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Abstract.

The northwestern Tropical Atlantic Ocean is a turbulent region, filled with mesoscale eddies and regional currents. In this
intense dynamical context, several water masses with thermohaline characteristics of different origins are advected, mixed, and
stirred, at the surface and at depth. The EUREC*A-OA/ATOMIC experiment that took place in January and February 2020
was dedicated to assess the processes at play in this region, especially the interaction between the ocean and the atmosphere.
For that, four oceanographic vessels and different autonomous platforms measured properties near the air-sea interface and
acquired thousands of upper-ocean (up to 400-2000 m depth) profiles. However, each device had its own observing capability,
varying from deep measurements acquired during vessel stations to shipboard underway near-surface observations and mea-
surements from autonomous and uncrewed systems (such as Saildrones). These observations were undertaken with a specific
sampling strategy guided by near-real time satellite maps and adapted every half day based on the process that was investigated.
These processes were characterized by different spatio-temporal scales: from mesoscale eddies, with diameters exceeding 100
km, to submesoscale filaments of 1 km width. This article describes the data sets gathered from the different devices and how
the data were calibrated and validated, in order to ensure an overall consistency, the platforms’ datasets are cross-validated us-

ing a hierarchy of instruments defined by their own specificity and calibration procedures. This has enabled the quantification
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Figure 1. Bathymetric map of the northern tropical Atlantic Ocean, with the EUREC*A-OA/ATOMIC regions of interest framed in orange
for the "Trade wind alley" and in red for the "Eddy boulevard". The main surface currents of these two regions are schematically represented

in black. NBC stands for North Brazil Current.

of the uncertainty of the measured parameters when different datasets are used together, e.g. https://doi.org/10.17882/92071
(L’Hégaret et al., 2020a).

1 Introduction

The international EUREC*A-ATOMIC initiative (https://eurec4a-oa.eu/) aimed to better understand the link between at-
mospheric shallow convection, cloud formation and the general circulation of the atmosphere (Stevens et al., 2021). The
EUREC*A-OA experiment was embedded in EUREC*A-ATOMIC, and took place in January and February 2020 in the north-
western Tropical Atlantic Ocean. EUREC*A-OA focused on the impact of meso- and submesocale regional ocean dynamics
on processes at the air-sea interface. The targeted ocean sampling for EUREC*A-OA was done with four research vessels:
the German Maria S. Merian (Karstensen et al., 2020) and Meteor (Mohr et al., 2020), the French L’ Atalante (Speich et al.,
2021b), and the US Ronald H. Brown (Quinn et al., 2021). In addition, various autonomous platforms, underwater electric
gliders, surface drifters, Argo profiling floats, Saildrones and prototype drifting buoys OCARINA and PICCOLO (Bourras

et al., 2014) were operated in coordination with the ships.
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The EUREC*A-ATOMIC experiment took place in a rich dynamical context, where several water masses of diverse ori-
gins are advected (see Figure 1, stirred, and mixed, preserving, however, large horizontal and vertical contrasts. Figure 1 from
Fratantoni and Glickson (2002) summarizes the main upper-ocean features. The research vessels and platforms deployed dur-
ing the experiment focused on two subregions: one east of Barbados characterized by a rather stable wind-regime of easterlies
("Trade wind alley"), the other to the south and bounded by the South American continent, a region that hosts intense and
long-lived northwestward-drifting mesoscale eddies spawned by North Brazil Current (NBC) retroflection ("Eddy boulevard").
Also, along the shelf break, the Amazon River plume flows northward and actively interacts with the North Brazil Current and
its mesoscale eddies, the NBC Rings Fratantoni and Glickson (2002); Fratantoni and Richardson (2006). The evolution, char-
acteristics, and inter to intra-annual variability, of NBC Rings are important elements of the global ocean circulation. As the
North Brazil Current sheds eddies that move northward along the South American continental slope, they provide an essential
part of the interhemispheric transport of mass, heat, salt, and many different biogeochemical ocean properties, thus having a
key role in the Atlantic Meridional Overturning Circulation (AMOC; Johns et al. (2003)). In this study, we will use the devices
deployed by the R/V Meteor, that mainly focused on the Trade wind alley, and by the R/Vs L’ Atalante and Maria S. Merian,
that sampled the Eddy boulevard. We will focus on the oceanic measurements (temperature, salinity, oxygen, and velocity)
and leave aside the atmospheric and meteorological ones, some of which are already discussed in companion papers in this
Journal special issue dedicated to EUREC*A Bailey et al. (2023); Bosser et al. (2021); Stephan et al. (2021) and others will be

submitted soon.

For observational studies of meso-/submesoscale features, some means of adaptive sampling is required. The EUREC*A-OA
sampling was guided by analysis of near-real time satellite maps of Sea Surface Temperature, Sea Surface Salinity, altimetry
(absolute dynamic height and related geostrophic velocities) and ocean color (Speich et al., 2021b). Guided by the satel-
lite information, the surveys were then done by various observational platforms in order to sample specific features, such as
mesoscale eddies and fronts, freshwater pools, and filaments. To address the anticipated spatio-temporal sampling, the various
platforms with different resolutions, autonomy, sensor payloads (Liblik et al., 2016), and periods required to acquire a profile,
were used in a concerted effort (Figure 2). The sampling strategy was designed such that the phenomena would be measured
with sufficient temporal and spatial resolution while also paying attention to the synchronicity of observations in the ocean and

atmosphere.

In order to ensure interoperable data for a parameter measured with various sensors, a comparative quality analysis was also
performed, known as secondary quality control (QC). Secondary QC aims to create a coherent data set out of various data

streams.

Gouretski and Jancke (2000) were among the first to present secondary quality control on oceanographic data through the
use of "crossover analysis" in deep waters. This enabled them to conduct a rigorous QC assessment by comparing data from

different sources and determine systematic errors such as Standard Seawater batch offsets. As for other similar studies (e.g.,
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Figure 2. Schematic representation of the devices deployed during the EUREC*A-OA experiment, characterized by their frequency of
acquisition for a full vertical profile and depth reached, considering the time of deployment. The green color indicates observations undertaken
with the ship on station; the red color designates the devices acquiring data underway, whereas the purple color represents autonomous

platforms. The dot in the lower left corner represents the surface measurements made by the ships’ TSG, Saildrones and surface drifters.

Tanhua et al. (2010)), a basic assumption is that deep water (typically >2000 m) properties are close to invariant. The need
for QC methods in the upper layer received much attention through the global operations of profiling floats that typically are
not recovered, and hence receive direct sensor QC only before deployment (e.g., in lab and in reference to standard or refer-
ence material). As introduced by, for example, Wong et al. (2003), by comparing with all nearby profile data and considering
distance in space and time as a measure for impact, the offset, and drift behaviors of specific float measurements can be recon-

structed.

The goal is to perform a quality assessment of a dataset, which in turn is composed of individual datasets from different
observations platforms and sensors. For this purpose, we introduce here an assessment scheme of the individual datasets based
on their traceability to reference data (traceability level). In the most optimal case, the reference material (RM) is a defacto

standard (Otosaka et al., 2020), such as standard seawater for salinity, oxygen titration for dissolved oxygen, or triple point
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cells for temperature. As an example, for salinity the RM is Standard Seawater (SSW), giving a hierarchy as follows: SSW is
assigned traceability level 0 and is used to reference a salinometer (Bacon et al., 2007) (traceability level 1). The salinometer
readings for bottle samples are used as a statistical basis for the ship’s CTD salinity correction (traceability level 2). The cor-
rected ship CTD salinity is then further used to correct the TSG (traceability level 3). Bottle samples were also collected for
the TSG and used via the salinometer as a statistical basis for the ship’s CTD salinity correction (traceability level 2). The TSG
is used to correct the Saildrones data (traceability level 4 or level 3, depending on the TSG calibration). Similar hierarchies can

be built for all sensors.

Part of the Quality Assurance of the combined dataset is determining accuracy and precision, and also considering in this
process the expected stability of the sensors given by the manufacturer. The CTD Rosette is key in the calibration process in
respect of the secondary quality control. From the water samples collected with the Rosette sampler, numerous variables (in
addition to conductivity, temperature, and pressure) are accessible throughout the water column, used for sensor calibration,
laboratory analysis (e.g., oxygen titration), and to analyze biogeochemical parameters. However, its deployment requires the
ship to remain on station for a few hours (depending on the attained depth) to perform the vertical profiles. The underway CTD
(uCTD) and Moving Vessel Profiler (MVP) casts can be carried out underway, but they cannot dive deeper than about 450 m
for the uCTD and about 200 m for the MVP model we employed (MVP30-300) (Branellec et al., 2020; Karstensen et al., 2020;
Speich et al., 2021b). Also, their sensors are more subject to bias than the CTD (Ullman and Hebert, 2014). Other devices, such
as underwater gliders, drifters, and Argo floats, are autonomous, but the data calibration is limited to certain times (deployment
and recovery as shown on Figure 2) or by comparing sensor readings from nearby (time and space) data that has passed a QC.
All the underway and autonomous devices rely on the proximity in space and time of CTD casts to validate and calibrate their

measurements.

In the following section, we present the calibration strategy adopted in this study, as well as the hierarchy of traceability
between the sensors of each device. In section 3, we present the ship observations, providing information on when and where
they were deployed, and how they were calibrated and validated. There, we focus on the CTD and how they are used to estimate
the uncertainty of platforms with lower level of traceability. Section 4 is constructed similarly, but focusing on autonomous
devices. In section 5 we provide an example of data concatenation of different platforms. Finally, we describe the final data set

and the variables we provide for use to the scientific community.

2 Calibration strategy

The EUREC*A-OA experiment relied on numerous devices to measure physical and chemical properties of the water column
from the three European ships and the various autonomous platforms deployed from the ships. We also include here the five US

Saildrones funded under the NOAA and NASA ATOMIC project (Quinn et al., 2021; Gentemann et al., 2020). Their deploy-
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ments were conducted by scientific staff originating from two institutions: GEOMAR (Kiel, Germany) and IFREMER (Brest,
France). They have specific practices, sometimes leading to different procedures of deployment, data acquisition and calibra-
tion, while still complying to international standards (Sloyan et al., 2019). The various calibration practices are either linked
to similar devices from different manufacturers, or to various procedures in laboratories before and after the cruise. All the
devices deployed during EUREC*A-OA are commonly used in oceanographic cruises, and the sources of errors and calibra-

tion procedures have been extensively documented and studied. In the next section, we briefly summarize them for each device.

At the top level of our hierarchy stands the most traceable sensors used to read water samples issued from the CTD bottles

during every vertical profile or from the TSG circuit.

The CTD measurements are at the second level of the hierarchy, as its sensors went through careful pre-cruise and post-
cruise calibration at the manufacturer’s facility. Moreover, the sensor measurements are carefully validated and calibrated with
samples collected and analyzed from the Rosette bottle water samples. CTD measurements serve as references for the cali-
bration of all other observing platforms. Some TSG underway measurements also stand at traceability level 2 when calibrated

with bottle samples.

Next in the ranking (traceability level 3) come those devices whose measurements are calibrated with the CTD, as they
sample the same water (devices located on the same ship from which the CTD was deployed and measuring the same water as
the CTD). These are the TSG when not directly calibrated with bottle samples, and the uCTD sensors when the probes were
purposely mounted for calibration on the CTD rosette. The main sources of error here come from the method of deployment

of the devices and the sampling rate of the sensors.

Sensor data that only are calibrated via reference data close in space and time to the CTD profiles are labelled traceability
level 4. The cross-calibration is then achieved by comparing the vertical profiles on T/S and depth/density diagrams. In this
category fall most of the underway profiling devices: uCTD, MVP, and underwater gliders. As these measurements are not
synchronous and not co-located with CTD profiles, an additional source of uncertainty arises from the spatio-temporal ocean

variability.

At the bottom of the hierarchy of traceability to a standard or an RM are the devices that cannot be compared directly either
because their sensors are specific, measuring quantities that are not directly comparable with the CTD or that can be calibrated

only by the manufacturers.
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Figure 3. a) Map of the CTD casts positions for the R/Vs L’ Atalante, Maria S. Merian and Meteor. b) /S diagram of the CTD profiles for

each ship superimposed on the isopycnals.

3 Ship observations
3.1 CTD rosette

On the R/Vs Maria S. Merian, Meteor, and L’ Atalante a SeaBird SBE911+ CTD system was used for high-quality vertical
profiling of the water column. Hereafter, we will describe briefly the calibrations and validations for each sensor. Other sen-
sors were mounted to the CTD device (e.g., fluorescence, turbidity, particles) but are not considered here. Similar operational
practices were carried out on all ships for CTD profiling. First, the CTD system was lowered to shallow depth ( 5 m) until the
pump started. Then the CTD was brought back to the surface and subsequently lowered at approximately 0.5 m/s in the first
100 meters and 1 m/s for the deeper water column. The target depth varied, but in most cases reaching just above the seafloor.
Water samples were collected with Niskin bottles mounted to the CTD rosettes. The samples were used for sensor calibration
and for further analysis. The procedure for closing the bottles differed between the ships: on the R/V L’ Atalante the CTD was
stopped a few seconds for sampling, while on the R/V Maria S. Merian the samples were taken without stopping the CTD
package.

In total the number of profiles acquired were 64, 86, and 266 for the R/Vs L’ Atalante, Maria S. Merian and Meteor respectively
(Figure 3).

The CTD rosettes on R/Vs Maria S. Merian and L’ Atalante were also equipped with two Lowered Acoustic Doppler Current
Profilers (L-ADCP), in a system composed of one instrument looking upward and the other one looking downward, to record

ocean current profiles.
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3.1.1 Pressure, Temperature, Conductivity, and Salinity quality assurance

Based on the manufacturer (SeaBird) specifications, the SBE9+ probe measures pressure with an initial accuracy of 1.5
10 2% and a resolution of 110 3% of the full scale of the respective CTD (6800 m for the R/Vs Maria S. Merian and
Meteor).

For the R/V L’Atalante, the pressure sensors are calibrated before and after the cruise at the IFREMER Laboratory of
Metrology. The calibration is performed at a constant temperature of 20 °C with increasing and decreasing pressure levels,
with an uncertainty of 0.6dbar at 2000 dbar. The bias, measured during the calibration, is then corrected by a polynomial of
degree 4, associated with an uncertainty of 0.12dbar. Good stability of the sensor was observed, with an overall uncertainty
of 0.72dbar. In addition, a validation was made using reversing pressure meter sensors (SIS RPM 6000X) at the bottom of
the profiles and by comparing them with the CTD sensor to assess any drift. No drift were observed during the cruise, so after
laboratory calibration and in-cruise validation, we assign the CTD pressure sensor level 2 traceability and an uncertainty on
the order of the initial sensor accuracy of 1.5 10 2%. For the pressure sensors of the R/Vs Maria S. Merian and Meteor, no

dedicated lab calibration are carried out.

For all ships, the pressure sensor offset on deck before and after each profile was corrected in the processing as an offset,

typically the mean of all values for each probe.

For each CTD, two SBE3+ temperature sensors from Seabird were mounted on the SBE911 probe, and the most stable
sensor was used for the final calibration. The accuracy and resolution provided by the manufacturer are of 110 3°Cand 2
10 “°C.

For the R/V L’ Atalante, the temperature readings were calibrated at the IFREMER metrology lab before and after the cruise
in reference to a Rosemount-type platinum resistance, periodically checked and certified, in a bath with strictly controlled
temperature. The measurements were corrected by applying a polynomial of degree 3. The maximal error is lower than the
sensor accuracy provided by the manufacturer. In addition, the temperature sensor stability was monitored in comparison with
two reversing thermometers (SIS RTM 4002X), one closed at the deepest depth of the profile, the other during the descent. No
drift was observed during the cruise. For the R/Vs Maria S. Merian and Meteor, the sensors were calibrated before the cruise

at an authorized lab.

For the temperature sensors from the CTD we thus assume an uncertainty of 1 10 3 °C, corresponding to the manufacturer

accuracy, and we assign them level 2 traceability in our hierarchy.
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Conductivity is measured with two Seabird SBE4 sensors and, as for temperature, the most stable sensor is used for nal
calibration. In general, the procedures followed the GO-SHIP recommendations in Hood et al. (2010), but details are provided
below. The accuracy of the SBE4, as provided by the manufacture i© 2 mS/cm with a nominal stability of 20 “ per
month and a resolution of4 10 > mS/cm at 24Hz sampling.

For sensors used on the R/Vs, a lab calibration was done before the cruise by a manufacturer (Seabird) authorized laboratory
During the cruises, water samples were collected from Niskin bottles to perform a CTD conductivity calibration. Salinity of
the water samples was analyzed on the R/V Maria S. Merian using an Optimare salinometer and on the R/V L'Atalante using
a Portasal salinometer. The salinometers were in turn calibrated against a reference material, Standard Seawater. On the R/
Maria S. Merian a secondary reference also was used (labelled "substandard"), which is a large volume of water with unknown
but constant salinity. At regular intervals, the substandard was measured with the salinometer and tracked for stability as an
indicator of potential drift of the salinometer without the need to use large amounts of Standard Seawater. One other slight
difference in procedures was the treatment of the water samples before analysis with the salinometer. In addition to adjusting
the samples to the laboratory temperature (R/Vs Maria S. Merian and L'Atalante), the samples were degassed on the R/V Maria
S. Merian. On earlier cruises, it was found that the Optimare salinometer is more sensitive to gas bubbles. For the purpose of
degassing, the bottles were heated in a water bath to 5-10 °C above laboratory temperature and then brought back to labora
tory temperature. The released gas was extracted. Only then were the samples analyzed. More information on the CTDs an
salinometers can be found in the cruise reports (Karstensen et al., 2020; Branellec et al., 2020). The salinity data from bottle

samples of the R/Vs Maria S. Merian and L'Atalante is considered level 1 traceability.

The processing of CTD conductivity was done by rst applying basic processing steps from the SBE processing routines
(Seasoft V2) and including loop edit (0.2 m sec). The prepared raw data was then calibrated using the bottle sample analysis.
Slightly different approaches were taken for the R/Vs Maria S. Merian and L'Atalante.

The R/V Meteor did not have a salinometer on board. Samples were collected and stored onboard for later analysis on shore
However, the number of samples available was too small to perform a meaningful statistical analysis. At two occasions, CTD
pro les from the R/Vs Maria S. Merian and Meteor were performed close in space (1500 and 50 m apart) and covered the full
water column. They are used here for the purpose of the R/V Meteor CTD sensors calibration and validation. A -4db offset
was found between the pro les. As a consequence, we applied an equivalent correction to the R/V Meteor measurements. This
led us to consider the R/V Meteor CTD data at level 3 in traceability.

For the R/V Maria S. Merian, the processing was as follows: after allocating a downcast pro le segment to the upcast bot-
tle sample stop via a vertical gradient criterion, the conductivity difference between bottle sample analysis and CTD sensor
recording was calculated. The differences were sorted by magnitude, and the rst 33% of all values were removed to eliminate

outliers. Based on the remaining 66% of all values, correction equations were derived using pressure, conductivity, time, and
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sample number. Care was taken not to use high-order equations, as spurious interpolation may appear for weakly constraine
segments of the multiparameter t space. The uncertainty of the R/V Maria S. Merian sensors is estimated ® bps2,

and the data are assigned level 2 traceability. A similar procedure was used for the oxygen sensor calibration based on the
results from the Winckler titration.

For the R/V L'Atalante a set of three corrections was applied to remove large differences between the conductivity values of
the sensor and water sample. First, a correction as a function of time was implemented to take into account a potential slow drift
of the conductivity sensor. Second, a correction relative to the conductivity was applied. At each iteration of this correction,
the samples showin@ > 2:8 , C being the difference between the sensor and the water sample conductivityttaand
standard deviation of all the samples considered at each iteration, were removed. Third, a correction as a function of pressure
was applied to the conductivity or salinity. After calibration of all casts, the standard deviation between the sensor data and
the chemical data was 21® 2 mS/cm for conductivity and 2.80 2 psu for salinity, both below the accuracies provided by
Seabird. The uncertainty of the R/V L'Atalante sensors is thustd 3 psu, and they are considered level 2 traceability.

3.1.2 Dissolved Oxygen

Two SBE43 dissolved oxygen sensors were used on the R/Vs L'Atalante and Maria S. Merian, for a range of measurements
from 0 to 120% of the surface saturation. The accuracy from the manufacturer is 2% of the saturation. The sensor showing the
more stable measurements was kept for data reduction.

Pre- and post-cruise lab calibrations were carried out on the sensors in laboratories in the same way as the temperature an
conductivity sensors. As for conductivity, water samples were collected in bottles for calibration of the sensor measurements.
The dissolved oxygen concentrations in the water samples were estimated using Winkler titration (Winkler, 1888). The chem-
istry reports for the different R/Vs describe the operating modes for the R/V L'Atalante (Branellec et al., 2020) and R/V Maria
S. Merian (Karstensen et al., 2020).

After calibrations, the uncertainties of the oxygen measurements are rhéitkg for the R/V L'Atalante and 0.61mol/kg
for the R/V Maria S. Merian. No CTD measurements nor samples were collected for the R/V Meteor. The CTD oxygen data

are considered level 2 traceability.

3.1.3 Lowered ADCP (L-ADCP)

For every CTD station on the R/V L'Atalante and Maria S. Merian, two Workhorse 300 kHz ADCP were attached to the CTD
rosette, one looking upward and the other looking downward. They provide current pro les from the surface to the maximum
depth of the CTD cast. Reference velocities to derive velocity pro les from the velocity shear observations of the L-ADCP
system were obtained from the ship ADCP (S-ADCP) and the bottom track (if available) following Thurnherr et al. (2010) and

10
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Sloyan et al. (2019). The accuracy of L-ADCP velocity measurements is estimated t0.5be&m/s. The velocity measure-
ments are speci c in our hierarchy of calibrations, since they can only be calibrated with cross-validation between devices and
not with water samples. Therefore, we rank them level 2 traceability in the hierarchy of sensor/platform quality assurance.

3.1.4 Nutrients and Bio-optical measurements

While the previous sensors and procedures are similar for the R/Vs Maria S. Merian and L'Atalante, this is not the case for
the measurement of nutrients and other biogeochemical properties. Following the recommendation from GO-SHIP (Sloyan
et al., 2019), numerous bio-optical sensors were also mounted on all CTD rosettes. The various sensors had very different anc
sometimes unknown lab or manufacturer calibrations. They are considered level -9, the lowest in our calibration hierarchy.

The CTD rosette onboard the R/V Maria S. Merian was equipped with an OPUS UV spectral sensor for nitrate and carbon
bond measurements, more speci cally nitrate (NO3-N), nitrite (NO2-N) and humerous organic ingredients with a resolution of
0.8 nm/pixel using wavelengths of 200-360 nm. In addition, on all three ships, nutrients were analyzed from the bottle samples
taken. On the R/V L'Atalante for each CTD cast, three bottles collected samples at different depths to measure Phosphate,
Silicate, Nitrate, and Nitrite concentrations after the cruise. For the R/Vs Meteor and Maria S. Merian, these quantities, as well

as ammonium, were measured on speci ¢ stations and at xed depths between the surface and 350 meters.

Chlorophyll uorescence was measured via uorometers. The CTD deployed from the R/V L'Atalante was equipped with
a Chelsea AquaTracka lll. The accuracy provided by the manufacture? 0 2> g/L and its sensitivity is 110 2 g/L.
The R/Vs Meteor and Maria S. Merian used Wet Labs Eco-AFL/FL uorometers. Their sensitivity 502% g/L. The
CTD rosettes of the two German ships were also equipped with WET Labs Eco CDOM uorometers, measuring the dissolved
organic matter with a sensitivity of 910 2 ppb.

The CTD deployed from the R/V L'Atalante was instrumented with a C-Star transmissometer from Wet Labs, measuring
particle beam attenuation coef cient.

The CTDs of the R/Vs Maria S. Merian and Meteor were also equipped with turbidity meters (WET Labs, Eco-NTU) to
measure the turbidity of water with a sensitivity oil@ 2 NTU (Nephelometric Turbidity Units) in the upper 125 meters of
the water column, and 0.12 NTU down to 1000 meters depth.

Finally, all three ships CTDs were equipped with PAR/Irradiance, Biospherical/Licor from Chelsea. This sensor measures

the number of photons in the 400-700 nm wavelength, the spectral range of Photosynthetically Active Radiation (PAR), con-
verted in mMol/s/m. Additionally, surface PAR/Irradiance sensors were mounted on both the R/Vs L'Atalante and Meteor

11






