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Mesoscale eddies are a key oceanic feature relevant to the transport of water properties

and biological material. These structures, through their surface signature, have been

characterized and widely investigated using sea level anomaly (SLA) maps retrieved from

satellite altimetry observations. Gridded SLA fields are routinely computed combining

SLA data along satellite tracks with an optimal interpolation algorithm using a selected

set of parameters. These are crucial because they define and constrain the temporal

and spatial scales of the structures resolved. Here, we investigate the impact of the

choice of the interpolation parameters in global and in the Mediterranean SLA products.

Our findings demonstrate that the number of eddies detected in SLA maps over the

Mediterranean Sea regional products is significantly larger along the satellite tracks than

between the tracks, irrespective of the number of satellites used to produce the gridded

maps, of the time period considered and of the eddy size. We also show that this is

not the case of the global SLA product. We attribute the anomalously high number of

eddies detected along the tracks in the regional products to the correlation scales of the

optimal interpolation algorithm, which are different from those in the global product due

to a smaller Rossby radius of the Mediterranean structures. Among these, we find that

the time correlation scale is more restrictive than the spatial one.

Keywords: mesoscale eddies, satellite altimeter data, Mediterranean sea, satellite track, optimal interpolation (OI)

KEYPOINTS

- Anomalous larger eddy number detected along Topex/Poseidon tracks in the Mediterranean
SLA products.

- Result observed during 23 years of SLA maps for all eddy radius but not for the Global
SLA products.

- The parameters used in the optimal interpolation algorithm have an important contribution to
the observed result.

1. INTRODUCTION

Mesoscale eddies are found across all oceans (Chelton et al., 2011) and play an important role
in several physical and biological processes through their ability to transport material inside their
cores (Wunsch, 1999). The most common way to study them is analyzing the signal that most of
eddies have in sea surface height. Automatic eddy detection and tracking algorithms are widely used
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to detect eddies in gridded satellite sea level anomaly (SLA)
products (Nencioli et al., 2010; Chelton et al., 2011; Halo et al.,
2014; Mason et al., 2014; Mkhinini et al., 2014; Faghmous et al.,
2015; Conti et al., 2016; Le et al., 2018). However, a recent
study has shown that the characteristics of the satellite measuring
process and the mapping procedure applied to compute the
gridded maps distorts the features of the eddy field (Amores
et al., 2018). The resulting field tends to aliase the unresolved
scales into the larger ones overestimating the number of big
eddies and strongly modifying the eddy amplitude. Moreover,
the separation between the satellite tracks is often larger than the
Rossby radius of deformation, which seriously compromise the
ability of present day satellite observations to correctly represent
the eddy field. In the present study, we further extend the results
shown by Amores et al. (2018) by pointing out and explaining an
anomalous result observed on the position of the eddies detected
in the SLA AVISO/CMEMS products for the Mediterranean
sea: the number of eddies along the Topex/Poseidon satellite
tracks is abnormally much larger than in the gaps left between
the tracks, a result that is not observed in the global SLA
AVISO/CMEMS products.

The paper is organized as follows: the SLA data used and
the eddy identification and tracking algorithm are detailed in
section 2. In section 3, the spatial distribution and temporal
evolution of the density of eddies for the Mediterranean and
global SLA satellite products is closely checked. We also shed
some light about how the parameters chosen for the optimal
interpolation algorithm can explain the anomalous observed
eddy density distribution. Finally, the main conclusions are
included in section 4.

2. DATA AND METHODS

2.1. Sea Level Anomaly Data
The satellite sea level anomaly (SLA) maps and their associated
errors used in this study to compute the different eddy datasets
correspond to DT-2014 product version [this product is not
longer available and has been recently substituted by the DT-2018
version (Taburet et al., 2019)] provided by AVISO/Copernicus
(http://marine.copernicus.eu/) for the time period from January
1st 1993 to December 31st 2015. For the global eddy dataset,
SLA products cover the global ocean with a spatial and temporal
resolution of 1/4 of a degree and 1 day, respectively. For the
Mediterranean sea, the temporal resolution is also 1 day but the
spatial resolution is decreased down to 1/8 of a degree. Also,
although the mapping algorithm used to generate both products
is very similar, the parameters of the algorithm (spatial and
temporal correlation length scales) are different (AVISO, 2016;
Pujol et al., 2016).

Two different SLA datasets were used for each one of the
regions analyzed (global ocean and Mediterranean sea). The first
one is the so called all satellite SLA product that it is computed
with all the available satellites at a given time (ranging from 1 to
4 over the period considered in this paper). The second one is
the two satellite SLA product and is obtained combining, during
the whole time period, only two satellites. The advantage of using
the all satellite dataset is that it gives the best product we can

get, since it uses all the available information, but the error is
not constant in time since it depends on the number of satellites
used. On the other hand, the two satellite version of the SLA
product does not contain all the available information but the
standard error is consistent during the whole time period. A
complete description of the satellite SLA datasets can be found
in AVISO (2016).

2.2. Eddy Tracking Algorithm
We applied the eddy identification and tracking algorithm
developed by Faghmous et al. (2015) to the original SLA fields.
This algorithm identifies an eddy as a SLA area with a single
extreme that is defined, for an anticyclone, as a grid cell whose
value is greater than its 24 neighbors (5 × 5 pixels) and is
surrounded by a closed-contour of SLA. This threshold has
been selected following the recommendation by Faghmous et al.
(2015). This algorithm is considered parameter-free since it
does not impose any minimum amplitude and the identified
boundaries of the eddy are only dependent on the presence of
other extrema within its neighborhood. Once all possible eddies
are identified, they are tracked in time and only those eddies that
last longer than 7 days, without introducing any fake eddy, are
kept. Using slightly different thresholds for the duration of the
tracks (10 and 15 days) do not significantly affect the results.

3. RESULTS

The maps of eddy density (number of eddy centers per square
degree and day in a grid of 0.1 × 0.1◦) in the Mediterranean sea
computed from both SLA products (two satellite in Figure 1A

and all satellite in Figure 1C) show suspicious linear structures
with a larger number of eddies. Indeed, if the tracks of
Topex/Poseidon satellites are plotted on top of the eddy density
maps (black lines in Figure 1), it can be seen that the number
of eddies along those tracks is larger than in the gaps between
the tracks. This result is observed in Figure 9 of Escudier et al.
(2016) and they described it like “a seesaw pattern (. . . ) that is
likely attributable to the sampling tracks of satellite altimeters.” On
the other hand, the eddy density maps for the global SLA product
in the North Atlantic ocean (two satellite in Figure 1B and all
satellite in Figure 1D) do not show these inhomogeneities in the
eddy density.

The abnormal eddy density distribution in the Mediterranean
sea is observed during the whole period covered by the SLA
products. We have averaged the eddy density in a 0.5◦ strip
along the Topex/Poseidon satellite tracks and in the gaps between
tracks (thick lines) for each map (using 0.25◦ strip did not
change the results significantly indicating that this is not a critical
parameter). The 6 months-low-pass filtered time series for both
computations is shown in Figure 2a for both SLA products (red
lines for all satellite product and blue lines for the two satellite
one). During the whole time period (1993–2015) the density of
eddies along the satellite tracks is considerably larger than the
density of eddies in the gaps for both SLA products. The ratio
between the number of eddies along track and the eddies in the
gaps (hereafter referred as TG ratio) for the two satellite SLA
dataset (blue line in Figure 2b) shows that the eddy density is
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FIGURE 1 | Eddy density maps computed on a 0.1◦ grid for the Mediterranean Sea (A,C) and the North Atlantic ocean (B,D). The maps for the Mediterranean Sea

(North Atlantic ocean) are computed from the two versions of the regional (global) SLA product delivered by Copernicus: the two satellites version (A,B) and the all

satellites version (C,D). Black lines indicate the position of the Topex/Poseidon satellite ground tracks. The area shown in the maps have the same size for the

Mediterranean and global SLA products.

around two times larger along the satellite tracks than in the
gaps during the whole time period. However, the TG ratio is
not constant in time for the all satellite SLA dataset (red line
in Figure 2b) but it clearly depends on the number of satellites
operating at once (Figure 2e). For the time period between 1993
and 2000, there were two satellites operating for most of the
time and, consequently, the density of eddies along track and
in the gaps and their ratio was identical for both SLA products
(Figures 2a,b). But from 2000 onwards, the number of satellites
operating at a given time oscillated between 2 and 4 and the
same oscillations are observed in TG ratio for the all satellite SLA
product. For example, when the number of satellites increased
(2003–2006; 2011–2012), the TG ratio reached the lower values
(around 1.1 and 1, respectively) and when the number of satellites
was lower (between 2006 and 2011), the value of the TG ratio was
higher (around 2). This difference between the density of eddies
along tracks and in the gaps is not observed in the eddy dataset
computed from the global SLA maps, neither in the all satellite
SLA maps (red lines in Figures 2c,d) or the two satellite SLA
maps (blue lines in Figures 2c,d). So, this phenomenon is only
affecting the Mediterranean SLA products. There is an exception
to this around January 1994 when a peak in the TG ratio is found
in both domains (Figures 2b,d). Interestingly, this peak coincides
with a period when a single satellite was operating (Figure 2e).

This difference in the density of eddies along the
Topex/Poseidon tracks and in the gaps between tracks is
found for all eddy sizes (eddy radius computed as the radius of
a circle with the same area of the eddy) with significant eddy
density in both Mediterranean SLA products (Figure 3a) but not
observed in the global SLA products. The TG ratio (not shown)
is not the same for all eddy radius since other effects, such as
small eddy merging, are inherent to all SLA products (Amores
et al., 2018). The TG ratios for the most common eddy radius in
the Mediterranean sea (around 45 km) are 1.70 and 2.22 for the
all satellite and two satellite SLA products, respectively. These
ratios are 1.03 (all satellite) and 1.07 (two satellite) for the most
common eddy radius (80 km) in the global SLA products.

It is worth mentioning that the aim of this study is not
to determine the exact eddy density in a given region or to
determine the exact value of the TG ratio, since their precise
values may depend on the SLA product used and the details of
the eddy detection and tracking algorithm. The real aim of this
manuscript is to show that there is an anomalous result in the
spatial distribution of the eddies detected in the SLA maps for
theMediterranean Sea and to analyze its possible origin. Pursuing
the latter goal, it can be stated that the global and Mediterranean
SLA products have only two main differences, namely: (1) the
spatial resolution (1/4 or 1/8 of a degree, respectively) and (2)
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FIGURE 2 | (a) Six months low-pass filtered time series of the number of eddies on a 0.5◦ strip along the Topex/Poseidon tracks (thin lines) and in the gaps between

the tracks (thick lines) for the Mediterranean Sea all satellites SLA product (red lines) and the two satellites SLA product (blue lines). (b) Ratio between the number of

eddies on the satellite tracks and between the tracks for the all satellites product (red) and the two satellites (blue) for the Mediterranean Sea. (c,d) Same as (a,b),

respectively, but for the global SLA products distributed by Copernicus and for the whole global ocean. (e) Original (gray) and 6 months low-pass-filtered time series

(black) of number of satellites operating at a given time.

the parameters used in the optimal interpolation (OI) algorithm
(AVISO, 2016; Pujol et al., 2016), that are different due to
the smaller Rossby radius of the Mediterranean structures. The
spatial resolution of the grid cannot be the origin of the observed

results since the spatial correlation scales are several times larger
than both grid sizes and increasing the resolution (i.e., reducing
the grid size) will not create smaller structures, so it leaves
the OI parameters as a single possible responsible. In order
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FIGURE 3 | (a) Eddy density on a 0.5◦ strip along the Topex/Poseidon tracks

(thin lines) and in the gaps between the tracks (thick lines) for the

Mediterranean Sea all satellites SLA product (red lines) and the two satellites

SLA product (blue lines) as a function of eddy radius (computed as the radius

of a circle with the same area of the eddy) for the 23 years of daily SLA maps.

(b) Same as (a) but for the global SLA products distributed by Copernicus and

for the whole global ocean.

to shed some light about the role of the OI parameters in
the inhomogeneities of the Mediterranean eddy density maps,
we apply an OI algorithm to the actual along track satellite
observations in order to mimic the Copernicus SLA maps. This
algorithm has been developed and tested by Amores et al. (2018)
to provide comparable fields to the Copernicus SLA products.
We compute the daily SLA products for the Mediterranean sea,
from 1993 to 2015 (8,400 maps), in a 1/8 of a degree grid using
the data of all available satellites at a given time (these products
would be equivalent to the all satellite SLA product distributed
by Copernicus). We repeat the procedure changing the spatial
and temporal correlation scales of the OI algorithm (from 75
to 95 km and from 10 to 30 days, respectively). Then, we apply
the eddy detection and tracking algorithm to the 15 different

FIGURE 4 | Ratio of number of eddies along Topex/Poseidon tracks and

number of eddies between tracks depending on the spatial (R) and temporal

(T) correlation scales used by the optimal interpolation algorithm. The contour

plot has been computed linearly interpolating the points indicated by black

crosses. The black square (circle) indicates the combination of parameters that

(Amores et al., 2018) used for the Mediterranean Sea (North Atlantic Ocean)

and that gave the closer results to the Copernicus SLA fields.

SLA products and compute the mean of the 6-months high-
pass filtered TG ratio timeseries for each product (each of these
timeseries is analogous to the all satellite TG ratio timeseries in
Figure 2b). It has to be noted that this exercise does not pretend
to optimize the OI algorithm but to illustrate the impact of the OI
parameters in the eddy density inhomogeneities.

The results show that the TG ratio strongly depends on the
combination of correlation scales chosen (Figure 4). The ratio
reaches maximum values for the minimum temporal correlation
scale considered (i.e., T = 10 days), independently of the spatial
correlation scale used. The combination of correlation scales of
this OI algorithm (R = 85 km and T = 10 days; black square
in Figure 4) that gives as a result the most similar maps to
the Copernicus Mediterranean product by minimizing the root
mean square difference (RMSD) (Amores et al., 2018) is found
in this area of the diagram. The ratios tend to decrease when
the spatial correlation decreases and the temporal correlation
increases. Moving in that direction in the diagram is where

the OI parameters (R = 80 km and T = 25 days; black
circle in Figure 4) that give maps resembling the Copernicus
global product by minimizing the RMSD (Amores et al., 2018)
are found.

4. CONCLUSIONS

We have shown that the eddy density maps (number of eddies
per square degree and day) computed in the Mediterranean
Sea from altimetry based SLA products (all satellite and
two satellite) display suspicious larger values along the
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Topex/Poseidon satellite tracks than in the gaps between
those tracks (Figures 1A,C). This result was observed during
the whole period of time analyzed (Figures 2a,b) and for
all eddy radii (Figure 3a). However, this inhomogeneity was
not detected in any of the two global SLA products analyzed
(Figures 1B,D, 2c,d, 3b). The only singular moment where a
larger eddy density along track was observed in the global SLA
products coincided with a period of time when only one single
satellite was operating (around 1994 in Figure 2c). We have
shown that the OI parameters chosen to compute the satellite
SLAmaps contribute greatly to the larger density of eddies found
along the Topex/Poseidon tracks (the most common tracks)
in the Mediterranean product distributed by Copernicus. In
particular, provided the characteristics of the satellite altimetry
sampling, using a short temporal correlation scale in the OI
algorithm induces strong inhomogeneities in the eddy density
field. A too short temporal correlation scale could provoke
that an eddy would be well-represented in the SLA maps when
it lies below a satellite track but it would be lost when it is
traveling from one track to another. Increasing the correlation
time scale would connect the signal of the eddy detected on
two neighboring tracks and include the eddy signal in the
gap between those tracks. The spatial correlation scale chosen
becomes relevant for temporal correlation scales larger than 15
days. In any case, it has to be kept in mind that changing the
correlation scales would also modify the eddy properties, such as
amplitude or radius as shown by Amores et al. (2018). Moreover,
the separation between satellite tracks is often larger than the
Rossby radius of deformation, which seriously compromise the

ability of present day satellite observations to correctly represent
the eddy field, disregarding the mapping algorithm used. This
fact could be only solved by increasing the amount of satellite
tracks in both, time and space at least for those regions, as the
Mediterranean, where Rossby radius of deformation become
smaller than in most of the global ocean.
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