the easternmost branch
of the North Atlantic Current. Finally, we provide a short conclusion. This work feeds into iAtlantic
objective one (Standardise South and North Atlantic Ocean observations to enable short, medium and
long-term assessments of Atlantic Ocean circulation and its physio-biogeochemical environment) and
Task 1.2 (Enhance AMOC monitoring capacity in the SAMOC/SAMBA and OSNAP arrays).

2. Oxygen measurements in the Brazil Current and Agulhas Leakage
at the southern boundary (SAMBA, 34.5 °S)

This section describes oxygen measurements in the South Atlantic at the trans-basin SAMBA array at
34.5°S, a key component of the SAMOC initiative (e.g., Kersalé et al., 2020; Chidichimo et al., 2023). We
first describe dissolved oxygen measurements made at the eastern boundary (SAMBA-East, section 2.1)
before describing those made at the western boundary (SAMBA-West, section 2.2).

2.1 Oxygen measurements at the eastern boundary in the Agulhas Leakage (SAMBA-East)

The eastern (east of 0 °E) part of the SAMBA array consists of two “short” shelf moorings, deployed at
depths shallower than 500 m, and four “tall” moorings, deployed roughly on the 1,000 m, 2,000 m,
3,000 m, and 4,500 m isobaths, respectively (Figure 2).

Figure 2. Position of the mooring arrays along the SAMBA-East line in the Southeast Atlantic. Dissolved oxygen
sensors were deployed on moorings M9 and M8.
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iAtlantic provided two SeaBird Electronics moored conductivity-temperature-depth (CTD) instruments
with optical oxygen sensors (SBE 37-SMP-0ODO) to the eastern part of the SAMBA array. These two
instruments (serial numbers 22498 & 22498) were deployed in 2020 at the moorings located on the
3,000 m (M9) and 4,500 m (M10) isobaths (Figure 2) respectively, and recorded data on an hourly basis
for a period of two years. Both sensors were deployed at depths of around 1,200 m and recorded
pressure, temperature, conductivity and dissolved oxygen concentrations. Mooring M9 was deployed,
from the RS Algoa (voyage 269), at a depth of 3,016 m at Latitude: 34.50 °S and Longitude: 17.12 °E on
06 October 2020 at 16h37 UTC. The recovery of the mooring array was done, again from the RS Algoa
(voyage 285), on 30 September 2022 at 06h16 UTC. Similarly, mooring M10 was deployed, from the RS
Algoa (voyage 269), in a depth of 4,500 m at Latitude: 34.50 °S and Longitude: 14.70 °E on 07 October
2020 at 18h04 UTC. The recovery of the mooring array was done from the RS Algoa (voyage 285) on 01
October 2022 at 08h16 UTC.

Data from both units were downloaded and converted using the SeaBird Electronics processing module
and plotted (Figures 3 and 4). The large deviations in the pressure record indicate blowdowns suffered
by the moorings during the passage of large Agulhas Rings, which are typically associated with current
speeds in excess of 1-1.5 m s, Dissolved oxygen variability during the two-year period was generally
related to temperature and salinity changes, indicating the variable nature of water mass intrusions and
mixing in the Cape Basin. These datasets have been published on the South African Environmental
Observation Network (SAEON) metadata catalogue.

(a)

Figure 3. Preliminary results from the combined CTD and dissolved oxygen instrument (SN 22503) that was
deployed at approximately 1,070 m on mooring M9 at SAMBA-East between October 2020 and September 2022.
(a) pressure (dbar) (blue) and dissolved oxygen (umol kg?) (orange), (b) temperature (°C) (blue) and practical
salinity (orange).
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Figure 4. Preliminary results from the combined CTD and dissolved oxygen instrument (SN 22498) that was
deployed at approximately 1,380 m at SAMBA-East on mooring M10 between October 2020 and October 2022.
(a) pressure (dbar) (blue) and dissolved oxygen (umol kg') (orange), (b) temperature (°C) (blue) and practical
salinity (orange).

2.2 Oxygen measurements and mooring array enhancements at the western boundary in the
Brazil Current (SAMBA-West)

The western boundary portion of the SAMBA array at 34.5°S (SAMBA-West) measures the flows of the
Brazil Current in the upper ocean and the Deep Western Boundary Current and abyssal flows below
(Figure 5). Two full-depth moorings were deployed in December 2022 during a SAMBA-West cruise on
the Argentine RV Austral in the Southwest Atlantic, one under iAtlantic and one under a sister project:
TRIATLAS (grant agreement No 817578), hereafter termed iAtlantic mooring (iA) and TRIATLAS mooring
(Tr). The two new moorings contribute to the existing SAMBA mooring array along 34.5 °S. While
existing measurements in the Southwest Atlantic are to a large extent performed using inverted
echosounders situated on the seafloor, these new moorings will directly measure seawater properties
throughout the water column, from the seafloor up to the surface. The iAtlantic mooring iA was
deployed at the 759 m isobath at the nominal position 34.36 °S, 51.63 "W. The TRIATLAS mooring Tr
was deployed at the 3,504 m isobath at the nominal position 34.49 °S, 49.52 "W. The lead for the Tr
mooring is GEOMAR, Germany. iAtlantic contributed a SBE SMP37 C-T-dissolved oxygen sensor, current
meters, acoustic releasers, beacon, spherical buoy, and consumables, required to build the shelf-break
iAtlantic mooring within the Brazil Current, and for part of the activities on the cruises. The iAtlantic SBE
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SMP37-0ODO0 sensor was deployed at the 249 m depth level to sample at the core of the Brazil Current.
An additional Oxygen logger (Aanderaa Optode) was loaned by GEOMAR and deployed at 721 m depth.
The mooring design for iA is shown in Figure 6.

This work was heavily delayed due to Covid-19 pandemic. At the time of preparation of this report,
the SAMBA-West iAtlantic mooring is still deployed. We expect to submit the dissolved oxygen data
soon after the instruments are recovered and the data are calibrated.

Figure 5. Configuration of the SAMBA-West array in the Southwest Atlantic showing the location of bottom
inverted echosounders (PIES and CPIES) and the location of the two new full-depth moorings (iA and Tr). SAMBA-
West consists of: PIES NOAA-AOML USA (black triangles, sites A, B, C, D), CPIES USP Brazil (yellow circles, sites OA,
AA, BB and CC), ADCP mooring USP Brazil (blue diamond), and recently deployed tall moorings deployed at the
shelf break and at the base of the continental slope in 2022, funded by iAtlantic (iA) and TRIATLAS (Tr) (magenta
squares). PIES/CPIES site names on the transport line are displayed. White circles represent the nominal positions
of the repeated hydrographic stations (some stations are not displayed for clarity). Bathymetry (shaded
background) comes from the Smith & Sandwell (2007) data set. The arrows illustrate the surface and sub-surface
circulation of the Brazil Current (red) and Malvinas Current (light blue) and the deep circulation of the Deep
Western Boundary Current (purple). PIES: Pressure-recording Inverted Echo Sounder. CPIES: Current- and
Pressure-recording Inverted Echo Sounder. Adapted from Chidichimo et al. (2021).

2.2.1. Plans for data from the SAMOC/SAMBA-West moorings

The new moorings in the SW Atlantic will provide, for the first time, time series observations of mid-
depth dissolved oxygen, velocity, temperature, and salinity in the southward flowing Brazil Current,
upstream of the Brazil-Malvinas Confluence. These measurements contribute to the standardisation of
observations in the North and South Atlantic by sharing best practices for the use and calibration of
moored biogeochemical sensors. In particular, this includes lessons learned from the overturning arrays
in the North Atlantic. The new moored observations will allow us to better track water masses and
ocean currents changes to study combined biogeochemical and physical properties changes relevant
to marine ecosystems and contribute to regional and global assessments. The extension of the SAMBA-
West measurements to the shelf-break region will contribute to better observe processes at the
continental boundary, where the Brazil Current intensifies, and to better constrain basin-wide AMOC
transport estimates in the subtropical South Atlantic. The new capacity to observe the time variability
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of dissolved oxygen is part of international efforts to enhance oxygen measurements in critical locations
in the Atlantic to better track water masses and related ecosystem changes, and to contribute to
improve oceanic connectivity understanding.

Figure 6. Schematic of the iAtlantic (iA) mooring deployed in the Southwest Atlantic at the 759 m isobath at the
nominal position 34.36 °S, 51.63 “W. The mooring includes an upward looking ADCP at the upper level, and
discrete levels with moored CTD instruments (SBE SMP37) and dissolved oxygen sensors (SBE SMP37-0ODO) and
moored current meters (Nortek Aquadopps). The iAtlantic SBE SMP37-ODO sensor was deployed at the 249 m
depth level to sample at the core of the southward flowing Brazil Current (Chidichimo et al., 2021). An extra
Oxygen logger (Aanderaa Optode) was deployed at the 721 m isobath (loaned by GEOMAR, PI: Peter Brandt).
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3. Oxygen measurements in the North Atlantic Current at the
northern boundary (OSNAP, 57.5 °N)

We now move to describing oxygen measurements in the subpolar North Atlantic at the eastern
boundary of the trans-Atlantic OSNAP mooring array. This portion of the array monitors a branch of the
North Atlantic Current that passes through the Rockall Trough (Fraser et al., 2022) and feeds the Nordic
Seas and Arctic (Hansen and Osterhus, 2000) as well exchanging with the Northwest European Shelf
(Huthnance et al. 2022). The work carried out under iAtlantic fits into wider dissolved oxygen
measurements made post-2020 on the OSNAP array by other projects (Figure 7).

Figure 7. Schematic of the OSNAP mooring array which runs from Canada to Greenland, and Greenland to
Scotland. The locations of the moorings are shown by vertical lines with the moored dissolved oxygen instruments
highlighted in yellow. The measurements within this report are sited at the eastern boundary in the Rockall
Trough. The background colours show the dissolved oxygen concentration (range 208—240 pumol kg) from a
trans-Atlantic hydrographic section in Summer 2014 with darker colours representing higher concentrations.
Figure courtesy of Penny Holliday (National Oceanography Centre — Southampton).

We first describe the easternmost portion of the OSNAP mooring array, termed “The Ellett Array”
where the iAtlantic dissolved oxygen measurements are being made. We then move on to discuss the
calibration procedure for the moored dissolved oxygen sensors before presenting results between 2017
and 2022. Finally, we describe the use of the dissolved oxygen measurements in calculating transports
of nutrients and carbon by the North Atlantic Current.

3.1 The Ellett Array

The Ellett Array consists of both moorings and an annual-biannual hydrographic section which are
described below. It is sited at the same latitude as the historical Ellett Line hydrographic line (e.g.
Holliday et al., 2015) with the standard station positions from this program being used for The Ellett
Array hydrographic sections.

3.1.1 The Mooring Array and moored biogeochemical sensors
The Ellett Mooring Array consists of two full depth (seabed to 50 m below the sea surface) moorings in
the eastern and western boundaries of the Rockall Trough (EB1 and WB1 respectively), and one

additional short mooring in the western basin (WB2) (Figure 8). Originally, the array had an additional
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bottom-mounted Acoustic Doppler Current Profiler only mooring (ADCP1) to monitor the European
Slope Current, but due to heavy losses related to bottom trawling, this has subsequently been replaced
by repeat glider sections (Fraser et al., 2022).

Figure 8. Location of The Ellett Array. (a) Map showing the location of the three moorings WB1, WB2 and EB1 and
the location of the virtual mooring ADCP1. Also shown are the Northwest European Shelf (NWES), Greenland-
Scotland Ridge (GSR), Rockall Trough (RT) and two of the major currents through the basin — the European Slope
Current (ESC) and North Atlantic Current (NAC). (b) Schematic of The Ellett Array as deployed from 2017-2018
superimposed on the July 2018 dissolved oxygen section. Moored CTD positions for each mooring are shown as
white circles, combined CTD and dissolved oxygen sensors by black circles, and the location of the combined CTD,
dissolved oxygen and pH sensor as well as the moored water sampler by the black star. Also shown are the
standard hydrographic station positions (black triangles) and the designations used in the volume transport
calculation: Western Wedge (WW), Mid-Basin (MB) and Eastern Wedge (EW).

The moorings were first deployed in 2014 and at this time consisted of physical oceanographic
instrumentation only: moored CTD instruments and current meters (e.g. Houpert et al.,, 2020).
However, in 2017, these were supplemented by dissolved oxygen sensors and a pH sensor, with these
being maintained since that time. Instruments were funded by EU Horizon 2020 ATLAS (grant
agreement No 678760) as well as iAtlantic and UKRI NERC CLASS (Climate Linked Atlantic Sector
Science). As vertical variability in dissolved oxygen in the basin is greater than horizontal variability, the
decision was taken to deploy these on a single mooring, with EB1 being chosen because of the moorings
position in the northward flowing North Atlantic Current. Three deployments have taken place so far,
2017-2018, 2018-2020 and 2020-2022, with the next planned recovery in 2024.

During the 2017-2018 deployment, a combined CTD, dissolved oxygen sensor and pH sensor (SBE Deep
SeapHOx) was deployed at 65 m, whilst three combined CTD and dissolved oxygen sensors (SBE 37-
SMP-0ODO) were deployed at 750 m, 950 m and 1,600 m. These depths were chosen to monitor the
surface mixed layer, the upper limit of the lower oxygen layer in the Rockall Trough and the centre of
this feature (Figure 8). Additionally, an automated water sampler (McLane RAS) was deployed at 65 m
and samples taken every 10 days throughout the year. These water samples were poisoned with 0.02—
0.05% mercuric chloride during collection to inhibit biological activity. Recovered samples were
analysed for dissolved inorganic nutrients (nitrite+nitrate hereafter referred to as nitrate, phosphate
and silicate), dissolved inorganic carbon and total alkalinity. However, comparison with samples
collected during the deployment and recovery cruises show contamination of both phosphate and
dissolved inorganic carbon.

During the 2018-2020 deployment, the Deep SeapHOx instrument was again deployed at 65 m
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although the moored water sampler was not redeployed. Additionally, the combined CTD and dissolved
oxygen sensors were again deployed at 750 m and 946 m although, unfortunately, the 950 m
instrument failed. During the 2020-2022 deployment, two Deep SeapHOx instruments were deployed
at 65 m to provide redundancy, whilst combined CTD and DO sensors were deployed at 500 m, 750 m
and 950 m.

3.1.2 Hydrographic sections and biogeochemical measurements

Hydrographic sections across The Ellett Array were conducted in May 2017 (DY078), July 2018 (AR30-
04), October 2020 (DY120) and July 2022 (JC238). These sections used the historical Ellett Line standard
station positions (Figure 8). The rosette used at each station was equipped with a lowered CTD (SBE
911+) and an electrochemical dissolved oxygen sensor (SBE 43). Additionally, water samples were
collected from Niskin bottles for both calibration of the lowered sensors, and analysis of dissolved
inorganic nutrients, dissolved inorganic carbon and total alkalinity. Samples used to calibrate the
lowered conductivity sensor were analysed onboard using an Autosal, whilst samples to calibrate the
lowered dissolved oxygen sensor were analysed onboard using the Winkler Technique following GO-
SHIPS protocols (Langdoc, 2010). Samples for dissolved inorganic nutrients were collected as per GO-
SHIPS protocols (Becker et al., 2019) before being frozen and analysed ashore using a flow injection
analysis technique. Certified reference materials (SCOR-JAMSTEC) and internal standards were run
alongside the samples. Typical precisions were 2 % for nitrate, 1 % for phosphate and 1 % for silicate.
Samples for DIC and TA were collected and poisoned with 0.02 % mercuric chloride according to Dickson
et al. (2007) before shore-based analysis using an Apollo SciTech DIC analyser, and a Metrohm Tritrino
and Aguatode system respectively. Certified reference materials (Dickson) were run alongside the DIC
samples and used for the TA calibration. Typical precisions are <0.15 % for both DIC and TA. Post-
analysis, the nutrient and carbon data were quality checked using procedures similar to those described
in Tanhua et al. (2009). First data were checked for intra-cruise consistency, before a secondary inter-
cruise consistency check was carried out using historical data from the Ellett Line.

3.2 Calibration of moored biogeochemical sensors

The calibration procedure for the moored CTDs and current meters was carried out as described in
Houpert et al. (2018). We used a similar technique for the biogeochemical sensors in the sense that a
calibration was carried out at the start and end of each deployment. However, whilst the moored CTDs
(including those combined with the dissolved oxygen and pH sensors) were calibrated using pre-
deployment and post-recovery calibration dips, the dissolved oxygen and pH sensors were calibrated
in-situ. This is essential for the dissolved oxygen sensors due to a slow (days-months) pressure related
drift that seems to reverse on bringing the instrument back to the surface (Berx et al., 2019). As
procedures for calibrating moored biogeochemical sensors are not yet standardised within the
oceanographic community, we describe it here. This information was presented during a capacity-
building workshop held both at the Scottish Association for Marine Science (SAMS) and online in May
2022 in conjunction with POGO (Partnership for the Observation of the Global Ocean).

The calibration has two steps, firstly removing any pressure-related drift, and secondly calibrating the
record to nearby post-deployment and pre-recovery CTD casts with either a calibrated lowered
dissolved oxygen sensor, or bottle samples analysed by the Winkler Technique. A pressure-related drift
tends to be observed on dissolved oxygen instruments deployed below ~1,000 m, particularly where
natural variability is low (e.g. Figure 9a). The first step in removing any pressure-related drift is, if
possible, to remove the variability in the dissolved oxygen record related to temperature. This step,
achieved by using the relationship between temperature and oxygen from lowered sensors (Figure Sb-
c), ‘cleans’ the dissolved oxygen moored timeseries and enables the exponential pressure-related drift
to be better fitted. The next step is to characterise the pressure-related exponential drift by fitting a
curve to the ‘cleaned’ dissolved oxygen record (Figure 9d). The pressure-related drift is then removed
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from the original dissolved oxygen timeseries (not the ‘cleaned’ timeseries) by subtracting the
exponential curve (Figure 9e). If the moored timeseries lies within a part of the water column where
the temperature-oxygen relationship cannot be well-described, then any exponential pressure-related
drift is characterised using the original dissolved oxygen record without removing the variability related
to temperature.

Figure 9. Steps in the removal of an exponential pressure-related drift from the moored dissolved oxygen sensors.
This sensor was deployed at 1,600 m on EB1. (a) Original moored timeseries (blue) with concentrations from the
post-deployment and pre-recovery calibration casts (red). This record shows a possible exponential drift. (b)
Temperature-oxygen diagram from the post-deployment (orange) and pre-recovery (yellow) calibration casts.
Also shown are the uncalibrated moored dissolved oxygen data (blue) which shows that the sensor was deployed
in a part of the water column where the temperature-oxygen relationship can be well characterised. (c)
Characterisation of the temperature-oxygen relationship. (d) Fitting of the exponential pressure-related drift
(black line) to the dissolved oxygen record with the variability related to temperature removed (orange). This
‘cleaned’ record makes defining the pressure-related drift easier. (e) Dissolved oxygen record with the pressure-
related drift removed.
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The second step is to calibrate the dissolved oxygen timeseries to either data from a well-calibrated
lowered dissolved oxygen sensor (i.e. calibrated during the deployment and recovery cruises) or
alternatively bottle samples analysed for dissolved oxygen using the Winkler Technique. If no pressure-
related exponential drift is observed, this step is applied to the original moored dissolved oxygen
timeseries. If a pressure-related exponential drift is observed, this step is applied to the corrected
moored timeseries. As in-situ calibration profiles are taken nearby post-deployment and pre-recovery,
there are two calibration points: at the start of the record and at the end. We calibrate to a lowered
dissolved oxygen sensor. First, we check the quality of the lowered sensor calibration by comparison to
historical data (Figure 10a) — in particular, we look at deep water values where there is little temporal
variability. Next, we find the intercept between the post-deployment and pre-recovery calibration casts
and the moored record in time and density space (Figure 10b-c). We use density space rather than
depth space to account for any water column heave between the calibration cast position and location
of the mooring. Lastly, we apply a linear correction to the difference between the moored and lowered
oxygen values at the start and the end, creating a final calibrated moored timeseries (Figure 10d). After
calibration, all moored data were filtered with a 48-hour low-pass filter to remove tidal oscillations and
interpolated onto a 12-hourly timestep as described in Houpert et al. (2018) and Fraser et al. (2022).

Figure 10. Steps in the calibration of the moored dissolved oxygen sensors. This sensor was deployed at 1,600 m
on EB1. (a) The quality of the calibration of the lowered dissolved oxygen sensor (red line), which we use to
calibrate the moored dissolved oxygen sensors, is checked by comparison with historical data (coloured lines). In
particular, we look at the deep-water values where there is little temporal variability to ensure there is no offset.
(b) The start and end calibration values are found by the intercept of the calibration casts (orange and yellow) and
moored record (blue) in time and density space. (c) Zoom in of (b) showing the start intercept (purple circle). At
the start and end intercepts, we calculate the difference between the moored sensors and lowered sensors. A
linearly varying correction between the start and end differences is created and applied to the moored dissolved
oxygen timeseries. (d) Final calibrated moored timeseries (blue) also showing the start and end lowered oxygen
values (orange and yellow circles).
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3.3 Results from moored biogeochemical sensors

3.3.1 Timeseries at 65 m

The time series from the moored CTD, dissolved oxygen and pH sensor at 65 m is shown in Figure 11.
Between approximately October to April, these data are representative of the surface mixed layer,
whilst between May and October these instruments sit immediately below the surface mixed layer in
the seasonal thermocline. There is a data gap in the dissolved oxygen and pH records between October
2019 and October 2020 due to the batteries in the Deep SeapHOx instrument failing. There is no data

gap in temperature and salinity because of the deployment of an additional moored CTD at the same
depth.
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Figure 11. Time-series from 65 m on mooring EB1: (a) potential temperature 6 (°C), (b) practical salinity Sp, (c)
dissolved oxygen concentration (umol kg) and (d) pH (total). The gap in the dissolved oxygen and pH record
between October 2019 and October 2020 is due to battery failure. Data are the 12-hourly timestep records
filtered with a 48-hour low-pass filter.

All parameters show increased high-frequency variability between May and October when the upper
water column is stratified and the instrument lies in the seasonal thermocline. Conversely, reduced
variability is seen in the other half of the year when the instrument is within the homogeneous surface
mixed layer. To examine the seasonal cycles, we calculated monthly means (Figure 12). Temperature
shows a minimum in March and a maximum in October with a seasonal cycle magnitude of 2.4 °C.
Salinity values are near constant between December to August with no seasonal maximum; however,
a salinity minimum (35.30 + 0.04) is seen in October although there is large variability. Dissolved oxygen
concentrations show a maximum in May (271 + 10 pmol kg) with a minimum in September (253 £ 5
umol kg). Whilst temperature and salinity are controlled by physical processes (e.g. air-sea fluxes and
mixing), dissolved oxygen values can be affected both by physical and biological processes (e.g.
respiration and photosynthesis); as well as water temperature, and to a lesser extent salinity, affecting
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solubility. We therefore also consider dissolved oxygen saturation which is a measure of the level of
oxygen in the water relative to saturation for that temperature and salinity. As for dissolved oxygen
concentration, a maximum in oxygen saturation (not shown) is observed in May when levels are
saturated (100 + 3 %). However, whilst dissolved oxygen concentration shows a minimum in September,
oxygen saturation shows a secondary maximum in October (98 + 2 %) and a minimum in February (96
+ 1 %). The maximum in May is associated with the spring bloom and the production of oxygen by
photosynthesis, whilst the secondary peak in Autumn is thought to be related to a later bloom. The
minimum in February is likely to be due to winter convection when mixing down to several hundred
meters brings less oxygenated water to the surface. The seasonal cycle of pH is similar to that of the
oxygen saturation with a maximum in May (8.07 £ 0.03), a smaller secondary maximum in October (8.05
+0.01), and a minimum in February (8.01 + 0.01). There is also a large increase in pH (0.04) between
April and May. Again, the peak in pH in May is related to the Spring bloom with high levels of
photosynthesis reducing the carbon dioxide concentration in the water, and due to carbonate
chemistry, increasing the pH. Similarly, the secondary peak in October is likely to be related to the
Autumn bloom.
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Figure 12. Time-series from 65 m on mooring EB1 shown as monthly means (black circles) with associated
standard deviations (error bars): (a) potential temperature 8 (°C), (b) practical salinity S, (c) dissolved oxygen
(umol kgt), and (d) pH (total).
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3.3.2 Timeseries below 65 m

The time series from the moored dissolved oxygen sensors are shown in Figure 13. This covers the
period 2017-2022 although the 2020-2022 calibration is preliminary. The 65 m record shown in Figure
11 is again shown for comparison. Mean dissolved oxygen concentrations for each depth along with
the associated standard deviation are shown in Table 1.

The mean dissolved oxygen concentration is highest at 65 m and 1,600 m (~260 pmol kg?), and lowest
at 1,000 m (218 + 5 umol kg). However, when dissolved oxygen saturations are considered, higher
levels are seen at 65 m than at 1,600 m (97 £ 2 % compared to 83 + 0.2 %), whilst the lowest values are
again seen at 960 m (75 + 2 %). Only the instrument at 65 m shows a clear seasonal signal. Whilst this
is expected due to the deployment depths relative to the observed depth of winter convection, it is
notable that the record in the core of the lower oxygen layer (960 m) does not show a seasonal signal
despite this being a biogeochemical feature related to the decomposition of organic matter from the
surface ocean. The largest variability in dissolved oxygen is not observed at 65 m, but instead at 750 m
(£ 11 pmol kg compared to + 8 pmol kgt at 65 m). The 750 m instrument sits in a strong vertical
gradient of oxygen as concentrations move from well-oxygenated Atlantic Waters to the lower levels
within the lower oxygen layer. The lowest level of variability is seen at 1,600 m with a standard deviation
of £ 0.6 umol kg which is close to the instrument precision and smaller than the pressure-related drift
removed during processing.
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Figure 13. Time-series from moored dissolved oxygen sensors on mooring EB1 at: (a) 63 m, (b) 505 m, (c) 759 m,
(d) 960 m and (e) 1,600 m. Data are the 12-hourly timestep records filtered with a 48-hour low-pass filter.
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Table 1. Summary statistics (mean + standard deviation) for each moored dissolved oxygen sensor on mooring
EB1. Please note the different averaging period for each depth.

Mean £ std pressure | Averaging Period Mean % std dissolved | Mean + std oxygen
(dbar) oxygen concentration | saturation
(umol kg™) (%)

637 May 2017-Jul 2022 261.4+7.5 9712
505+4 Oct 2020—Jul 2022 255.0+£5.1 9212
7593 May 2017-Jul 2022 2352 +11.1 83+14
960+ 4 May 2017-Jul 2018, | 218.4+5.1 75+2

Oct 2020—Jul 2022
1600 + 2 May 2017-Jul 2018 262.1+£0.6 83+0.2

3.4 Use of dissolved oxygen data to derive carbon and nutrient transports

One way in which dissolved oxygen measurements at The Ellett Array are being used is for the
derivation of nutrient and carbon fields in order to estimate transports of nutrients and carbon by the
North Atlantic Current. We use an approach similar to that of Brown et al. (2021), using hydrographic
section data and multiple linear regression to derive equations that describe nutrients or carbon in
terms of temperature, salinity, pressure and dissolved oxygen. We then apply these equations to the
data from the moored CTD and oxygen sensors to derive high-frequency timeseries of biogeochemical
parameters. The inclusion of dissolved oxygen reduces the errors associated with the multiple linear
regression process and also eliminates any vertical structure in the residuals. The derived
biogeochemical timeseries are then combined with volume transport estimates from the OSNAP
project (Houpert et al., 2020; Fraser et al., 2022) giving nutrient and carbon transports at 12-hourly
time steps, across all seasons between 2017-2020.

The nutrient and carbon transports for the period 2017-2020 are summarised in Table 2. The mean
transport for each parameter is northwards, although this is highly variable. At times the transport is
southward (Figure 14), with these periods being more prolonged in the earlier part of the record. Most
of these southward transports are for 48-hours or less, although an unusual 33-day period of southward
flow was observed between 29" June 2017 and 31 July 2017. This highlights one of the advantages of
deriving transport estimates from mooring arrays rather than hydrographic sections which must be
considered as snapshots.

Figure 14. Timeseries of nitrate transport (kmol s?) through the Rockall Trough between May 2017 and July
2020. Positive values indicate northward flow. This flow is partly associated with the easternmost branch of the
North Atlantic Current. Data are on a 12-hourly timestep.

Page 20 of 25



iAtlantic Deliverable 1.4

Table 2. Summary of nutrient — nitrate (NOs), phosphate (PO4) and silicate (SiOs) and carbon — dissolved inorganic
carbon (DIC) and total alkalinity (TA) —transports through the Rockall Trough. Positive values indicate northward
transport.

May 2017 — Oct 2020
Mean * std

Qvo (Sv) 453+344

Quos (kmol %) 52.17 +42.48

Qpos (kmol s7) 3.45+2.95

Qsios (kmol s1) 20.12 +19.03

Qoic (kmol s1) 9318 + 7095

Qra(keq s 10,704 + 7634

Over the 2017-2020 period, variability in the biogeochemical transports is dominated by variability in
the volume transport rather than changes in the carbon or nutrient fields. Partial correlations between
the volume transport and respective property transport, when accounting for temporal changes in the
property, are greater than 0.98 for each parameter with all being statistically significant at the 99 %
level. Although we only show the nitrate transport here (Figure 14), the other nutrient and carbon
transport timeseries look essentially identical in terms of variability with only the mean transport value
changing between parameters. However, as the timeseries becomes longer, we expect changes in the
nutrient and carbon fields to become more important in determining the nutrient and carbon
transports.

4. Conclusion

This report details work within iAtlantic to make dissolved oxygen measurements at the southern and
northern boundaries of the Atlantic (at 34.5 °S and 57.5 °N respectively) in important components of
the AMOC: the Agulhas Leakage, the Brazil Current and the North Atlantic Current. The AMOC at 34.5
°S is measured by the trans-basin SAMBA array as part of the SAMOC initiative. At SAMBA-East, which
monitors the Agulhas Leakage from the Indian Ocean, two dissolved oxygen sensors were deployed in
October 2020 and recovered in September/October 2022. Dissolved oxygen values generally covary
with temperature and salinity, and the mooring shows evidence of strong knock-down related to the
passage of Agulhas Rings. These data have been being formatted and included in the South African
National Marine Information Management System. All datasets from the South Atlantic will be
submitted to the SAEON Open Data Platform (SAEON Data Portal?)

The deployment of two new moorings at SAMBA-West, one funded by iAtlantic and one by the related
TRIATLAS project, was heavily delayed due to Covid. The moorings were deployed in December 2022.
At the time of preparation of this report, the iAtlantic mooring is still deployed, with the dissolved
oxygen sensor monitoring at the core of the Brazil Current. iAtlantic mooring data is expected to be
submitted soon after the instruments are recovered, and the data has undergone calibration.

These new moored observations will allow us to study in tandem biogeochemical and physical
properties changes relevant to marine ecosystems to contribute to regional and global assessments.
The extension of the SAMBA-West measurements to the shelf-break will contribute to better
observation processes at the continental boundary, where the Brazil Current intensifies, and to better
constrain basin-wide AMOC estimates in the South Atlantic. The new capacity to observe the time
variability of dissolved oxygen is part of international efforts to enhance oxygen measurements in
critical locations in the Atlantic to better track water masses and related ecosystem changes, and to
contribute to improve oceanic connectivity understanding.

1 https://catalogue.saeon.ac.za/
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The AMOC at 57.5 °N is monitored by the OSNAP array. Dissolved oxygen sensors along with a pH sensor
were first added to the eastern boundary in May 2017. Under iAtlantic, these measurements have
continued and now form a wider network of dissolved oxygen measurements at OSNAP. The iAtlantic
measurements monitor the easternmost branch of the North Atlantic Current and have enabled
calculations of the associated carbon and nutrient transports, which are highly variable. Additionally,
measurements at the surface have revealed the seasonal cycle including changes associated with the
spring and autumnal blooms.

Although unavoidable Covid delays to cruises has so far prevented comparison of results from SAMBA-
East, SAMBA-West and OSNAP, these measurements are within three important component currents
of the AMOC. Future comparison of these timeseries could improve our understanding of exchanges at
sensitive gateways in the Atlantic Ocean.
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