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The provision of high-resolution in situ oceanographic data is key for the ongoing
verification, validation and assessment of operational products, such as those provided
by the Copernicus Marine Core Service (CMEMS). Here we analyze the ability of
ARMORS3D —a multivariate global ocean state estimate that is available from CMEMS —to
reconstruct a mesoscale anticyclonic intrathermocline eddy that was previously sampled
with high-resolution independent in situ observations. ARMORSD is constructed by
merging remote sensing observations with in situ vertical profiles of temperature and
salinity obtained primarily from the Argo network. In situ data from CTDs and an Acoustic
Doppler Current Profiler were obtained during an oceanographic cruise near the Canary
Islands (Atlantic ocean). The analysis of the ARMORS3D product using the in situ data
is done over (i) a high-resolution meridional transect crossing the eddy center and (i) a
three-dimensional grid centered on the eddy center. An evaluation of the hydrographic
eddy signature and derived dynamical variables, namely geostrophic velocity, vertical
vorticity and quasi-geostrophic (QG) vertical velocity, demonstrates that the ARMORSD
product is able to reproduce the vertical hydrographic structure of the independently
sampled eddy below the seasonal pycnocline, with the caveat that the flow is surface
intensified and the seasonal pycnocline remains flat. Maps of ARMORSD density show
the signature of the eddy, and agreement with the elliptical eddy shape seen in the
in situ data. The major eddy axes are oriented NW-SE in both data sets. The estimated
radius for the in situ eddy is ~46 km; the ARMORSD radius is significantly larger at ~ 92
km and is considered an overestimation that is inherited from an across-track altimetry
sampling issue. The ARMORS3D geostrophic flow is underestimated by a factor of 2,
with maxima of 0.11 (—=0.19) m s~ at the surface, which implies an underestimation
of the local Rossby number by a factor of 3. Both the in situ and ARMORS3D eddies
have decelerating flows at their northern edges. The ARMORSD QG vertical velocity
distribution has upwelling/downwelling cells located along the eddy periphery and similar
magnitudes to the in situ-derived QG vertical velocity.

Keywords: intrathermocline eddy, observation-based product, remote sensing, altimetry, argo, geostrophic flow,
vertical velocity, quasi-geostrophy
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FIGURE 7 | Data used to reconstruct the ARMORSD fields: (a) SST signal from NOAA (https://www.ncdc.noaa.gov/oisst) on 10-09-2014 with SLA contours from
CMEMS superimposed in meters. Dots represent Argo position in different dates (pink 02-09-2014; blue 12-09-2014; green 22-09-2014). (b,c) Temperature and
salinity Argo profiles, respectively, with the same color code as in (a). Black lines are the eddy center temperature and salinity profiles from the PUMP data set.

et al. (2014) we could detect the PUMP eddy trajectory since its
formation (gray dots in Figure 1). With ARMOR3D fields we
can analyze the 3D hydrodynamic structure of the PUMP eddy
every week since its formation until the end of October 2014.
Zonal sections crossing the eddy center (Figure 8) reveal that the
ARMOR3D eddy has a subsurface intensification of the flow 1
month after the eddy sampling, coinciding with the presence of
an Argo buoy within the eddy core (Figure 9). In correspondence
with the subsurface flow, the upper thermocline is bowl-shaped
and introduces cold water upwards (Figure 9).

Our results demonstrate that, even with the presence of Argo
floats, ARMOR3D may not resolve the ITE structure. To be
able to reproduce the subsurface nature of ITEs it is needed

the presence of Argo profiles within the eddy core. To check if
we could find other examples of ITEs in the ARMOR3D data
we again applied the automated eddy tracker of Mason et al.
(2014) to weekly gridded CMEMS sea level anomalies at the
Canary Eddy Corridor region for the period 2000-2015. We then
evaluated the mean profile of the eddy geostrophic swirl speed
from ARMOR3D for every identified eddy. We found that about
20% of the anticyclonic eddy swirl speed profiles had maxima
between 50 and 150 m depth; this is the signature of an ITE.
ARMOR3D is therefore able to detect and reproduce the vertical
structure of intrathermocline eddies (subsurface intensification
of the flow and cold seasonal thermocline) in the region under
analysis not only for the PUMP eddy case. The ability of the
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FIGURE 8 | Meridional component of the geostrophic velocity along a zonal transect crossing the ARMORS3D eddy center since the eddy generation. Black contours
represent temperature in [°C]. ARMORS3D eddy has a subsurface intensification of the flow and a bowl-shaped seasonal thermocline 1 month after the eddy sampling,
coinciding with the presence of an Argo buoy within the eddy core.
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FIGURE 9 | Temperature maps with geostrophic velocity vectors from ARMORSD on the eddy comparison date (10-09-2014) and 1 month after (15-10-2014) at the
seasonal (a,b) and main (c,d) thermoclines. White stars indicate the location of two Argo profiles: on 12-09-2014 at the eddy periphery (a,c) and on 12-10-2014 at
the eddy core (b,d).

ARMOR3D product to detect ITEs in other regions of the world
ocean are expected to be a source of future work.

The underestimation of the local Rossby number may have
important implications for the inference of the vertical velocity,
as the QG approximation is valid for low Rossby numbers. If
we compare the local geostrophic Rossby number inferred from
ARMORS3D fields and the local Rossby number obtained with
ADCP horizontal velocities (Barcel6-Llull et al., 2017b) we obtain
an underestimation by a factor of 4 of the total local Rossby
number. If we only consider the local geostrophic Rossby number
from both data sets we obtain an underestimation by a factor
of 3. Besides this, we have to take into account that the in situ
geostrophic Rossby field is estimated with the in situ geostrophic
velocity, which is inferred with 3D density fields and considering
the ADCP data at the reference level (325 m depth) (Appendix).

We note that the resolution of the 3D in situ fields
obtained from the PUMP cruise is the result of a compromise
between spatial resolution and synopticity of the eddy sampling
(Barcel6-Llull et al., 2017a), where the aim was to resolve the

mesoscale circulation. Allen et al. (2001) study the implications
of errors associated with sampling strategies on vertical velocity
estimates. They used a sampling strategy similar to the PUMP
survey to sample mesoscale structures, and they found that
vertical velocity distributions remained unaltered, while their
magnitudes were reduced because of the smoothing introduced
by the sampling resolution, but without alterations due to quasi-
synopticity. The geostrophic Rossby number and QG vertical
velocity inferred here have not accounted for the ageostrophic
component of the flow. To have a more realistic view of these
parameters we refer to Barcelo-Llull et al. (2017a). Regarding the
resolution of the in situ fields, the derived parameters may be
underestimated in comparison with the inclusion of small-scale
features with high Ro (Klein and Lapeyre, 2009). Vertical motion
is a challenging variable to diagnose and there are large errors
associated with its inference due to theoretical approximations,
the presence of inertial gravity waves and tides, the lack of
synopticity of the experimental data, instrumental errors, the
interpolation method and the scales resolved (e.g., Allen et al,,
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2001; Gomis et al., 2001; Naveira Garabato et al., 2001; Rixen and
Beckers, 2002; Viudez and Dritschel, 2003, 2004; Pallas-Sanz and
Vitdez, 2005). The importance of the vertical velocity has been
known for decades and today is still considered a hot topic (Liang
et al.,, 2017). This is one of the primary motivations of the Office
of Naval Research (ONR) Coherent Lagrangian Pathways from
the Surface Ocean to Interior (CALYPSO) program.

Data from multiplatform experiments such as PUMP can
play an important role in the assessment of operational products
such as those provided by CMEMS, and we expect to see more
examples in the future as the need for and benefit of these types of
experiments becomes apparent (Shcherbina et al., 2015; Pascual
etal., 2017).
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Comparing ARMORSD With in Situ Data

APPENDIX

Because of the difference in reference level used to infer
the ARMOR3D geostrophic flow and the in situ 3D
geostrophic velocity, we represent in Figure Al the horizontal

as the ADCP velocity vectors. Both geostrophic velocities
show good agreement, with an anticyclonic circulation
and a deceleration of the flow at the northwestern eddy

distribution of these velocities at different depths, as well  edge.
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FIGURE A1 | Horizontal sections at ~20 and ~150m depth of the ARMOR3D geostrophic velocity (yellow arrows), in situ geostrophic velocity from the 3D sampling
(red arrows) and ADCP velocity from the 3D sampling (blue arrows).
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