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ABSTRACT: Within the international OneArgo program, a global array of autonomous profiling floats monitoring sea-
water properties, the Deep-Argo mission aims to provide temperature, pressure, and salinity measurements down to the
seabed with accuracy targets of =0.001°C, +3 dbar, and +0.002, respectively. One of Deep-Argo’s main challenges is to
achieve this level of accuracy. Three different conductivity—temperature—depth (CTDs) are available for Deep-Argo appli-
cations: the extended-depth SBE41CP, SBE61, and RBRargo|deep6k. We evaluated their performance at sea down to
4000 dbar using four Deep-Arvor floats equipped with two or three of these CTDs. Pressure differences between the
sensors ranged from about 0-1 dbar near the surface to a maximum of 5 dbar at 4000 dbar. Temperature differences
were within +0.002°C below 1000 dbar. A time lapse of up to 0.5 s between sensor acquisitions occasionally led to
sensor-independent temperature differences greater than *=0.002°C at the shallowest levels. Pressure differences as small
as 1 dbar can induce temperature differences greater than 0.01°C in a large temperature gradient. Independent shipboard-
calibrated CTD observations were used to correct, within an uncertainty of +0.004, a pressure-dependent salinity bias
found on all CTDs, as well as a salinity offset on two of them. After correction, salinity differences between the sensors
were less than 0.004 below 500 dbar. They increased to 0.01 at shallower depths, as any remaining pressure-dependent er-
rors were projected onto the surface layers. To achieve Deep-Argo’s target accuracy through the intrinsic quality of the
sensors, pressure sensor accuracy and compressibility coefficient of the conductivity sensor estimates need to be improved.

KEYWORDS: In situ oceanic observations; Instrumentation/sensors; Oceanic profilers

1. Introduction The objective of the Deep-Argo mission is to maintain a
5° X 5° global array of 1200 Deep-Argo floats in the season-
ally ice-free global ocean deeper than 2000 m in order to re-
duce errors in the estimation of decadal trends of deep-ocean
heat content and deep-ocean thermal expansion (Zilberman
et al. 2023). It also aims to establish relationships between
fluctuations of the deep meridional overturning circulation
and changes in ocean temperature and salinity, and their
representations in ocean reanalyses and forecasts (Johnson
et al. 2015; Meyssignac et al. 2019; Gasparin et al. 2020; von
Schuckmann et al. 2023; Zilberman et al. 2023). Pilot studies
(Roemmich et al. 2019a) have demonstrated the readiness of
the technology and Deep-Argo’s ability to measure variability
of deep-ocean warming (Johnson et al. 2020; Johnson 2022;
Desbruyeres et al. 2022) and large-scale deep-ocean circulation
(Foppert et al. 2021; Racapé et al. 2019; Petit et al. 2022).

The Deep-Argo program is based on new float designs: the
Deep-Argo floats. The Deep-Arvor (Le Reste et al. 2016;
André et al. 2020) and Deep-Ninja (Kobayashi et al. 2013) floats
have 4000-dbar capabilities, while the Deep-SOLO (Roemmich
et al. 2019b) and Deep-APEX (Petzrick et al. 2014) floats have
6000-dbar capabilities. Three conductivity—temperature-depth
(CTD) probes are currently available for Deep-Argo. The
extended-depth SBE41CP (SBE41CPed) and SBE61 from
Sea-Bird Scientific (SBS) are suitable for 4000- and 6000-dbar
Corresponding author: Virginie Thierry, vthierry@ifremer.fr applications, respectively. The Deep-Arvor and Deep-Ninja

The international Argo program, a global array of autono-
mous profiling floats monitoring seawater properties, is a ma-
jor component of both the Global Ocean Observing System
(GOOS) and the Global Climate Observing System (GCOS)
(Riser et al. 2016). It provides freely available near-real-time
data for ocean weather and climate services and high-quality
data for ocean and climate research. Initiated more than
20 years ago, Argo is now the primary source of in situ ocean
data. Following the success of its core mission (Core-Argo)
dedicated to monitoring temperature and salinity in the
0-2000-m layer, the program is now entering a new phase to
address urgent scientific and societal challenges triggered by
global climate change. OneArgo, the new phase of Argo,
aims to be global, full depth, and multidisciplinary (Roemmich
et al. 2019a). In addition to the Core-Argo mission, the
biogeochemical-Argo (BGC-Argo) mission acquires six bio-
geochemical parameters besides temperature and salinity
(Biogeochemical-Argo Planning Group 2016), while the Deep-
Argo mission extends physical measurements down to the sea
floor (Zilberman et al. 2023).
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TABLE 1. Sensors characteristics as provided by sensor manufacturers.
RBRargoldeep6k, RBRconcerto|deep6k SBE41CPed SBES61
Conductivity
Range 0-85 mS cm ™! 0-70 mS cm ™! 0-70 mS cm ™!

+0.003 mS cm ™! (+0.0035 psu)
0.010 mS cm ™! yr!

Initial accuracy
Typical stability

0.003 mS cm~! month™! (0.0011 psu yr ™)

+0.002 mS cm ™!
0.02 mS cm ™! yr~

+0.003 mS cm ! (£0.0035 psu)
1

Resolution 0.001 mS cm ™' 0.0001 mS cm ™' 0.0005 mS cm '
Temperature

Range —5°to 35°C —5°to 35°C —5°to 35°C

Initial accuracy +0.002°C +0.002°C +0.001°C

Typical stability 0.002°C yr ™! 0.0002°C yr ™! 0.0002°C yr ™!

Resolution <0.00005°C 0.0001°C 0.0001°C
Pressure/depth

Range 0-6000 dbar 0-7000 m 0-7000 m

Initial accuracy +0.05% full scale (FS) (that is =3 dbar) +7 dbar +4.5 dbar/7000 m

Typical stability 0.05% FS 1 dbar yr ! 0.8 dbar yr?

Resolution 0.001% FS 0.002% of FS range

floats are equipped with the SBE41CPed. The Deep-SOLO
and Deep-Apex are equipped with an SBE61. Recently, the
RBR manufacturer developed a CTD with 6000-dbar capabili-
ties called the RBRargo|deep6k.

To reach its objective, Deep-Argo aims for an accuracy of
+3 dbar, £0.001°C, and *=0.002, for pressure, temperature, and
salinity, respectively, similar to GO-SHIP standards (Roemmich
et al. 2019a; Hood et al. 2010). One of Deep-Argo’s main chal-
lenges is to achieve this level of accuracy throughout the float’s
lifetime. Given the manufacturer’s quoted initial accuracy for
pressure, temperature, and salinity for the three CTDs used in
this study (Table 1), the RBRargo|deep6k was the only CTD
able to achieve the Deep-Argo’s accuracy target for pressure,
which is =3 dbar, and the SBE61 was the only CTD able to
achieve the Deep-Argo’s accuracy target for temperature and sa-
linity, which are *0.001°C and *0.002, respectively. Compari-
sons of shipboard rosette-mounted SBE61 CTDs with shipboard
(SBE-911) CTD observations, confirmed pressure and tempera-
ture uncertainties of 4.5 dbar and £0.001°C but revealed a
salinity uncertainty of *0.005, larger than that provided by
the manufacturer (Roemmich et al. 2019a). No assessment of
the pressure/temperature/salinity uncertainties of the other
two CTDs below 2000 dbar is available to date.

As part of the French Novel Argo Ocean Observing System
(NAOS) project (Le Traon et al. 2020) and the European Euro-
Argo Research Infrastructure Sustainability and Enhancement
(RISE) project, we used the high-payload capability of the Deep-
Arvor floats (André et al. 2020) to equip two Deep-Arvor with
an SBE41CPed, an SBE61, and an RBRargoldeeptk and two
Deep-Arvor with an SBE61 and an RBRargo|deep6k. The objec-
tives were to compare the performance of the pressure, tempera-
ture, and conductivity sensors of the three different CTDs up to
4000 dbar, to assess their differences against the manufacturers’
quoted accuracies and to identify ways of achieving Deep-Argo’s
accuracy targets.

Those floats were deployed at sea during two cruises that
were carried on in December 2020 and March 2022 in the

North Atlantic. Results from these at-sea experiments are
presented in this paper. The sensor characteristics and float
design are detailed in section 2. Intercomparison of the tem-
perature, pressure, and conductivity sensors is provided in
sections 3 and 4. Section 5 discusses the results and concludes
the paper.

2. Sensor’s characteristics, floats design, and
at-sea experiment

a. Sensor’s characteristics

The CTDs used in this experiment are 1) SBE41CPed mounted
on the float’s top cap; 2) SBE61, as a stand-alone version mounted
on the side of the float; and 3) the RBRargo|deep6k mounted on
the float’s top cap or its stand-alone version mounted on the
side of the float (RBRconcerto|deep6k) (Table 1). All CTDs
remain powered up during the profile and operate in continu-
ous profiling mode.

The SBE41CP has been the predominant CTD of the Argo
network. It measures salinity using an electrical conductivity
cell (Lueck 1990; Johnson et al. 2007). Initially designed for
2000-m applications, its capabilities have been extended to
4000 m for Deep-Argo applications, with the use of a 7000-dbar
pressure sensor. Designed for Deep-Argo applications, the
SBEG61 is an evolution of the SBE41CP with improved mea-
surement quality and stability. It is capable of operating at a
pressure of up to 7000 dbar. Both are used here in continuous
pumping (CP) mode so that the water sample in the measuring
cell is constantly renewed. One main difference between the
SBE41CPed and SBE61 CTDs concerns the calibration of the
pressure sensor. In this study, both CTDs used a 7000-dbar
Kistler pressure sensor that was calibrated with the same
Paroscientific Digiquartz reference. The SBE41CPed receives
a two-point sensor-only temperature compensation for pres-
sure, which leads to an initial accuracy of =7 dbar and a typi-
cal stability of 1 dbar yr™'. The SBE61 receives a four-point
temperature compensation for pressure after the instrument is
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FIG. 1. (a) The three-headed Deep-Arvor, with its three CTDs (Sea-Bird SBE61, SBE41CPed, and RBRargo|deep6k).
Ifremer. (b) The two-headed Deep-Arvor, with its two CTDs (Sea-Bird SBE61, RBRargo|deep6k). Ifremer/P.

Rousseaux.

completely assembled, such that the correction includes
both the sensor and the electronic boards. The initial accu-
racy for an SBE61 is *=4.5 dbar, and typical stability is
0.8 dbar yr .

The RBR CTD is based on an inductive measurement con-
ductivity cell (Halverson et al. 2020). The temperature sensor
is located next to the inductive cell to measure the same water
sample. Due to its open design, the renewal of the water sam-
ple occurs naturally as the profiling float moves through the
water column. The RBRargo3 CTD, the 2000-dbar model, has
already proven its quality (Dever et al. 2022; Nezlin et al. 2020)
and has been considered a trusted CTD for the Core Argo pro-
gram since 2023. The RBRargo|deep6k and its stand-alone ver-
sion (RBRconcerto|deep6k) are capable of operating at depths
of up to 6000 m. They used a Keller pressure sensor.

SBS conductivity sensors are calibrated in water with fixed
salinity by varying the temperature to observe changes in con-
ductivity (Fig. B1). In contrast, RBR sensors are calibrated in
water with varying salinity levels to adjust conductivity and
are also tested under different pressure conditions (Fig. B2;
Dever et al. 2022).

In accordance with the requirements of the sensor suppli-
ers, particular attention was paid to deploy only sensors
whose manufacturer calibration was not older than 6 months
to guarantee the best possible quality of measurements for
the intercomparison tests.

b. The three-headed and two-headed floats design

To carry out the in situ and long-term cross-comparison of
the SBE41CPed, SBE61, and RBRargo|deep6k, the CTDs
were jointly integrated on a Deep-Arvor profiling float.

The Deep-Arvor is a profiling float designed to meet the
needs of the Deep-Argo network, capable of descending to
4000-m depth thanks to a high pressure ballast system (Le
Reste et al. 2016). It can perform up to 150 cycles fulfilling
Argo targets (e.g., profiles on ascent). It transmits its CTD
data, and oxygen as an option, in real time at the end of each
cycle through the Iridium satellite network. This float has
been designed to have a high payload capacity, thanks in par-
ticular to a large oil reserve that enables its mass/volume bal-
ance to be adjusted despite the addition of external elements.
Its cylinder-shaped design facilitates the mechanical integra-
tion of new subassemblies, while maintaining good operating
stability. In particular, the Deep-Arvor has demonstrated its
ability to carry heavy and bulky elements such as an ADCP
and its external battery pack (André et al. 2020).

For our application, a new profiling float named the “three-
headed Deep-Arvor” was designed. In addition to the
SBE41CPed mounted on the top cap by default, two external
elements were added: the SBE61 and the RBRargo|deep6k
(Fig. 1a). The RBRargo|deep6k was mounted here as a stand-
alone sensor. These two CTDs were placed on either side of
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the float for mass distribution reasons and were fixed by using
high-density polyethylene clamps. This extra mass and vol-
ume were compensated by adding a syntactic foam block.
Note that the pressure sensor of the SBE41CPed was located
on the float’s top cap. The pressure sensor of the SBE61 was
located 346 mm below the SBE41CPed pressure sensor and
that of the RBRargo|deep6k was located 123 mm above the
SBE41CPed pressure sensor (Figs. 1a and Ala in appendix A).

As recommended by RBR, particular care was taken to
keep the RBRargo|deep6k at least 15 cm away from any sur-
rounding element to avoid any disturbance of the electromag-
netic field of its inductive cell.

The two additional CTDs were connected to the Deep-Arvor
via a Subconn connector and then linked to a card dedicated to
the data management of these three sensors (acquisition, syn-
chronization, storage, and transmission). Despite the addi-
tion of these sensors, the onboard energy was not augmented.
The estimated lifetime with all sensors in operation was then
eighty 10-day cycles at 4000 m.

Data acquisition was performed during ascent. A sample
was saved every 10 s. Since the float is moving upward at an
average speed of 9 cm s~ this corresponds to about a sample
every 90 cm. To ensure simultaneous measurements of the same
water parcel, the water inlet of the two SBS CTDs and the top
of the measurement cell of the RBRargo|deepbk were aligned.
The sensors have different acquisition rates (SBE41CPed: 2 s;
SBE61CP: 1 s; RBRargo|deep6k: 250 ms). To ensure that sam-
ples were taken within a time lapse of less than 500 ms (or a dis-
placement of approximately 4.5 cm in the water column), the
sensor clocks were synchronized to account for the varying
warm-up times of each sensor and any potential clock drift
that may occur during the profile. Synchronization was car-
ried out at the beginning of each profile and, if necessary,
during the profile. To reduce the number of data to be trans-
mitted, samples were averaged in slices, divided into five
separately configurable zones, leading to the acquisition and
transmission of about 800 CTD SBE41CPed, SBE61, and
RBRargo|deep6k data points per profile.

Similarly, a “two-headed Deep-Arvor” profiling float was
designed and used in our cross comparison (Fig. 1b). It used
the same hardware architecture as the three-headed Deep-
Arvor. While the SBE61 remained mounted on the side of
the float, the SBE41CPed was replaced by the RBRargo|-
deepobk, thanks to a titanium adapter. On the two-headed
float, the pressure sensor of the SB61 was located 457 mm be-
low that of the RBRargo|deep6k, the latter being located on
the float cap (Figs. 1b and Alb). From a software point of
view, the profiling float control was revised to integrate the
RBRargo|deep6k driver. Being less than 15 cm from the in-
ductive cell, the surrounding elements of the RBRargo|deep6k
(antenna and Subconn cable) were taken into account by
mounting the sensor on a Deep-Arvor float head during labo-
ratory calibration of the sensor.

For each pressure sensor, a surface pressure measurement
was taken at each float surfacing through a resetoffset com-
mand to cope with any pressure sensor bias or drift and to
compensate for the distance between the pressure sensors.
The resetoffset command was realized at the beginning of a
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given cycle, that is, before the float dives to its parking depth
and generally 10 days before the ascending profile of the cycle.
Any pressure measurement collected during the whole cycle
was corrected by this surface pressure offset. The correction
was done on board the float automatically.

c. At-sea experiment

Two 3-headed and two 2-headed floats were considered in
this study. They were deployed near the Canary Islands dur-
ing two Radial Profunda de Canarias (RAPROCAN) cruises
(Fig. 2a). The RAPROCAN observational program is based
on repeated biannual hydrographic surveys made up of 25
stations carried out by the Spanish Oceanographic Institute
(IEO-CSIC) since 1997 (Tel et al. 2016). Among other param-
eters, temperature, salinity, and pressure are measured con-
tinuously from the surface to the bottom. Water samples are
taken at 24 depths to calibrate the previous variables follow-
ing GO-SHIP standards (McTaggart et al. 2010).

The three-headed NAOS float was deployed in December
2020 during the RAPROCAN2012 cruise. Only data from the
SB41CPed and the SBE61 over the first 35 cycles (245 days)
were considered in this study. The deployment revealed an is-
sue in the head’s mechanical design of the RBRargo|deep6k,
and data from this sensor were unusable. The float completed
57 cycles, but the SBE61 stopped transmitting data to the float
from cycle 36 onward due to software mismanagement of the
internal secure digital (SD) card.

The three-headed EA-RISE float and the two 2-headed
floats (FRO01 and FR002) were deployed in March 2022 dur-
ing the RAPROCAN2203 cruise. The floats were equipped
with an RBRargo|deep6k with a new design compared to that
of the three-headed NAOS float. While the three-headed
EA-RISE was still active at the time of writing of this paper,
only data for the first 51 cycles (482 days since deployment)
were considered in this study. Unfortunately, the SBE61 sensor
on this float stopped its acquisition during cycle 31 (282 days
since deployment), for the same reason as on the three-headed
NAOS unit. The RBRargo|deep6k on the three-headed FR001
failed after cycle 16 (132 days) due to water entering the float
(not the sensor). It has since been recovered. The two-headed
FRO02 successfully completed 66 cycles (477 days) but drifted
in waters shallower than 2000 dbar after cycle 16.

The four floats were deployed within less than 500 m from
station 25 (STAT2S5) of either the RAPROCAN2012 or the
RAPROCAN2203 cruises (Fig. 2). The typical vertical struc-
ture of the temperature and salinity profiles at station 25 is
displayed in Fig. 2.

The Deep-Arvor offers a large number of parameters,
allowing both the general control of the float (immersion
depths, cycle time, etc.) and the sensor acquisitions (number
of points, averaging, etc.) to be set (Le Reste et al. 2016). Dur-
ing the operational deployments off the Canary Islands, the
floats were programmed to drift at 3000 m, in order to posi-
tion them in slow-moving water masses. The profile depth was
set at 4000 m. Those parameters were occasionally changed to
evaluate the hysteresis of the pressure sensors (section 3) and to
limit grounding of float FR002 when it drifted in shallow areas
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FI1G. 2. (a) Trajectories of the two 3-headed floats (NAOS in cyan and EA-RISE in black) and of the two 2-headed
floats (FR0OO1 in blue and FRO02 in red). The position of station 25 from the Raprocan cruises is also displayed
(yellow triangle). (b) Vertical profiles of temperature (red line) and salinity (blue line) for STAT2S5 of the RAPROCAN2203
cruise. The black and gray lines are the temperature and salinity profiles as measured by the RBRargo|deep6k CTD

on the two-headed FRO001 float, respectively.

(Fig. 2a). For this latter float, some profiles were realized with a
5-day cycle to help the float escape the shallow area.

3. Intercomparison of the pressure and
temperature sensors

For each float, we calculated the difference between the meas-
urements from the two pressure sensors or the two temperature
sensors. This comparison allowed us to assess the performance
of the sensors and verify that their readings are consistent with
the manufacturer’s quoted initial accuracy. When comparing in-
dividual sensor pairs, discrepancies up to twice the target accu-
racy are acceptable, as one sensor may be reading too high and
the other too low. However, a difference within the expected
range does not necessarily indicate that both sensors meet the
target accuracy, since their errors may cancel each other out.

a. Pressure

We estimated the top-to-bottom mean value of the sensor
difference averaged over all the cycles. The absolute value of
the sensor-to-sensor difference was less than 1.7 dbar when
considering the SBE41 and the SBEG61 sensors. It was less
than 0.8 dbar when considering the RBRargo|deep6k and the
SBEG61 sensors (Table 2).

The vertical structure of the difference exhibited a cubic
characteristic pattern for each sensor-to-sensor comparison
(Fig. 3). The absolute value of the mean difference between
the two SBS sensors increased from a value of about 0-1 dbar
near the surface to 4 dbar at 4000 dbar for the three-headed
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EA-RISE float and to 5 dbar at 4000 dbar for the three-
headed NAOS float. Below 1000 dbar, the SBE41CPed read
higher pressure values than the SBE61. The absolute value of
the difference between the SBE61 and the RBR sensors re-
mained less than 2 until 3000 dbar. While it remained in this
range for the three-headed EA-RISE float, it increased to a max-
imum of 4 dbar below 3000 dbar for the two 2-headed floats.

The nonzero value of the difference near the surface de-
spite the resetoffset command realized at the beginning of
each cycle (section 2a) is due to a possible evolution of the
sensor calibration during the float cycle or to residual errors
such as nonlinear hysteresis of the pressure sensor (Wong
et al. 2023). This latter phenomenon was evidenced when con-
sidering vertical profiles of the sensor-to-sensor difference
and their evolution over the cycles (Fig. 3). The differences
generally varied by less than =1 dbar. The most significant
changes were observed between the RBRargo|deep6k and the
SBEG61 (or the SBE41CPed) pressure sensors when the profiling
depth of the float was reduced from 4000 to 2000 dbar (see, for
instance, the 2-head FR001 float in Fig. 3) highlighting pressure
sensors hysteresis. It is not possible to determine which sensor
was affected by hysteresis as it might affect both SBS sensors in
a similar way and/or the RBR sensor.

With pressure differences between the sensors remaining un-
der 5 dbar, the pressure measurements from all sensors were
consistent with the manufacturer’s quoted initial accuracy. The
impact of these observed discrepancies on both temperature
and salinity data was substantial, as discussed further in the re-
mainder of this paper.
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TABLE 2. Top-to-bottom mean value and standard deviation of the pressure (dbar) and temperature (°C) sensor difference
averaged over all the data points for the two 3-headed floats and the two 2-headed floats. Mean temperature difference computed for

pressure greater than 2000 dbar is indicated in parentheses.

Three-headed NAOS Three-headed EA-RISE Two-headed FR0O01 Two-headed FR002
Pressure difference (dbar)
RBR — SBE61 — 0.1 £09 -03*+1.1 0.8 = 0.9
SBE41 — SBE61 1.7 2.0 14 =15 — —
RBR — SBE41 — -14 =15 — —
Temperature difference (°C)
RBR — SBE61 — 0.003 = 0.004 —0.002 = 0.005 —0.002 = 0.009
(0.002 = 0.001) (—0.001 = 0.001) (—0.001 = 0.001)
SBE41 — SBE61 —0.001 = 0.003 —0.003 = 0.007 — —
(—0.001 = 0.003) (—0.001 = 0.001)
RBR — SBE41 — 0.005 = 0.008 — —

(0.002 + 0.001)

values. The difference between the three temperature sen-
sors was within *£0.002°C except for the three-headed EA-
ture differences between the sensors in considering all float pro- ~ RISE float where the top-to-bottom temperature difference

files (Table 2). We verified that the number of cycles considered — reached 0.003°C (—0.003°C) between the RBRar; go|deepbk and
did not significantly affect the mean and standard deviation the SBE61 (between the SBE41CPed and the SBE61).

b. Temperature

We estimated the top-to-bottom mean value of the tempera-
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FI1G. 3. Vertical structure of the pressure difference between the sensors (in dbar) as a function of the SBE61 pres-
sure. For each float, all available cycles are displayed. Difference between the SBE41CPed and the SBE61 (black
dots). Difference between the RBRargo|deep6k and the SBE61 (blue dots). The shading (+6 dbar) represents twice
the Deep-Argo target for the pressure sensor accuracy. (a) Three-headed NAOS float. (b) Three-headed EA-RISE

float. (c) Two-headed FR0O01 float. (d) Two-headed FR002 float.
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We also computed the mean vertical profile of the differences
(Fig. 4). For each sensor, the temperature values were taken at
the same time stamp and reported at the pressure value of the
SBEG61 sensor. Mean values were estimated over 20-dbar layers.
Below 1000 dbar, the mean value of the temperature differ-
ences between the sensors was within *=0.002°C for each float
and each sensor-to-sensor comparison, which is consistent with
the manufacturer’s quoted initial accuracy.

At depths shallower than 1000 dbar, temperature differ-
ences averaged over the cycles reached values up to 0.005°C
for the three-headed NAOS and the two 2-headed floats.
They were even larger (up to 0.01°C) when comparing the
two SBS temperature sensors on the three-headed EA-RISE
float. Larger and noisier temperature differences were observed
in the thermocline than in the rest of the profile. Those differ-
ences were likely due to the time elapsed between sensor acqui-
sition and to the varying ascending speed of the float. Indeed,
the maximum time lapse of 0.5 s before synchronization of
the sensor clocks (section 2b) corresponds to a vertical dis-
placement of 0.45 m considering an average ascent speed of
0.9 ms~'. Combined with a vertical temperature gradient of or-
der 0.1°C m™' and variable float ascent speed, the time lapse
between acquisitions can lead to differences ranging from 0 to
more than 0.045°C. This issue only concerns this intercompari-
son exercise and does not concern regular Argo floats for which
the P, T, and S triplet is simultaneously acquired.

The temperature difference between the sensors was stable
over time for all the floats (not shown) and did not exhibit a
significant trend over the 5-16 months of measurements. This
result complies with the expected stability of 0.0002°C yr*
for the two SBS temperature sensors and of 0.002°C yr~* for
the RBR temperature sensor (Table 1). With such a value,
and with the current resolution of the temperature measure-
ments (0.001°C), more than 5 years of data acquisition would
be needed to detect any drift in one of the SBS temperature
Sensors.

We then evaluated the impact of the pressure differences
on the temperature measurements in comparing the tempera-
ture data using the pressure measurements of each sensor.
For each float and sensor, the data were interpolated on a
1-dbar vertical grid using their own pressure values. Then, the
mean vertical profile of the differences was estimated as pre-
viously. Pressure differences had little impact on temperature
estimates in the deep layers. Pressure differences had a larger
impact in the upper 2000 dbar where the temperature gradi-
ent was larger. The mean difference averaged over the cycles
generally exceeded the sensor’s accuracy and reached values
up to 0.01°C (or even greater). For instance, while the agree-
ment between the temperature sensors of the SBE61 and
RBRargo|deep6k was remarkable for the two-headed FR002
float, the ~1-dbar pressure difference between the two sen-
sors in the upper 2000 dbar (Fig. 3d) introduced a difference
greater than 0.01°C at depths less than 500 dbar (Fig. 4h).

4. Conductivity measurements and salinity

The conductivity sensors were first corrected individually in
the same way as for a conventional Deep-Argo float. The
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data correction procedure of an SBS sensor is described in the
Argo Quality Control Manual (Wong et al. 2023) and consists
of correcting for a pressure-dependent response and then as-
sessing any sensor bias and its long-term stability by compari-
son with historical reference data. The procedure is not yet
defined for the RBRargo|deep6k sensor. Following the method-
ology used for the SBS sensor and taking into account the cali-
bration equations of the RBRargo|deep6k sensor, we defined
and applied a new data correction procedure for this latter sen-
sor. A sensor-to-sensor comparison was then conducted and
used to evaluate the applied corrections.

a. SBS sensors

The performance of the SBS conductivity sensors was first
evaluated by comparing the salinity data from the first cycle
of each float and each sensor to a calibrated reference cast
performed at float deployment (section 2c, Fig. 5). The com-
parison was done on potential isotherms. It revealed that the
SBS sensors exhibited a pressure-dependent bias compared to
the reference cast, such that the bias at 4000 dbar was about
0.002 fresher than the bias at 2000 dbar.

The SBS conductivity cell used for both the SBE41CP and
SBES61 is known to have a pressure-dependent response. SBS
corrects this response through the use of a compressibility co-
efficient of the conductivity cell, referred to as CPcor (see
calibration certificate in appendix B). The nominal value is
currently equal to —9.57 X 1078, A residual pressure depen-
dency of the SBS conductivity sensor has, however, been ob-
served for deep floats and attributed to an incorrect value of
CPcor (Kobayashi et al. 2021). Following the recommenda-
tions of the Argo Data Management Team (Wong et al.
2023), we recomputed the float salinity using an updated
CPcor coefficient, which was estimated for each of the SBS
sensors by comparing the first float profile to the calibrated
reference cast (STAT25). This optimized CPcor coefficient, as
well as a cell gain factor M, was estimated by solving the fol-
lowing least squares problem:

/cond

Zero

=—(1 + T X CTcor),

Cpcor X P — M X (cond expecled)

where P is the float pressure, 7 is the float temperature,
CTcor = 3.25% 10°°, cond,e,, is the float conductivity with
CPcor correction undone (i.e., CPcor = 0), and condexpected is
the conductivity that the float should have used to calculate
and report practical salinity in agreement with the salinity of
the reference data. It was computed in the 1500-4000-dbar
layer from the salinity of the reference cast interpolated on
the float theta level and from the float pressure and tempera-
ture. The optimized CPcor values of the six SBS conductivity
sensors varied between —11.80 X10~® and —10.80 X 107®
(Table 3). Once the CPcor value was corrected, no significant
pressure dependence was observed below 2000 dbar when
compared to the reference cast (Fig. 6).

We then estimated any remaining salinity bias. We used the
computed conductivity ratio M between the float conductivity
profile and the reference cast based on data below 1500 dbar
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FIG. 4. Vertical profile of the temperature difference (°C) between the SBE41CPed and the SBE61
temperature sensors (black lines) and between the RBRargo|deep6k and the SBE61 temperature sen-
sors (blue lines). The mean value is computed over all available cycles of each float and in 20-dbar
bins. In (a)—(d), the mean value is computed in using the temperature values taken at the same time
stamp and reported at the pressure value of the SBE61. In (e)—(h), the data were interpolated on a
1-dbar vertical grid using their own pressure values. Then the mean value was estimated as
previously. The shading (+0.002°C) represents twice the Deep-Argo target for the temperature sensor
accuracy. (a),(e) Three-headed NAOS float. For this float, raw data with no bin average on the vertical
are also displayed (dark gray lines). (b),(f) Three-headed EA-RISE float. (c),(g) Two-headed FR001
float. (d),(h) Two-headed FRO02 float.
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Salinity differences
between float sensors and reference CTD cast
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FI1G. 5. (left) Comparison of the salinity data of the first available ascending profile of the three-headed NAOS float,
the three-headed EA-RISE float, the two-headed FR001 float, and the two-headed FRO002 float (cycle 2 for the
NAOS float, cycle 1 for the other floats) with STAT2S5, the calibrated ship-based reference cast done at float deploy-
ment (STAT25 of both RAPROCAN2012 and RAPROCAN2203 cruises). The comparison is made on float theta
levels. The pressure of the SBE61 is used as the vertical axis. (right) As in the left panels, but zoomed in on the
2000-4000-dbar layer. The gray shaded area represents the sum of the uncertainty of the ship-calibrated CTD (0.003)
and the expected accuracy for Argo’s deep salinity profiles (0.002).

(Table 3). Results are presented here and in the rest of the pa-
per in terms of salinity although all computations were done
on conductivity. Except when it will be explicitly mentioned,
similar conclusions would have been drawn from the conductivity
ratio analysis. Following the recommendations of the Argo Data

Management Team (Wong et al. 2023), we also computed the
bias and its temporal evolution by comparing the float profiles to
nearby historical reference CTD casts using the Owens—Wong—
Cabanes (OWC) methodology (Owens and Wong 2009; Cabanes
et al. 2016). This methodology compares the conductivity of
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TABLE 3. Optimized calibration coefficients and cell gain factor M and corresponding salinity difference AS values obtained by
comparing the first ascending profile with the reference station, below 1500 dbar. For SBS sensors, the optimized calibration
coefficient is the CPcor value (original Cpcor value is —9.57 X 10~%). For RBR sensors, the optimized calibration coefficients are X2,
X3, and X4. The original values X2, X3, and X4, are provided in Table B1 in appendix B. The AS values, obtained by comparing
the float data with nearby historical reference CTD casts on the 10 most stable theta levels (below 3000 dbar) using the OWC

methodology, are given, both for cycle 1 and averaged over cycles greater than cycle 10.

Bias

.. . . From comparison
Optimized calibration

to STAT25
coefficients: CPcor (SBS From OWC
sensors) or X2, X3, X4 AS for cycle 1 (mean AS
(RBR sensors) M AS for cycles = 10)
Three-headed SBE41CPed —11.66 X 1078 0.999902 +0.004 — (mean: +0.002)
NAOS SBE61 -10.80 x 1078 1.000201 —0.008 — (mean: —0.012)
Three-headed SBE41 ~11.80 x 1078 1.000103 —0.004 —0.003 (mean: —0.002)
EA-RISE SBE61 -10.91 x 1078 1.000 087 —0.002 —0.002 (mean: —0.002)
RBRargo|deep6k X2 = 3.484 x 1077 —0.002 0.000 (mean: +0.002)
X3 = —4.018 x 107"
X4 = 4.308 x 1071°
Two-headed FR0O01 SBE61 -1130 x 1078 1.000 065 —0.003 —0.001 (mean: +0.002)
RBRargoldeep6k X2 =3572 x 1077 +0.001 +0.003 (mean: +0.004)
X3 =2.949 x 1072
X4 = -1.629 x 1077
Two-headed FR002 SBE61 -11.39 x 1078 1.000 058 —0.002 0.000 (mean: +0.002)
RBRargo|deep6k X2 = 4.652 X 1077 +0.009 +0.009 (mean: +0.01)

X3 = —4306 x 1071
X4 = 4766 X 101

each sensor to an objectively mapped reference conductivity
over the most stable theta levels, which in this case are found
below 3000 dbar. The estimated conductivity ratio between the
float and reference data was then converted into salinity differ-
ences (Fig. 7). The Deep-Argo expected uncertainty for salinity
(after CPcor adjustment) is 0.004. Hence, the evaluation of sa-
linity sensor bias and drift with the OWC method was done at
the 0.004 level (Wong et al. 2023). This latter value reflects the
uncertainty in the correction method and is larger than the ex-
pected float sensor accuracy and the Deep-Argo target accuracy
of 0.002. For each sensor, the salinity bias estimated at cycle 1
by the two methods differed by at most 0.002 (see Table 3) and
was therefore in agreement within the OWC (0.004) and cali-
brated cast (0.003) uncertainties.

Given the good agreement between the two methods at cy-
cle 1, in the following, we consider only the biases estimated
by the OWC method, which is the correction method recom-
mended by the Argo Data Management Team. In most cases,
the sensors did not exhibit a significant fresh or salty bias
as the estimated values were within 0.004. The only exception
is the SBE61 on the three-headed NAOS float, which pre-
sented a fresh bias of —0.012 (mean AS for cycles = 10). On
the two 3-headed floats, the SBE41CPed and SBE61 con-
ductivity sensors were stable over the float cycles (Fig. 7).
On the two 2-headed floats, the SBE61 sensors exhibited a
salty drift since the beginning on the order of 0.005 and
0.003 over the first 16 cycles (~129 days) for the FR001 and
FRO02, respectively. Over this time period, this drift did not
lead to biases exceeding * 0.004. The two-headed FRO01
float time series was too short to determine whether the

drift continued or stabilized over time. The two-headed
FRO002 float drifted in waters shallower than 2000 dbar after
cycle 16. We thus ran the OWC method in considering shal-
lower theta levels. The most stable theta levels were found
between 11° and 14°, above the Mediterranean Waters. The
variability in these upper layers was large, and no significant
drift was detected after cycle 16 (not shown). Based on the
OWC results, we decided to only correct the conductivity of the
SBE61 sensor on the three-headed NAOS float using a constant
cell gain over all cycles, corresponding to a correction for an av-
erage fresh bias of —0.012 (Fig. 6). The conductivity of all other
SBS sensors was left unchanged, as the corrections proposed by
OWC were within the uncertainty of 0.004.

b. The RBR sensor

Salinity data from the three RBRargo|deep6k sensors con-
sidered in this study were affected by an error of order 0.002
near salinity 35 due the square root function used on board
the instrument to compute salinity (PSS-78) from the conduc-
tivity measurements (Leconte 2024). Any salinity values used
in this study were corrected of this onboard computation error
(see appendix C). As the error is maximum at salinity 35 and
only concerns salinity lower than 35, it was observed in our da-
taset at depths greater than 2600 dbar (Figs. 2b and C1). The in-
struments’ calibrations were unaffected.

As for the SBS sensors, we evaluated the performance of
the RBRargo|deep6k conductivity sensor by comparison to
the reference cast acquired at float deployment. Although
each RBRargo|deep6k conductivity sensor was calibrated at
high pressure in a salt bladder (Dever et al. 2022), the
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FIG. 6. (left) Comparison of the salinity data of the first available ascending profile from the SBS conductivity sen-
sors of the three-headed NAOS and EA-RISE floats, and the two-headed FR001 and FROO02 floats (cycle 2 for the
NAOS float, cycle 1 for the other floats) with STAT25, the calibrated ship-based reference cast done at float deploy-
ment. The comparison is made on float theta levels. The conductivity of the SBS sensors has been recomputed with
the optimized CPcor value (Table 3). The pressure of the SBE61 is used as the vertical axis. (right) As in the left
panels, but zoomed in on the 20004000-dbar layer. The gray shaded area corresponds to the sum of the uncertainty
of the ship-calibrated CTD (0.003) and the target accuracy for Argo’s deep salinity profiles (0.002). SBE41CPed
—0.012 following the

sensor (blue line). SBE61 sensor (red line). SBE61 sensor corrected for a salinity bias of about

OWC method (red dotted line) (see text for details).

comparison to the ship-based cast revealed a significant
pressure-dependent bias (Fig. 5). Using a linear fit, the slope
of this bias was estimated to 0.0022 (+0.0001)/1000 dbar for
the three-headed EA-RISE float and to 0.0029 and 0.0016

floats, respectively.
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We decided to follow a similar procedure to that used for
the SBS sensors and estimated new calibration coefficients to

:36 PM UTC



412

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

Salinity differences
between float SBS sensors and nearby historical reference CTD data

3-headed NAOS - SBE61

-0.008 r
3
§ -0.01
£
+
® 0012 | A
®
2-0.014
n
-0.016 r
O 10 20 30 40 50
17 92 192
%10 -3 3-headed EARISE - SBE61
2 L
°
g
= 0
£ + +
+ y h g
n ol B P
D 2| et
®
24t
»
6t
0 10 20 30 40 50
69 169 269
«10-3 2-headed FR001 - SBE61
4t
°
g g
17 e
] .
DoOf
® +
2ol
»
4t ] )
: - : - : - Profile
0 10 20 30 40 50 number
69 129 days

Profile number / Days since deployment

VOLUME 42
«10 3-headed NAOS - SBE41
6 L
4 L
20 et
+
O L
2t
0 10 20 30 40 50
17 92 192
«10 -3 3-headed EARISE - SBE41
o F : ; : .
O L
+ +
21t 7 ik
PV i
-+
4t
-6+
0 10 20 30 40 50
69 169 269 369 469
%103 2-headed FR002 - SBE61
4 L
2 L
4y
4+
'H-## !
0 —*_F.:l-
2t
-4 L : L - - — Profile
0 10 20 30 40 50 number
69 129 days

Profile number / Days since deployment

FI1G. 7. Salinity differences between float SBS sensors and nearby historical reference CTD data as a function of
profile number as provided by the OWC method (see text for details). The corresponding number of days since
deployment is also shown. SBE41CPed sensor (blue line). SBE61 sensor (red line).

correct for the pressure response of the conductivity sensor
by comparison with the reference CTD cast. Based on the cali-
bration sheet that uses a cubic dependence of conductivity on
pressure (see calibration certificate in appendix B), we
estimated the new calibration coefficients X2, X3, and X4 as
follows:

/cond 1=X2XP+X3x P>+ X4X P,

(cond,

expected) -

where P is the float pressure, cond,, is the float conductivity
with the original calibration cancelled [i.e cond,e;o = condrpr X
(1 4+ X2y X P + X3y X P2 +X4 X P?); see appendix B for
X2y, X3, and X4, values], and condeypeciea is the conductivity
that the float should have used to calculate and report practical
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salinity that is in agreement with the reference data. As for the
SBS sensors, it was computed in the 1500-4000-dbar layer from
the salinity of the reference cast interpolated on the float theta
level and from the float pressure and temperature.

Once this correction was applied, the comparison to the ref-
erence cast confirmed the disappearance of the vertical struc-
ture (Fig. 8). We then followed the same procedure as for the
SBS sensors and estimated any remaining offset and its long-
term evolution by comparing the first float cycle to the cali-
brated reference cast and by running the OWC methods on
the RBRargo|deep6k conductivity data. Biases estimated by
the two methods at the first cycle were in good agreement
(Table 3). The difference between the two estimates was less
than 0.002 and within the OWC uncertainty (0.004).
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FIG. 8. (left) Comparison of the salinity data of the first available ascending profile (cycle 1) from the RBRargo|deep6k
conductivity sensors of the three-headed EA-RISE float, the two-headed FR001, and FR0O02 floats with STAT25,
the calibrated ship-based reference cast done at float deployment (plain black lines). The comparison is made on
float theta levels. The conductivity has been recomputed with the new calibration coefficients (Table 3). The pressure
of the SBE61 is used as the vertical axis. (right) As in the left panels, but zoomed in on the 2000-4000-dbar layer.
The gray shaded area corresponds to the sum of the uncertainty of the ship-calibrated CTD (0.003) and the target
accuracy for Argo’s deep salinity profiles (0.002). (bottom) The RBRargo|deep6k sensor of the two-headed FR002
float has been corrected for a salinity bias of about 0.009 following the OWC method (black-dotted line, see text
for details).

The RBRargo|deep6k conductivity data from the three- observed on the two-headed FRO02 float. The RBRargo|deep6k
headed EA-RISE and the two-headed FR001 floats did not sensor on the two-headed FRO02 float was likely erroneously
exhibit a significant bias within the limits of data uncertainties.  calibrated with the presence of a piece of plastic on the float
A salty bias of 0.01 (mean AS from OWC for cycles = 10) was  head. Given the inductive nature of the sensor (section 2a), this
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FIG. 9. As in Fig. 7, but for the RBRargo|deep6k sensors.

would explain the observed bias. OWC results revealed that, af-
ter an initial adjustment of about 0.002 toward saltier readings,
the conductivity sensor of the three-headed EA-RISE float sta-
bilized after cycle 10 (69 days) (Fig. 9). No significant drift was
detected on the conductivity sensors of the two 2-headed floats.
Based on these results, we decided to only correct the conductiv-
ity of the RBR sensor on the two-headed FR002 float using a
constant cell gain over all cycles, corresponding to a correction
for an average salty bias of 0.01. The conductivity of the two
other RBR sensors was left unchanged, as the corrections pro-
posed by OWC were within the uncertainty of 0.004.

c. Sensors intercomparison

We then compared the salinity data and the corresponding
conductivity data of the sensors, once corrected as described

in the previous sections (CPcor or X2/X3/X4 values and sen-
sor bias for the SBE61 sensor of the three-headed NAOS
float and for the RBRargo|deep6k on the two-headed FR002
float; see Table 3).

The absolute value of the averaged salinity differences be-
tween the sensors was less than 0.002 at depths greater than
3000 dbar when comparing the SBE41CPed and the SBE61
sensors on the two 3-headed floats (Fig. 10). The absolute
value of the difference was slightly larger but remained less
than 0.004 when comparing the SBE61 (or SBE41CPed) sen-
sor and the RBRargo|deep6k. A similar amplitude of the dif-
ferences between the sensors was observed up to 500 dbar
(Fig. 10).

In most cases, the absolute value of the sensor-to-sensor sa-
linity differences increased toward the surface and reached
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FiG. 10. (left) Vertical profiles of the salinity differences between the SBE41CPed and the SBE61 sensors

(gray lines) and the corresponding averaged vertical profile computed with all available cycles for each float (black line).
Vertical profiles of the salinity differences between the RBRargo|deep6k and the SBE61 sensor (shaded blue lines) and
the corresponding averaged vertical profile (blue line). (right) As in the left-hand panels, but for the conductivity ratio
between the different sensors. The pressure axis is that of the SBE61. The conductivity of the SBS and RBR sensors has
been recomputed with the optimized CPcor and X2/X3/X4 values, respectively (Table 3). A conductivity cell gain ob-
tained by the OWC method has been applied to the conductivity sensor of the SBE61 on the three-headed NAOS float
and to the RBRargo|deep6k on the two-headed FRO0O2 float (Table 3). (top) Three-headed NAOS float. (top middle)
Three-headed EA-RISE float. (bottom middle) Two-headed FR001 float. (bottom) Two-headed FRO02 float. Salinity
uncertainties on individual profiles correspond to the OWC uncertainty for Argo’s deep salinity profiles (0.004), which is
around 0.004 in terms of conductivity. The gray shaded area on the left panels corresponds to the uncertainties on salin-
ity differences (+0.008), while the gray shaded area on right panels corresponds to the maximum value of the uncertain-
ties obtained for the conductivity ratio (£0.00026).
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Intercomparison of sensors: Temporal evolution of salinity
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FIG. 11. Temporal evolution of the mean salinity difference between sensors in the (left) 1500-1700-dbar layer and
(right) 3500-3700-dbar layer, plotted against cycle number. Please refer to Figs. 6 and 8 for correspondence between
cycle number and number of days since deployment. Differences between the SBE61 and the SBE41CPed sensors
(black crosses), between the RBRargo|deep6k and the SB61 sensors (blue crosses), and between the RBRargo|deep6k
and the SBE41CPed sensors (red crosses) for the three-headed NAOS float, the three-headed EA-RISE float, the
two-headed FRO01 float, and the two-headed FR002 float. The conductivity of the SBS and RBR sensors has been re-
computed with the optimized CPcor and X2/X3/X4 values, respectively (Table 3). A conductivity cell gain obtained by
the OWC method has been applied to the conductivity sensor of the SBE61 on the three-headed NAOS float and to
the RBRargo|deep6k on the two-headed FR002 float (Table 3).
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values up to 0.01 in the upper 200-dbar layer. The salinity ad-
justment being constrained in the 1500-4000-dbar layer, this
result shows that remaining pressure-dependent errors were
projected toward the surface layer. There, salinity differences
still remained well below twice the Core-Argo salinity uncer-
tainty target of 0.01 (Wong et al. 2020).

The intercomparison of the sensors on the three-headed and
two-headed floats allowed us to go further through the compari-
son of the conductivity ratio between the sensors. Such a com-
parison highlighted the effects of pressure and temperature
differences between the two sensors on the observed salinity
differences. The same vertical pattern was observed in the salin-
ity differences and conductivity ratios between the sensors. This
overall good agreement of the comparisons confirmed that the
observed differences are mainly due to the conductivity sensors.
The largest differences concerned the comparison between the
two SBS sensors on the three-headed EA-RISE. The conduc-
tivity ratio exhibited a trend in pressure, which was not ob-
served when considering salinity differences. The appearance of
a pressure-dependent trend in the conductivity ratio was also
observed when comparing the two SBS sensors on the three-
headed NAOS float. This pressure-dependent signal was likely
due to the pressure differences between the sensors, which
exhibited a vertical pattern contrary to the temperature dif-
ferences (section 3). Considering that the optimized Cpcor
and X2/X3/X4 values were estimated using the temperature
and pressure of the float, these results suggest that the pressure-
dependent correction of the conductivity sensor through the
Cpcor and X2/X3/X4 estimates may partially compensate for
any pressure sensor error (section 3a).

The comparison between sensors also made it possible to
analyze sensor stability at different depths and not just for the
most stable layers as is the case with OWC analysis (Fig. 11).
Similar temporal evolution of salinity differences between the
sensors in the 1500-1700-dbar and the 3500-3700-dbar layers
validates the two assumptions behind the two-step delayed-
mode correction procedure of the Deep-Argo data, which are
as follows:

1) The pressure-dependent correction obtained from the
comparison between the calibrated ship-based data col-
lected at float deployment and the first profile is valid for
all other cycles.

2) The time-dependent correction obtained by comparing
the float data with historical reference data on the most
stable levels (here, below 3000 dbar) is valid for all verti-
cal levels.

In both layers, the absolute value of the salinity difference
between the SBE41CPed and SBE61 on the three-headed
NAOS and EA-RISE floats was less than +0.002. The differ-
ence was overall very stable, although one can notice a very
slight increase of about +0.001 over the 30 cycles for the
NAOS float. The amplitude of this signal was too low to be sig-
nificantly detected when comparing the salinity of those two
sensors to historical reference salinity (Fig. 7).

The absolute value of the salinity difference between the
RBRargo|deep6k and the SBE61 (or SBE41CPed) was greater
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than that deduced from the comparison between the two SBS
sensors but remained within twice the OWC uncertainties of
0.004. It ranged between [0.001, 0.005] for the three-headed
EA-RISE float. It ranged between [0.000, 0.004] and [—0.002,
0.002] for the two-headed FR001 and FRO02 floats, respectively.
For the three-headed EA-RISE float, the difference slightly in-
creased by about +0.002 over the first 10 cycles in the deepest
layer. This increase was not detected in the 1500-1700-dbar
layer where the time series is noisier than at the deepest level.
According to the comparison to historical reference data, this
increase was attributed to the RBRargo|deep6k sensor that
experienced an initial adjustment toward saltier readings
over the first 10 cycles (section 4b, Fig. 9), while the salinity
of the SBE41CPed and SBE61 sensors was stable over time
(Fig. 7). The salinity differences between the RBRargo|deep6k
and SBE61 sensors for the two-headed FR001 and FR002 floats
exhibited a small decrease during the first 10 cycles (—0.002 to
—0.004) and tended to stabilize thereafter. This small decrease
was also observed in the 1500-1700-dbar layer. This pattern was
attributed to the two SBE61 sensors for which a small salinity
increase was also observed when compared to historical refer-
ence data (Fig. 7). Such an increase was compatible with a pos-
sible leakage of the antibiofouling product onto the SBE61
sensor. A conductivity cell contaminated by antifouling agents
initially reads fresher-than-normal values. The contaminant
gradually washes away, causing salinity readings to increase and
eventually return to normal levels (Wong et al. 2023).

The good agreement between the OWC analysis and the
sensor-to-sensor comparison highlighted the ability of the OWC
method to detect and correct salinity signals (bias or trends)
with an amplitude of 0.004 or even less if the float CTDs sample
a region with a relatively homogenous and stable T-S relation,
such as the deep eastern basin of the North Atlantic.

5. Conclusions and discussion

As part of the international OneArgo program, a global ar-
ray of autonomous profiling floats monitoring seawater prop-
erties, the Deep-Argo mission aims to provide measurements
of temperature, pressure, and salinity measurements down to
the seabed with accuracy targets of +0.001°C, *3 dbar, and
+0.002, respectively. Achieving this level of accuracy is one of
Deep-Argo’s key challenges, given that the initial manufac-
turer-specified accuracy for pressure, temperature, and salin-
ity for the three CTDs available for Deep-Argo applications
is generally higher than Deep-Argo’s accuracy targets. We
evaluated the performances up to 4000 dbar of the pressure,
temperature, and conductivity sensors of those three different
CTDs. The two CTDs from Sea-Bird Scientific, SBE41CPed
and SBE61, rely on an electrode-based measurement of con-
ductivity. The third CTD is the RBRargo|deep6k from RBR,
for which the conductivity sensor is based on an inductive con-
ductivity cell. We used the high-payload capability of the Deep-
Arvor floats to equip two Deep-Arvor with an SBE41CPed, an
SBE61, and an RBRargo|deepbk and two Deep-Arvor with an
SBES61 and an RBRargo|deep6k. These three-headed and two-
headed floats enabled us to conduct invaluable sensor-to-sensor
comparisons.

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 06/13/25 12:36 PM UTC



418

For pressure and temperature data, the evaluation was ana-
lyzed against the manufacturer’s accuracy. For salinity data that
must be corrected from independently calibrated shipboard
casts, sensor evaluation is performed at the 0.004 level. This lat-
ter value reflects the uncertainty in the correction method and
is larger than the Deep-Argo target accuracy of 0.002 for salin-
ity. When comparing individual sensor pairs, disagreements as
large as twice the target accuracy/uncertainty are acceptable as
one sensor could be reading too high and the other one too
low. However, a difference within the expected range does not
prove that both sensors meet the expected accuracy, as the er-
rors of each sensor may cancel each other out.

With a manufacturer accuracy for pressure of £7, =4.5, and
+3 dbar for the SBE41CPed, the SBE61, and the RBRargol-
deep6k used in this study, respectively, the latter was the only
CTD able to achieve the Deep-Argo’s accuracy target of
+3 dbar. Pressure differences between the sensors were consis-
tent with the manufacturer accuracy of the sensors and were
not incompatible with the Deep-Argo’s target accuracy. The
absolute top-to-bottom mean value of the sensor difference
averaged over all the cycles was less than 0.5 dbar when consid-
ering the RBRargo|deep6k and the SBEG61 sensors. It was
larger but remained less than 2 dbar when considering the
SBE41CPed and the SBE61 sensors. On the vertical, pressure
differences exhibited a cubic characteristic pattern and ranged,
in absolute value, from about 0-1 dbar near the surface to a
maximum of 4 dbar at 4000 dbar when comparing the SBE61
sensor with the RBRargo|deep6k sensor and a maximum of 5
dbar at 4000 dbar when comparing the two SBS sensors. The
vertical structure and values of the sensor-to-sensor differences
varied by less than 1 dbar from one cycle to another. The larg-
est changes in the sensor-to-sensor differences were observed
when the profiling depth of the float changed from 4000 to
2000 dbar, highlighting the hysteresis of one or all the pressure
sensors. In this study, both SBS CTDs used a 7000-dbar Kistler
pressure sensor. Sea-Bird has tested Keller pressure sensors on
some SBE61s with promising improved performances com-
pared to the Kistler sensor.

When considering temperature, with a manufacturer initial
accuracy of =0.001°C, the SBE61 was the only CTD able to
achieve the Deep-Argo’s accuracy target for temperature.
This ability has been demonstrated from comparisons with
shipboard (SBE-911) CTD observations (Roemmich et al.
2019a). The manufacturer initial accuracy was *=0.002°C for
both the SBE41CPed and the RBRargo|deep6k. Temperature
differences between the sensors were less than or equal to
0.002°C below 2000 dbar. They complied with the manufac-
turer accuracy of the sensors and were not incompatible with
the Deep-Argo target of 0.001°C. Over the 162-482 days of
deployments, no significant drift was observed on the sensors.
At shallow levels, pressure differences between the sensors as
low as 1 dbar can induce temperature differences greater than
0.01°C when the temperature gradient is large enough. This is
one order of magnitude larger than the expected Core-Argo
temperature accuracy of 0.002°C (Wong et al. 2020) and could
be an issue for heat content estimates, for instance, if pressure
sensors are systematically biased in the same direction. This
result underlines the need to at least avoid bias in calibration
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and sensor response corrections and, if possible, improve
pressure sensor accuracy to *£1 dbar or less.

The comparison of the salinity float profiles to independent
calibrated ship-based cast revealed that the three conductivity
sensors exhibited a pressure-dependent bias making the raw
data unusable for Deep-Argo applications. The SBS conduc-
tivity cell is known to have a pressure-dependent response
that is corrected through the use of a compressibility coeffi-
cient of the conductivity cell, referred to as CPcor. The nomi-
nal value is currently equal to —9.57 X 10%. Thanks to a large
effort undertaken by the scientific community (Kobayashi et al.
2021; Wong et al. 2023), it was shown that the pressure depen-
dency is due to an incorrect value of CPcor. As recommended
by Wong et al. (2023), we recomputed the SBE41CPed and
SBE®61 salinity using an adjusted Cpcor value estimated by
comparison to a ship-based reference cast. Similarly, we reesti-
mated the three calibration coefficients X2, X3, and X4 of the
RBRargoldeepbk conductivity sensors because they also ex-
hibited a pressure-dependent bias, although they were cali-
brated at high pressure in a salt bladder. In all cases, we
successfully removed the pressure dependency in the deep
layers. We then estimated any remaining bias and long-term
drift by comparing the float’s first profile to the calibrated
ship-based cast done at float deployment and the whole float
profiles to nearby historical reference CTD casts using the
OWC methodology (Owens and Wong 2009; Cabanes et al.
2016). Out of the nine conductivity sensors used in this study,
two exhibited a significant salinity bias. The SBE61 on the
three-headed NAOS float exhibited a fresh bias of —0.012,
and the RBRargoldeep6k on the two-headed FR002 float ex-
hibited a salty bias of 0.01, which was likely due to a handling
error during the calibration process.

After correction, sensor-to-sensor differences were less than
0.004 at depths greater than 500 dbar. This result highlights the
good performance of the two-step delayed-mode correction pro-
cedure of the Deep-Argo data as described here and confirms
that the salinity uncertainty is 0.004 or even better. The absolute
value of the sensor-to-sensor differences increased toward the
surface and reached values up to 0.01. There, differences still re-
mained well below twice the Core-Argo salinity uncertainty tar-
get of 0.01 (Wong et al. 2020). However, these results highlight
that any remaining pressure-dependent errors, due either to an
incorrect optimized estimation of the compressibility coefficients
of the conductivity sensors (Cpcor or X2, X3, and X4) or to er-
rors in the pressure sensors, are projected in the surface layers.
These results support again the need for accurate pressure meas-
urements, as well as the need for an improved characterization
of the compressibility behavior and coefficients of the conductiv-
ity sensors.

The investigation of the temporal evolution of the conductiv-
ity sensors revealed that the sensors were either stable with time
or exhibited a drift toward positive values over the first 4 months
(10-16 cycles). This was true for the SBE41CP, the SBE61, and
the RBRargo|deep6k sensors. Although the drift amplitude was
less than 0.003 and remained within the OWC uncertainty, lon-
ger time series are needed to determine whether the drift sta-
bilizes or continues over time and whether it affects a large
proportion of sensors or not.
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The salinity data accuracy achieved in this study was possible
thanks to the availability of independent shipboard-calibrated
CTD observations, in particular for estimating the optimized
compressibility coefficients of the conductivity sensor. The
Deep-Argo program should not rely on such reference data to
correct the data and achieve its target accuracy but on the intrin-
sic quality of the Argo CTDs. We particularly recommend to
the manufacturers to improve the accuracy of the pressure sen-
sor and to better estimate the compressibility coefficient of the
conductivity sensor. Given the amplitude of the signal we are
looking for, independent shipboard-calibrated CTD observa-
tions should instead be used for an independent assessment of
the overall quality of the Deep-Argo data (Sloyan et al. 2019).
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APPENDIX A

Three-Headed and Two-Headed Deep-Arvor
Floats Schematic

The relative vertical positions of the pressure sensors on
each CTD are highlighted for the two floats’ configurations
(Fig. Al). On the three-headed float, the pressure sensor of
the SBE41CPed is located on the float’s top cap. The pressure
sensor of the SBE61 (RBRargo|deep6k) is located 346 mm
(123mm) below (above) the SBE41CPed pressure sensor.

On the two-headed float, the pressure sensor of the SB61
is located 457 mm below that of the RBRargo|deep6k, the
latter being located on the float cap.

(b)

RBRargo|deep6k
pressure sensor |

wuw /s{y

+ SBE 61 Deep Argo
pressure sensor

FIG. Al. (a) The three-headed Deep-Arvor, with its three CTDs (Sea-Bird SBE61, SBE41CP, and RBRargo|deep6k)
(b) The two-headed Deep-Arvor, with its two CTDs (Sea-Bird SBE61CP, RBRargo|deep6k). Ifremer.
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APPENDIX B

Conductivity Sensor Calibration Certificate and Coefficients

Examples of the calibration certificate of an SBE61 (Fig. B1)
and of an RBRargo|deep6k (Fig. B2) conductivity sensor are pro-
vided. The original calibration coefficients for the RBRargol-
deepbk conductivity sensors used in this study are provided in Ta-

ble B1.

Sea-Bird Scientific
SEA-BIRD 13431 NE 20" Street
SCIENTIFIC  Bellevue, WA 98005
USA

SENSOR SERIAL NUMBER: 5582
CALIBRATION DATE: 26-Oct-21

COEFFICIENTS:

g = -9.721292e-001
1.425651e-001

-3.366594e-004
4.854947e-005

h
i
3

BATH TEMP BATHSAL BATH COND

() (PSV) (S/m)
22.0000 0.0000 0.00000
1.0000 34.9415 2.98564
4.5000 34.9216 3.29368
15.0000 34.8801 4.27861
18.5000 34.8717 4.62492
23.9940 34.8625 5.18412
29.0000 34.8576 5.70832
32.5000 34.8550 6.08197

+1 425-643-9866
seabird@seabird.com
www.seabird.com

SBE 61 CONDUCTIVITY CALIBRATION DATA
PSS 1978: C(35,15,0) = 4.2914 Siemens/meter

CPcor -9.5700e-008
CTcor 3.2500e-006
WBOTC = 3.1849e-008

INSTRUMENT INSTRUMENT RESIDUAL

OUTPUT (Hz) COND (S/m) (S/m)

2616.33 0.00000 0.00000
5276.75 2.98563 -0.00001
5477.57 3.29368 0.00001
6074.35 4.27863 0.00002
6270.35 4.62491 -0.00001
6574.16 5.18410 -0.00001
6846.34 5.70833 0.00001
7033.67 6.08197 -0.00000

f = Instrument Output(Hz) * sqrt(1.0 + WBOTC * t) / 1000.0
t = temperature (°C); p = pressure (decibars); & =CTcor; €= CPcor;
Conductjvity(S/m):(g+h*fl+i *f3+j *fA)/(l +3*t+e*p)

Residual (Siemens/meter) = instrument conductivity - bath conductivity

| 1
| \
0 1 2 3

Residual (S/m)
}
]
I
I
]
]
]

Date, Slope Correction
-------- @ 26-Oct-21 1.0000000

|
|
4 5 6 7

Conductivity (S/m)

1

F1G. B1. Example of calibration certificate for an SBS conductivity sensor.
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Conductivity Calibration Certificate

OEM CTD Kit, Ifremer (4000dbar) s/n: 205111
References: Autosal8400B#66289, MS-315#15506, SSW P164, RC#002

Reference Reference Measured Calibration Coefficients

Resistance Conductivity Voltage Conductivi Error
(ohm) (mS/cm) Ratio, V (mS/cm (mS/cm) co: 18.607363E-3
open 0.0000 -0.000120 -0.0005 -0.0005 Cl: 159.8717
694.030 6.2413 0.038920 6.2407 -0.0005 (k) c2: 1.0
331.921 13.0502 0.081510 13.0498 -0.0004 X0: 152.94722E-6
150.013 28.8750 0.180505 28.8762 0.0012 X1: 16.725986E-6
100.013 43.3104 0.270796 43.3113 0.0009 X2: 566.4606E-9
75.019 57.7404 0.361051 57.7405 0.0000 X3: -122.0356E-12
55.516 78.0248 0.487931 78.0250 0.0002 X4: 17.3389E-15
47.023 92.1164 0.576067 92.1155 -0.0009 X5: 14.920327
X6: 10

Bath Voltage Temperature Salinity Conductivity

Ratio (ITS-90) (PSS-78) (mS/cm)

T15835 0.2678374 14.92033 34.9991 42.8382

T25835 0.3324410 25.08524 34.9969 53.1559

Cell Constant @T15S35 = 4.33162 1/cm

C(]‘l’Cl*Cz*V—X()*(T—X5>

C. =
ST+ Xy (T — X5) 4 Xo % (P — Xg) 4+ Xg % (P — Xg)? + Xy * (P — Xg)?
Calibration error vs. Conductivity

5 0.002 |
%)
g 0_000’_"'/'\'\.___’_'\.
9]
= -0.002
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Conductivity (mS/cm)
Calibration error vs. Temperature
E 0.004
L J
& 0.002
£ 0.000
5 -0.002
g -0.004 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Temperature (°C)
Calibration Date: 2021-09-27

Issue Date: 2021-10-04
File Name: 205111_20211004_1556Ccombined.rsk
//a/
Operator: &< Approver: /

jwang kmalorny

RBR Limited, 359 Terry Fox Drive, Ottawa ON, K2K 2E7, Canada | +1.613.599.8900 | www.rbr-global.com

FIG. B2. Example of calibration certificate for an RBRargo|deep6k conductivity sensor.

TABLE B1. Original calibration coefficient of the RBRargo|deepbk conductivity sensors (see Fig. B2).

Three-headed EA-RISE Two-headed FR001 Two-headed FR001
X2 4618824 x 1077 4.605003 x 1077 5.664 606 x 1077
X3, —8.19236 x 1071 -9.06753 x 1071 -1.220356 x 10710
X4, 1.16786 x 1014 1.30605 x 1014 1.73389 x 10714
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APPENDIX C

Error of the Onboard Computation of the Salinity Data
of the RBRargo|deep6k Conductivity Sensors

The raw salinity data computed on board the RBRargo|deepbk
sensors used in this study are affected by an error of order 0.002
around a salinity of 35 due to the square root function used on
board the instruments to compute salinity (PSS-78) from the con-
ductivity measurements (Leconte 2024). The raw salinity data
were corrected using the following code provided by Leconte
2024:

# Smeas salinity reported by the instrument

# Smeas_corrected salinity reported by the instrument
corrected

Smeas_corrected=Smeas

correction=False
for idx, val in enumerate(Smeas):
if correction == False:
if val < 35.000:
correction = True
else:
if val > 35.0018:
correction = False
if correction == True:
error = (3.559 X 1071%) X math.exp(0.4403 X val)
Smeas_corrected[idx] = val-error
Fig. C1 compares the raw and the corrected salinity data
from the first ascending profile of each float to the ship-based
cast realized at float deployment (as in Fig. 5). It highlights
the impact of the correction.
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Salinity differences
between float RBR sensors and reference CTD cast
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FIG. Cl. (left) Comparison of the salinity data of the first available ascending profile (cycle 1) from the RBRargo|deep6k
conductivity sensors of the three-headed EA-RISE, the two-headed FR001, and FR002 floats with STAT2S5, the calibrated
ship-based reference cast done at float deployment. The raw data (black dotted line) and the corrected data of the onboard
computation error and used in this study (plain black line) are displayed. The comparison is made on float theta levels.
The pressure of the SBE61 is used as the vertical axis. (right) As in the left panels, but zoomed in on the 2000-4000-dbar
layer. The gray shaded area corresponds to the sum of the uncertainty of the ship-calibrated CTD (0.003) and the target ac-

curacy for Argo’s deep salinity profiles (0.002).
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