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Strong Long-Lived Anticyclonic Mesoscale Eddies in the
Balearic Sea: Formation, Intensification, and Thermal Impact
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Abstract Anticyclonic mesoscale eddies are often observed in the Balearic Sea (BS) toward the end of
summer and autumn. In some years, these eddies become strong and persistent, modifying the local water

mass properties. In this study, we analyze two of the most significant recent long-lived anticyclonic eddies,
occurring in 2010 and 2017, using data from a high-resolution circulation model, altimetry and satellite-borne
sea surface temperature observations. These eddies lasted around 2 and 4 months, respectively, with a radius
varying between 40 and 75 km. The generation and intensification mechanisms of these long-lived anticyclonic
eddies are studied by means of (a) energy conversion terms associated with eddy-mean flow interaction and (b)
model sensitivity tests. Results show that these eddies were formed and intensified through mixed barotropic
and baroclinic instabilities. The former are produced under the action of intense northwesterly (NW) winds.
The latter are related to the existence of an intense summer thermal front between the BS and the Gulf of Lion,
and to northward inflows of relatively lower salinity waters. Both the wind events and the presence of the
thermal front are necessary for the formation of the eddies. The intensification process varied between both
events. While in 2010 it was driven by significant salinity gradients produced by northwards inflows, in 2017 it
was produced by additional intense NW winds. Both long-lived anticyclonic eddies created long-lasting surface
temperature anomalies up to 2.5°C, which have characteristics of local marine heatwaves.

Plain Language Summary Eddies are closed circular currents present in the oceans. They are
important phenomena due to their capacity to isolate water masses, retain floating particles and modify
ocean circulation. In the Western Mediterranean Sea there is a recognized area of anticyclonic eddy presence
between Barcelona and the Balearic Islands, especially during late summer. Specifically, in 2010 and 2017
two such eddies were identified with lifetimes of 2 and 4 months, respectively. In this paper, we investigate
why these eddies were so long and persistent in comparison with other years. Results confirm that these eddies
are generated as a result of northwesterly (NW) winds events blowing over an area with two water masses of
different temperature. In 2010, low salinity northward water inflows sustained this eddy during two months,
while in 2017 the eddy remained active for a period of four months under the influence of additional intense
NW winds. Both eddies created long-lasting surface temperature anomalies, in particular in 2017, the sea
surface temperature within the eddy influence area was 2.5°C warmer in comparison to other years.

1. Introduction

Mesoscale eddies are one of the most energetic forms of flow in the ocean (Chelton, Schlax, & Samelson, 2011;
Ferrari & Wunsch, 2009) with important implications for ocean dynamics. Eddy-transports influence biogeo-
chemical cycles through the redistribution of heat, salt, carbon and nutrients (Chelton, Gaube, et al., 2011; Dong
et al., 2014; Gaube et al., 2014; Gaube & McGillicuddy, 2017; Kahru et al., 2007; Mahadevan & Archer, 2000;
Nagai et al., 2015; Siegel et al., 2011; Wang et al., 2018; Zhang et al., 2014). Moreover, eddy-mean flow inter-
action produces exchanges of energy and momentum that can induce changes in the general ocean circulation
(Fox-Kemper et al., 2019; Greatbatch, 1987; Hogg & Stommel, 1985; Holland, 1978; Holland & Lin, 1975;
Marshall, 2006). Mesoscale eddies can have time scales of days to months and spatial scales of tens to hundreds
of kilometers. The exchanges and transports produced by eddies are highly dependent on their life cycle and
on their structure (Capet et al., 2014; d’Ovidio et al., 2013; Rypina et al., 2020). The study of the evolution of
these eddies, as well as their generation and intensification mechanisms is essential to better understand these
exchanges. Eddies can trap water masses of different origin producing local temperature and/or salinity anomalies,
which may have important implications on oceanic ecosystems and climate. Eddies also play an important role
in the dispersion or retention of pollutants (Brach et al., 2018), plankton species (Condie & Condie, 2016; Krom
et al., 1992; Salihoglu et al., 1990; Taupier-Letage et al., 2003) and larvae (Lobel & Robinson, 1986; Sabatés
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[m]O et al., 2007, 2013), as well as on the behavior of different species such as,
for example, turtles (Gaube et al., 2017) and/or sharks (Gaube et al., 2018).
— The BS, which is located in the Western Mediterranean Sea (WMS, Figure 1)

is an area characterized by the presence of intense mesoscale anticyclonic

eddies regularly observed south of Cape of Begur (Font et al., 1988; Garreau
-1000 etal., 2011; Onken et al., 2008; Pascual et al., 2002; Rubio et al., 2005, 2009;
Tintoré et al., 1990) during late summer and autumn (Mason & Pascual, 2013).
The Rossby radius of deformation is around 10 km in this area (Escudier
et al., 2016), which is one third to one half of typical value for the Atlantic
and Pacific Ocean at the same latitude (Chelton et al., 1998).

-1500

=000 While these anticyclonic eddies usually disappear after a few weeks, some of

them remain in the same area for more than 1 month, becoming “long-lived”
-2500 eddies (Escudier et al., 2016). Based on the analysis of satellite altimeter data,
Aguiar et al. (2019) identified three of these long-lived anticyclonic eddies in
1998, 2010 and 2017. These eddies were characterized as being strong based
on their large sea surface height (SSH) signature, which in turn implies high

Balearic Current (BC) 3000

4°F 6°E values of eddy kinetic energy (EKE). In the Mediterranean Sea, the EKE is

2 commonly used to characterize mesoscale eddies (e.g., Amitai et al., 2010;
Figure 1. Main oceanographic features in the study area: Northern and Pessini et al., 2018; Poulain et al., 2012; Pujol & Larnicol, 2005). The pres-
Balearic currents. Green arrows denote waters of recent Atlantic origin that ence of long-lived mesoscale features in this area is of high importance since
occasionally flow northward through the Ibiza and Mallorca Channels. The it is located in the path of the Northern Current (NC), which is a main feature

boundaries of the Balearic Sea and the Gulf of Lions are marked by yellow
lines. White box represents the eddy-influence area. The red box indicates the
area considered for the northwesterly winds analysis. Bathymetric contours are
depicted for 300, 700, 1100 and 1500 m depth levels.

of the whole Mediterranean Sea circulation. Their presence deviates the NC
toward the ocean interior, creating a blocking effect associated with favorable
conditions for northward inflows through the Ibiza Channel (IC) in the south-
ern part. Here we use high-resolution model simulations to further under-
stand the associated formation and intensification mechanisms.

The accepted paradigm for the mechanisms of eddy generation suggests that they are mainly produced through
ocean current instability (Pedlosky, 1982). The instabilities can be barotropic, due to horizontal current shear
(often related to the dynamical interaction of the winds with currents); and/or baroclinic due to the vertical
shear of the currents associated with the tilting of isopycnal surfaces. In the BS, even though several stud-
ies have discussed the mechanisms of eddy generation, no consensus has yet been reached. Based on repeated
hydrographic data, Font et al. (1988) proposed that cyclonic eddies could be generated by baroclinic instability
mechanisms. Analyzing observations from a field study carried out in July 1983, Tintoré et al. (1990) suggested
that their formation was related to the spreading of fresh water from the Gulf of Lions that interacts with the
local bathymetry. Pascual et al. (2002), based on a description of satellite images and hydrographic data in 1998,
proposed that the presence of relatively warm waters from recent Atlantic origin in the BS combined with NW
wind shear downstream of the Pyrenees mountains were the main factors for the generation of the eddies. Inves-
tigating the eddy observed in 2001 by Rubio et al. (2005) and using model sensitivity tests and energy transfer
analysis from a simulation of ocean conditions during the summer 2002, Rubio et al. (2009) related the generation
of the eddy to the coastal flow separation next to Cape of Creus under the effect of an intense NW wind event.
The eddy was then found to be advected southwards into the BS. Garreau et al. (2011) studied the long-lived
eddy observed in autumn 2007 through numerical modeling and in situ observations and argued that the eddies
in the BS were linked to eddies produced farther north, in an area of accumulation of potential energy found in
the southwestern part of the Gulf of Lion, under the effects of NW winds, leading to the isolation of a warm and
low-density dense water body in the BS. Notice that Hu et al. (2011) identified strong NW winds and stratifica-
tion as necessary conditions for the formation of these anticyclonic eddies in the western part of the Gulf of Lion
north of the BS.

While the previous studies in the BS analyzed the formation of eddies identified in specific years, both short- and
long-lived, an interannual perspective using both numerical simulations and observations is necessary to better
understand not only the process of eddy formation but also their intensification. The present study fills this gap
by analyzing and comparing the mechanisms of eddy formation and intensification of the two most energetic
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Figure 2. Interannual variability over the 2009-2018 period of intense Northwesterly (NW) winds extracted within the red box represented in Figure 1, (a) from

15 July to 15 August and (b) from 1 to 30 November. The bars represent the number of days with average NW winds intensities higher than 12 m/s and the red line
denotes the average-intensity of the NW winds. Data come from the high-resolution HIRLAM wind model fields used to force the Western Mediterranean Operational
Modelling System ocean model and provided by the Spanish Meteorological Agency.

long-lived anticyclonic eddy events over the last 20 years. In addition, the effects of these long-lived anticyclonic
eddies are also analyzed here in terms of their associated thermal anomaly.

Numerical models are valuable tools to analyze the details of the generation and growth of intense long-lived
eddies. We use a high-resolution (~2 km) inter-annual free-run simulation that allows the spontaneous generation
and further intensification of these mesoscale eddies (see Section 2.2 for more details). The model provides a
complete description of the evolution of the eddy allowing us to investigate the generation and intensification
mechanisms by means of (a) energy conversion terms associated with eddy-mean flow interaction and (b) model
sensitivity tests to relate the simulated variability of eddies with external forcings. The first method, as used in
previous studies in other regions of the world (e.g., Beckmann et al., 1994; Jouanno et al., 2009; Kang & Curchit-
ser, 2015; Zhan et al., 2016), provides a characterization of the spatial patterns of the energy conversion terms
and a quantification of the energy transfer rates associated with barotropic and baroclinic instabilities. The second
allows us to identify more explicitly the drivers of this variability, as also done by Rubio et al., 2009 with a focus
on wind and Rhone river forcings.

The paper is organized as follows: the study area, numerical simulation, observations, and methodology are
described in Section 2. Section 3 characterizes the two long-lived anticyclonic eddies examined in this study
based on altimetry data and model outputs. The main mechanisms involved in the generation and intensification
of the eddies are evaluated in Section 4, by means of the study of the model eddy-mean flow energy terms and
their spatio-temporal variability throughout the eddy lifetimes, complemented by model sensitivity experiments
to identify the main drivers. Finally, the discussion in Section 5 provides an overall synthesis of the results, offers
scenarios to explain the generation and intensification of these eddies, and explores their thermal impact.

2. Materials and Methods
2.1. Study Area

The Balearic Sea (BS, Figure 1) is bordered at the north by the Gulf of Lion and at the south by the Ibiza and
Mallorca channels. The BS dynamics are characterized by a strong boundary current (the so-called NC, NC)
flowing southwestward along the Iberian Peninsula slope (Font et al., 1988; Millot, 1999) until it splits into two
branches at approximately 40.6°N: one flows southward through the IC and the other turns cyclonically and
forms part of the Balearic Current (BC; Millot&Taupier-Letage, 2005). The area is characterized by the occur-
rence of intense NW wind events that blow from southern France into the Gulf of Lion and BS Jansa, (1987). The
cold and dry nature of these winds induces surface evaporation and cooling. Figure 2 describes the interannual
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variability over the period 2009-2018 of these intense NW winds during two periods associated with the forma-
tion and intensification of the long-lived anticyclonic eddies respectively, that is, (a) from 15 July to 15 August
and (b) from 1 to 30 November. During the formation period, the 3 years with the largest numbers of days with
NW winds over 12 m/s and the largest average NW wind intensities are 2010, 2016 and 2017. During the Novem-
ber period, 2013 and 2017 present a remarkable high number of days with intense NW winds, also resulting in
higher average NW wind intensities.

During summer, the surface layer is locally warmer within the BS than in the Gulf of Lion due to differential
heating and mixing produced by the shadow effect of the Pyrenees Mountains on the NW winds (Lopez-Garcia
etal., 1994). As aresult, an intense surface thermal front is generated perpendicular to the coast at ~42°N, known
as the Pyrenees Front (Lopez-Garcia et al., 1994; Pascual et al., 2002).

The southern channels are characterized by the presence of strong meridional salinity gradients, due their favora-
ble conditions for the intrusion of low-salinity waters of recent Atlantic origin from the southern sub-basin
(Barcel6-Llull et al., 2019; Heslop et al., 2012; Juza et al., 2019; Mason & Pascual, 2013). Specifically, in the
Mallorca channel the values of the surface salinity are maximum/minimum in spring/autumn (Barcel6-Llull
et al., 2019).

2.2. Model Simulation

The Balearic Islands Coastal Observing and Forecasting System (SOCIB, Tintoré et al., 2013, 2019) gener-
ates high-resolution numerical simulations based on the Western Mediterranean Operational Modeling System
(WMOP, Juza et al., 2016; Mourre et al., 2018). Western Mediterranean Operational Modelling System is
based on a regional configuration of the Regional Ocean Modeling System ROMS (Shchepetkin & McWil-
liams, 2005) with a horizontal resolution of around 2 km. The WMOP hindcast simulation used in this study
(Aguiar et al., 2020; Mourre et al., 2018) is nested in the larger-scale 1/16° (6—7 km) Mediterranean Reanalysis
simulation of the Copernicus Marine Service (CMEMS, Simoncelli et al., 2019). It uses 32 sigma-levels resulting
in a vertical resolution varying from 1 to 2 m at the surface, 30-40 m at 200 m depth and around 250 m at 1000 m
depth. The WMOP simulation uses atmospheric forcing from the high-resolution (3 h-5 km) HIRLAM model
from the Spanish Meteorological Agency AEMET (Undén et al., 2002). The simulation includes observed daily
river discharges from the six major rivers of the domain (Var, Rhone, Aude, Hérault, Ebro and Jicar) over the
period 2009-2018 provided by the French HYDRO database and the Spanish hydrographic confederations for
the Ebro and Jucar rivers.

In this work, we use a free-run inter-annual simulation spanning the period 2009-2018, which has been exhaus-
tively validated using multi-platform observational data from the coastal to the sub-basin scale. Aguiar et al. (2020)
showed that this free-run simulation produced an improvement of the mean surface circulation within the BS in
comparison with its parent model. It was also shown to reproduce realistic eddy statistics at the scales observed
by altimetry. The eddy activity of this simulation was also assessed by Mourre et al. (2018), showing realistic
patterns and magnitude of EKE in comparison with altimetry, after spatial and temporal filtering to remove the
impact of the small spatiotemporal scales that are not resolved by the satellite products.

2.3. Observations
2.3.1. Satellite Altimetry

The sea level daily gridded datasets from satellite observations are used to detect strong long-lived eddies over
the 1993-2018 period by means of the spatially averaged EKE, sea level anomaly (SLA) and surface relative
vorticity time series within the eddy-influence area (Section 3.1). These datasets are interpolated onto a 1/8°
spatial resolution grid (around 12 km) over the Mediterranean region and distributed by CMEMS and referenced
as SEALEVEL_MED_PHY_L4 REP_OBSERVATIONS_008_051. This product is created by the SL-TAC
multi-mission altimeter data processing system, using data from all available altimeter missions. Data are inter-
polated at crossover locations and dates, and then cross-validated, filtered for residual noise and small-scale
signals, and sub-sampled. Finally, an optimal interpolation is applied in order to compute interpolated SLA by
merging data from all the satellites.
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Figure 3. (a) Temporally filtered (30-day moving average) and spatially averaged eddy kinetic energy (EKE) from altimetry and spatially filtered Western
Mediterranean Operational Modeling System fields over the eddy-influence area depicted in Figure 1 [2.5°—4°E; 40.2°-41.8°N]; (b) same for altimeter sea level
anomaly (SLA), and (c) same for altimeter—derived scaled surface relative vorticity anomaly superimposed with the OW-based eddy identification. The thick lines in (a)
and (b) denote values higher than the mean plus two standard deviations of altimeter EKE or SLA 2009-2018 time series. The green line in (c) represents periods with
identification of eddies according to the OW detection criterion.

The EKE is quantified as % (ug,, + uﬁa), where the geostrophic velocities u,, and v, are derived from the SLA
field through the equation for geostrophic equilibrium. The scaled surface relative vorticity anomaly is computed

as % (% - ":;i" ), where f denotes the Coriolis parameter (f = 2Qsin),Q: rotation of the Earth, A: latitude of the

study area).

2.3.2. Satellite Sea Surface Temperature

Satellite sea surface temperature (SST) observations are used to evaluate the thermal impact of the eddies. In
the framework of CMEMS, different remotely sensed SST products are produced operationally and distributed
in near-real time by the Instituto di Scienze dell’Atmosfera e del Clima — Gruppo di Oceanografia da Satellite
(ISAC-GOS). The ISAC-GOS processing chain modules are described by Buongiorno Nardelli et al. (2013). The
product used in this work is referenced as SST_MED_SSTA_L4_NRT_OBSERVATIONS_010_004 and has a
resolution of 1/16° (~7-8 km).

2.4. Eddy-Mean Flow Interaction: Theoretical Framework

In this work, we are specifically interested in the origin of the EKE and how it is transferred from other forms of
available energy, so as to improve our understanding of the generation and intensification mechanisms of eddies.

From a simplified and theoretical point of view, the energy reservoirs within a fixed ocean domain are: the mean
flow kinetic energy (MKE), the EKE, the mean flow potential energy (MPE) and the eddy potential energy (EPE;
Kang & Curchitser, 2015; Storch et al., 2012; Xie et al., 2007; Figure 3). Energy transfer between these reservoirs
occurs by means of eddy-mean flow interaction through barotropic and/or baroclinic instability. These energy
transfer terms are considered following the framework described in Beckmann et al. (1994) and represented by
Equations 1-3:
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Where p, = 1025 kg m~ is the background density of seawater, p is the density and u, v, w the zonal, meridional
and vertical components of the velocity field, and the overbars denote time averages. The eddy energy can be

obtained from the mean flow through barotropic (T4 term: MKE — EKE) and/or baroclinic instability (T2 term:
MPE — EPE). EKE can be in turn received from the EPE (T3 term: EPE — EKE). Positive values of T2 and
T4 imply mean-to-eddy energy conversions and positive values of T3 conversions from eddy potential to kinetic
energy. Both T2 and T3 describe energy conversion associated with baroclinic instability. T2 is related to hori-
zontal density gradients and T3 to vertical movements of water masses. T2 is the conversion between MPE and
EPE, and it is commonly interpreted as an indication of baroclinic instability processes. However, these processes
also need a transfer from EPE to EKE, which is given by T3. So, following Jouanno et al. (2009) we consider the
generation of EKE through baroclinic instability processes when both terms are found to be positive.

The examination of these energy conversion terms has been widely used to study the dominant mechanisms of
eddy generation, such as in Cap¢ et al. (2018) in the Mediterranean Sea, Beckmann et al. (1994) in the North
Atlantic Ocean, Jouanno et al. (2009) in the Caribbean Sea, Kang & Curchitser (2015) in the Gulf Stream region
or Zhan et al. (2016) in the Red Sea.

2.5. Okubo-Weiss Eddy Detection Method

The presence or absence of eddies is assessed by means of the Okubo-Weiss detection method (OW, Okubo, 1970;
Weiss, 1991) based on the relationship between vorticity and strain. This method identifies eddies as regions where

vorticity (rotation) dominates over strain (deformation). The OW parameter is defined as, OW = S? + §? — W2
ou, o, . . P) a . av,
where S, = =% — 2% is the normal strain, Sy = Z¢ 4 Z¢ the shear strain and W = ==
ox dy ox dy ox

A specific threshold (OWo) of minus two spatial standard deviations of the OW values is defined to identify

Oug . ..
- % the relative vorticity.
y

eddies, as in Isern-Fontanet et al. (2004). Eddies are identified when OW values are lower than OWo.

3. Identification and Evolution of Long-Lived Eddies in the BS
3.1. Strong Long-Lived Eddies Over the 1993-2018 Period

Figure 3 depicts the time series of altimeter EKE, SLA and surface relative vorticity anomaly spatially aver-
aged over the eddy-influence area represented in Figure 1 [2.5°—4°E; 40.2°-41.8°N]. The presence of eddy as
identified by the OW criterion is superimposed in the time series of relative vorticity. Moreover, the equivalent
WMOP model surface geostrophic EKE time series is also displayed together with the altimeter EKE. All signals
were also low-pass filtered using a 30-day moving average to detect only long-lived eddies longer than one
month, following the definition given by Escudier et al. (2016). Model geostrophic velocities used to compute
the WMOP model EKE were previously spatially filtered (32 km spatial moving average) to remove the small-
scale spatial variability that is not reproduced by altimetry maps (Ballarotta et al., 2019). The thick lines in
panels (a) and (b) highlight the values higher than the mean plus two standard deviations of altimeter EKE or
SLA time series over the common period with the model simulation (2009-2018). The value of this threshold is
43.2 4+ 2-77.2 = 197.6 cm?s? for EKE time series and 3.4 + 2-7.1 = 17.6 cm for SLA time series. In panel (c),
the green lines indicate the presence of eddies according the OW criterion.

Strong long-lived anticyclonic eddies are identified as those events that (a) exceed the two standard deviation
threshold for both EKE and SLA, and (b) are detected by the O-W method coinciding with negative values of the
relative vorticity anomaly.
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According to this procedure, three strong long-lived anticyclonic eddies are identified during the 26-year time
series: in 1998, 2010 and 2017. All of them occur in late summer and/or autumn. The strongest peaks of EKE
were reached in 1998 and 2017, with values above 450 cm?/s? and 680 cm?/s? respectively. These high values of
EKE are comparable to the maximum values reached in the most energetic areas of the Mediterranean Sea (Pujol
and Larnicol, 2005) such as the Alboran Gyres showing values larger than 600 cm?/s? (Juza et al., 2016b), the
Algerian basin (maxima around 350 cm?/s2, Pessini et al., 2018) and the Ierapetra Eddy with maximum EKE over
500 cm?/s? (Amitai et al., 2010).

The duration of the long-lived anticyclonic eddies is given by the mean plus one standard deviation of the altime-
ter EKE time series (43.2 + 77.2 = 123.4 cm?%/s?). The WMOP EKE time-series, starting in 2009, correctly repro-
duces the 2010 and 2017 eddies as two of the most intense anticyclonic eddies in the 2009-2018 period. Note
that the 1998 eddy, which is the longest event of the time series (182 days, from 30 August 1998-28 February
1999), was previously reported and studied by Pascual et al. (2002). The 2001 and 2007 eddies observed by Rubio
et al. (2005) and Garreau et al. (2011), respectively, are also visible in the altimetry EKE time series (Figure 3a)
and detected by the OW method (Figure 3c). However, in terms of intensity, these eddies remained under the
20 threshold for both EKE and SLA (Figure 3b). Notice also that the 2002 eddy investigated by means of a
numerical simulation in Rubio et al. (2009) only generates a very moderate signal in the time series.

The model also identifies two other long-lived anticyclonic eddies in 2015 and 2016. While no eddy was detected
in altimetry in 2015, a relatively intense eddy was also observed in 2016, but was just below the threshold defined
here for strong long-lived eddies.

The 2017 eddy is the most intense with a peak around 680 cm?/s? in altimetry. The filtered model represents a
smaller peak intensity (EKEy,,,0p = 350 cm?/s?) but a longer lasting eddy spanning 166 days from 06 September
2017 to 19 February 2018, versus 117 days in altimetry (22 September 2017-17 January 2018).

The 2010 eddy is shorter and less intense than the 2017 eddy: it lasts 51 days in the model (29 August 2010-19
October 2010) versus 49 days in altimetry (22 August 2010-10 October 2010), with peaks at 209 cm?/s? and
262 cm?/s? for the model and altimetry, respectively, showing a good overall agreement between model and
altimetry for this eddy.

3.2. Monthly Evolution of the 2010 and 2017 Long-Lived Eddies in Model and Altimetry Sea Level
Anomalies

Figure 4 shows a comparison between monthly averaged SLA from altimetry and WMOP, from August to
November in 2010 (Figure 4a) and from August 2017 to January 2018 (Figure 4b). The anomalies have been
computed with respect to the time average sea level over the periods 1993-2012 for altimetry and 2009-2018 for
the model. Moreover, the spatial mean has been removed to obtain zero-centered fields in both cases.

In 2010 (Figure 4a), the eddy generated by the model has a similar lifetime as the eddy observed by altimetry,
although the exact shape and temporal evolution of the simulated eddy differs from the observations. The WMOP
simulation produces an eddy that remains near the coast during the entire event, while altimetry data shows a
southeastward displacement of the eddy toward the north of Menorca Island in October. Eddies have a radius
varying between 40 km (September 2017) and 75 km (September 2010) according to altimeter observations.
While the eddy size is slightly smaller in the model than in altimetry in 2010, it is in good agreement in both data-
sets in 2017. In 2017 (Figure 4b) the timing and site of formation of the eddy is also consistent between model and
altimetry. However, the evolution again differs between model and observations. In this case, the model shows a
southeastward eddy displacement, which is not observed in the altimetry. In both datasets, the 2017 eddy is longer
and more intense than the 2010 eddy, in agreement with the results from the EKE index in Figure 3.

Given the absence of data assimilation to constrain the eddy in the model (absence which is necessary here to
evaluate eddy-mean flow interactions as described by the intrinsic dynamics of the model) and despite these
differences between model and observations, we believe that the model representation of the eddy is sufficiently
realistic in terms of eddy formation site and timing as well as lifetime during both events to provide a useful tool
to further examine the generation and intensification mechanisms.
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Figure 4. Monthly-averaged sea level anomalies (white contours depicted each 3 cm) computed from (a) August 2010 to November 2010 and, (b) from August 2017 to
January 2018 using altimetry (upper row) and Western Mediterranean Operational Modeling System model data (lower row).

3.3. Evolution of Hydrographic Conditions

Snapshots of the SST and sea surface salinity (SSS) with SSH contours from the WMOP simulation are displayed
in Figures 5 and 6 for the 2010 and 2017 events, respectively. The wind patterns obtained from the AEMET-
HIRLAM model averaged during the 15 days prior to each date are also shown in these figures, together with the
—1-107% N/m? wind curl contour. For a more exhaustive information about the temporal and spatial evolution of
these eddies the reader is referred to the SST and SSS daily animations available in the Supporting Information.

In early August 2010, a marked zonal thermal front around the 23°C isotherm and located around 41.5°N sepa-
rates the colder waters to the north from the warmer waters to the south (Figure 5a). A salinity front is located
farther south, bordering the northern coasts of the Balearic Islands from northeast to southwest (Figure 5b).
The modeled eddy is generated in the first 2 weeks of August within the eddy-influence area, coinciding with
some other small coastal anticyclonic eddies formed upstream of the Cape of Creus (Figures 5d and 5e). At the
same time, a relatively warm coastal intrusion flows northward (41.5°N, 2.5°E). This northward surface coastal
filament just off the Cape of Begur coincides in direction with the local coastal winds that prevailed in the days
prior to the formation of the eddy (Figure 5f). These winds are linked to the shadowing effect of the Pyrenees on
the NW winds that blow over the Gulf of Lion, generating a weak anticyclonic atmospheric circulation between
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stress curl contour in white. Red square denotes the limits of the eddy-influence area.
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Mallorca and the Cape of Begur and an area of significant negative wind stress curl, which contributes to the
generation of anticyclonic vorticity in the ocean.

The cold waters from the north enter the eddy through its south-eastern flank (Figure 5d). The salinity front
remains approximately in the same area (Figure 5e). In September, the eddy grows in size and remains in the
same position, the cold waters from the north continue to be entrained into the eddy (Figure 5g) and the SSS
field (Figure 5h) shows northward inflows of relatively low-salinity water through the IC, probably related to
the disappearance of the small eddy located north of this channel over the previous days (Figure 5e). The eddy
maintains a stable position and grows in size. During this period (from mid-July to mid-September) the wind
pattern is mainly characterized by (a) events of intense NW winds east of Cape of Creus, (b) a small anticyclone
located between the Catalan coast and the island of Mallorca and (c) an area of significant negative wind stress
curl around Cape of Begur.

The wind pattern changes at the beginning of October with northeasterly alongshore winds along the Catalan
coast (Figure 51), with a damping effect on the eddy. In November the eddy migrates southwards and finally
vanishes at the end of the month (not shown).

In 2017 (Figure 6) the thermal front is established in mid-July (Figure 6a) in a similar position to that of 2010, but
around the 24°C isotherm. In this case, the eddy is formed at the north of the eddy-influence area and is advected
southward at the beginning of August. In mid-August (Figure 6d), a relatively warm northward coastal filament
flows north at 41.5° and intensifies the anticyclonic eddy within the area. During the following month from 15
August to 15 September the eddy grows in size and remains stationary. Cold waters are entrained into the eddy on
its southern side (Figure 6g), coinciding with an increase of the strength of NW winds also producing increased
negative wind stress curl in the northern part of the eddy-influence area (Figure 61).

In mid-October, the eddy moves southeastward, coinciding with an important inflow of relatively low salinity
waters of recent Atlantic origin (with salinity values lower than 37.5 psu; Figure 6k). These flows do not directly
enter in contact with the eddy as in 2010. While the eddy decreases in size at the end of November (Figure 6n), it
grows again in December coinciding with new intense episodes of NW winds (Figure 6r).

At this moment, the thermal front has been displaced southward and is notably reinforced, showing a difference
between northern and southern waters of up to 3°C. During the first days of January, the eddy remains in the
same position and with the approximate same size, coinciding with weak NW winds blowing over the area (not
shown). At the end of January, the strong coastal intrusion of salty and cold waters from the north displaces the
eddy southeastward (Figures 6s and 6t). In February 2018 the eddy continues moving southeastward outside of
the eddy-influence area before disappearing during the first days of March (shown in the animations provided in
the Supporting Information).

4. Mechanisms and Drivers Involved in the Generation and Intensification of the
Eddies

The generation and intensification mechanisms of these long-lived eddies are studied in this section by means
of the analysis of (a) energy transfer terms associated with eddy-mean flow interaction, and (b) sensitivity tests
aiming at relating the simulated variability of eddies with external drivers.

4.1. Mechanisms: Energy Transfer Terms

Figures 7 and 8 represent (a) the temporal variability and (b) the spatial patterns of the EKE and the main
energy conversion terms responsible for EKE production over different periods in 2010 and 2017. These terms
are referred to as: the horizontal barotropic term (T4; BT), horizontal baroclinic term (T2; BChor) and vertical
baroclinic term (T3, BCvert).

In 2010 (Figure 7), the temporal evolution of the EKE shows a maximum during the last days of September, coin-
ciding with the maximum of the BChor term (Figure 7a). This maximum is coincident with the intense Atlantic
water northward inflow described in Figure 5h on 30 September 2010. The correlation coefficient of the filtered
EKE and BT/BChor time series is 0.88/0.65, respectively, which also highlights the important role of BT over
the whole period.
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Figure 7. Temporal evolution (a) and spatial distribution (b) of the energy conversion terms and the eddy kinetic energy
(EKE) for the year 2010. In the upper figure (a), the lines represent the positive values of each energy term (dotted line for the
unfiltered signal and continuous line for the filtered signal using a 7-day moving average): in blue the barotropic term (BT;
T4), in green the baroclinic horizontal term (BChor; T2), and in orange the baroclinic vertical term (BCver; T3). The black
line denotes the spatially averaged EKE within the same area. The figures in panel (b) show the spatial distribution of the
EKE and of each energy conversion term responsible for the EKE production at different times over the duration of the event.
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Figure 8. Same as Figure 7 for the 2017 event.

The spatial distribution of the energy terms (Figure 7b) shows that during the first days of September (Figure 7b.2),
the energy of the eddy starts to increase from (a) the BT term over the shelf break in the northern part of the
domain, and (b) the especially strong BChor term on the southern flank of the eddy. The EKE maintains a similar
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spatial distribution until the first days of October (Figure 7b.3), although during these days the BChor term
provides energy to the entire outer edge of the eddy. In November (Figure 7b.4) the eddy disappears, and both the
EKE and the energy conversion terms decrease and are represented by small and scattered patches.

In 2017 (Figure 8), both the energy fluxes and EKE magnitudes are larger than during the 2010, highlighting the
higher intensity of this eddy. The EKE maximum is produced during the first days of December (Figure 8a). In
this case, this maximum coincides with the maximum BT term. At the beginning of the event (Figure 8b.1) the
spatial patterns indicate that the energy transferred to the eddy originates mainly from the BChor term, located
both to the west near the coast, and in the southern part of the eddy. The BT flux also contributes, although to a
lesser extent, in the area off the Cape of Begur. The BThor term significantly increases during 1-15 September
(Figure 8b.2). During 1-15 October (Figure 8b.3) the eddy moves southeastward, and the energy fluxes do not
significantly change in comparison with the previous days. During the first days of November (Figure 8b.4) a new
anticyclonic eddy near the coast is formed mainly through BT instability, while the previous eddy keeps growing,
fed by BChor and BT fluxes. The increase of BT fluxes from mid-November, combined with the already existing
BChor flux, produces an intensification of the eddy in mid-December (Figure 8b.5).

The intensification of the BT fluxes in December is coincident with the intense NW wind episodes previously
described (see Figure 60). The effect of these winds is also to mix and cool the surface layers, which in turn
strengthens the thermal front (Figure 6p), also resulting in an increment of BChor in December (Figure 8a). The
lifetime of this eddy is much longer than the 2010 eddy, due to increased BT and BChor terms in November and
December under the action of intense NW winds, as illustrated in Figure 2. The correlation coefficient of the
filtered EKE and BT/BChor time series shown in Figure 8 is 0.98/0.12, respectively, which confirms the predom-
inant role of BT for this event compared to 2010.

Results show that the combined effect of the BT and BChor terms acting in different parts of the eddy are the
main mechanisms of the generation and maintenance of these long-lived eddies. These results also highlight the
importance of assessing the spatial structures of the energy conversion terms. Indeed, evaluation of the spatially
averaged terms may mask the combined effect of the BT and BC instabilities.

4.2. Drivers: Model Sensitivity Experiments

In the previous sections and thanks to both the temporal description of eddies and the analysis of their energy
conversion terms, we related the generation and persistence of these eddies to different meteorological and ocean-
ographic drivers, such as (a) intense NW wind events, (b) relatively warm northward coastal inflows through the
Pyrenees thermal front, and (c) relatively low-salinity northward fluxes. In this section, several model sensitivity
experiments were conducted in order to identify and confirm the effect of these drivers on the formation and
intensification of the 2010 and 2017 eddies.

First, in order to evaluate the effect of the NW wind events, we re-ran the 2010 and 2017 simulations impos-
ing climatological winds (configuration #1; Table 1). For a given date, these winds were computed by taking
the 10-year average of the winds for this specific date over the 2009-2018 period, and by applying an addi-
tional 30-day moving-window average. These climatological winds never exceed the 12 m/s threshold in the area
analyzed in Figure 2. Moreover, the average intensity of the NW component is between 40% and 60% lower than
the real winds (average intensity of 3.47 m/s vs. 6.54 m/s of real winds during the 15 July—15 August period, and
3.84 m/s vs. 8.57 m/s for real winds in November). Considering the wind stress curl, values are between 81% and
93% lower in climatological winds compared to the real winds (—1.33 1077 N/m? vs. —=7.06 10~7 N/m? during the
15 July—15 August period, and —0.90 N/m3 vs. —12.83 10~7 N/m? in November 2010).

We then forced the 2010 and 2017 simulations with homogeneous temperature or salinity fields, respectively,
to evaluate the impact of the thermohaline conditions on the formation and intensification of the eddy (config-
uration #2 and configuration #3; Table 1). The value of these constant hydrographic fields (both in surface and
in depth) were defined as the spatial average over the whole simulated basin. Both the initial and boundary
conditions were also affected by these changes. Moreover, in the case of constant temperature, the atmospheric
heat fluxes were also defined as spatially homogeneous over the basin to avoid the formation of thermal fronts.
Finally, a last configuration imposed both homogeneous salinity and climatological winds for 2017 during the
intensification phase in order to evaluate the effects of the NW winds events on the intensification of the 2017
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Table 1
Results of the Sensitivity Experiments Carried Out From July—-December 2010 and 2017 to Evaluate the Effect of the Main
Forcings on the Eddy Generation and Intensification

Eddy identification

Winds Temp. Salt July August September Oct Nov
2010 Reference Reference Reference X v v a4 v
#1 Climatological Reference Reference X X X X X
#2 Reference Homogeneous Reference X v X X X
#3 Reference Reference Homogeneous X v 4 X v/
2017 Reference Reference Reference X a4 a4 Y v o s
#1 Climatological Reference Reference X X X X X
#2 Reference Homogeneous Reference X X X /R X
#3 Reference Reference Homogeneous X a4 a4 Y v o s
#4 Climatological Reference Homogeneous 4 a4 a4

Note. Cross indicates the absence of eddy while single/double/triple tick indicates a low/moderate/high intensity eddy, based
on its surface spatially averaged SLA signature (v: SLA <4 cm,v v:4 <SLA <10cm, v v v: SLA > 10 cm).

“Indicates cases in which the OW method detects eddies that have a different origin from the eddy of interest.

eddy. Configurations #1 to #3 were initialized on 1 July (2010 or 2017), before the eddy formation, from the
fields of the reference simulation, and ended at the end of November to represent both the eddy generation and
intensification periods. Configuration #4 was initialized from the reference fields on 1 September 2017 after the
eddy was formed to specifically focus on the intensification period.

In order to evaluate the presence or absence of the eddy in the different tests, we applied the Okubo-Weiss
detection method (see Section 2.5). Once the eddy is detected, the OW contours define the eddy signature and
the maximum value of SLA marks the eddy center. The spatially averaged SLA within the signature of the eddy
provides the intensity of the eddy. Only values within a radius of 0.2° from the eddy center are considered to
avoid interferences with small adjacent eddies. The results of these experiments are illustrated in Appendix A
and summarized in Table 1.

No eddy is formed in Configuration #1 using climatological winds, neither in 2010 nor in 2017 (see maps in
Appendix Al). This result confirms that the NW wind events are one of the necessary contributors for the eddy
formation in this area. In Configuration #2, no eddy is formed when the thermal gradients are artificially removed
in both simulations (see maps in Appendix A2), which also confirms the necessity of a thermal front in order to
generate the eddy in both years. It is also worth mentioning that the eddy that was located south-west of the eddy
influence area in October 2017 persists despite the absence of temperature gradients and moves northeastward,
entering the eddy influence area (see * in Table 1).

Configuration #3 generates an eddy in both 2010 and 2017 cases, indicating that salinity gradients are not neces-
sary for the generation of these eddies (Appendix A3). However, there are substantial differences between both
years: in 2010, the simulation with constant salinity does not lead to eddy intensification as in the reference
simulation, demonstrating that salinity gradients played a crucial role in the intensification of the eddy. On the
contrary, in 2017 the eddy is generated and strengthened even in the absence of salinity gradients. The eddy
intensification in 2017 is therefore related to winds and/or temperature gradients.

Configuration #4 imposing climatological winds and homogeneous salinity fields from 1 September (after the
eddy formation) tells us about the impact of NW wind episodes on the intensification of the 2017 eddy. Clima-
tological winds only lead to a moderate strength eddy (see maps in Appendix A4), demonstrating that the NW
winds events had an important role in the intensification of the eddy during this year.

Table 2 shows the values of the average vertical shear of the horizontal velocities in the upper 100m of the
eddy-influence area for the period 15 July—15 August in the different simulations in 2010 and 2017. This verti-
cal shear, which provides favorable conditions for the development of baroclinic instabilities, is significantly
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Table 2

[ 2 2
Vertical Shear of the Horizontal Velocities, Computed as (:—Z) + (‘;—Z ) ,

Averaged Over the Upper 100m in the Eddy Influence Area for the Period 15
July to 15 August in 2010 and 2017 for the Different Simulations

Year Reference Configuration#1 Configuration#2 Configuration #3
2010 2.5 1.1 1.4 2.3
2017 22 1.0 1.3 2.3

Note. The unit is 1073 s~!,

5. Discussion

reduced when imposing climatological winds and homogeneous tempera-
tures, explaining why the eddies do not form in configurations #1 and #2.
The effect is smaller when imposing homogeneous salinity fields.

In summary, these sensitivity model simulations help identify the drivers
implicated in each event, providing support to the previous results. They
demonstrate that the NW wind events and the existence of a thermal front
were both necessary conditions for the formation of the eddy in this area in
2010 and 2017. The 2010 and 2017 eddies featured two different situations
concerning their intensification: while in 2010 salinity gradients were neces-
sary to intensify and maintain the eddy, they had no significant role in 2017.
The final experiment showed that in 2017 the NW winds were an important
driver responsible for the eddy intensification.

In this study we have investigated the coupled eddy-mean flow system that typically forms south of Cape of

Begur at the end of summer. The temporal evolution of the eddies and the study of their energy conversion

terms allow us to relate the generation and persistence of the 2010 and 2017 eddies with NW winds, warm water

inflows, and low-salinity northward fluxes. These drivers were then further identified by evaluating different

configurations of the high-resolution WMOP numerical model.

Scenario for the development and intensification of strong long-lived anticyclonic eddies.

Our results show that both NW wind events and thermal gradients are necessary for the generation of these eddies
but that the intensification process was different for 2010 and 2017. The eddy-mean flow interactions in Figures 7
and 8 show that, in 2010, the energy needed for the eddy intensification came mainly from the BC term, while in
2017 the BT term was also an important source of energy during the intensification of the eddy (from mid-No-
vember). The evaluation of the spatial distribution of the energy conversion terms (Figures 7b and 8b) combined
with the spatial and temporal description of the hydrographic and wind maps (Figures 5 and 6) is helpful to inter-
pret how these eddy generation mechanisms act in the study area. BT instability, occurring mainly near the coast,
is associated with horizontal gradients of the flow that produce a transfer of kinetic energy from the mean flow
to the eddy. In this area, these flow variations are related to deviations of the NC off the Cape of Begur (Aguiar
et al., 2019) under the action of intense NW winds. On the other hand, the eddy also gains energy from the mean

flow through BC instability produced by the warm northward inflows that reach the Pyrenees thermal front and/

or by relatively low-salinity waters that come from the south.

The model sensitivity tests confirm these hypotheses demonstrating that the presence of the NW winds is a

necessary condition for eddy generation, but it is not sufficient. The presence of the Pyrenees thermal front is also

necessary to create the required baroclinic gradients for the generation of these eddies. This explains the observed

seasonality of the eddy generation, the thermal front being particularly intense at the end of the summer due to the

large summer differential warming and mixing between the BS and the Gulf of Lion (Lépez-Garcia et al., 1994).

Once the eddy is formed, it imports energy from different sources. In 2010, this extra energy came from BC insta-

bility produced by the arrival of low-salinity waters coming from the south, which are favored by the presence of

the eddy (since its presence helps to steer the NC eastward). In 2017, the intensification of the eddy was a result

of additional intense NW wind events in November. These winds exerted both mechanical surface forcing that

accelerated and cooled the eddy, leading to a strengthening of the thermal front between the Gulf of Lion and the

BS. These scenarios are depicted schematically in Figure 9.

Our results endorse the hypothesis previously proposed by Pascual et al. (2002) from an analysis of satellite
images and hydrographic data. They investigated the 1998 long-lived eddy and suggested that the NW winds
combined with the presence of waters of recent Atlantic origin close to the Pyrenees were the main factors for
the eddy generation. Our results extend the results of Rubio et al. (2009), who described the generation mecha-
nisms of a short-lived eddy generated off Cape of Creus in a simulation of the summer 2002, as a combination of
barotropic and horizontal baroclinic instabilities. While they identified the winds as an essential driver needed to
generate the eddy, they suggested that the eddy growth could be associated with baroclinic instability. Our results
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Figure 9. Proposed scenario for the development and intensification of long-lived anticyclonic eddies at the end of the
summer in the Balearic Sea (BS). The generation of eddies is a result of (1) barotropic instability of the Northern Current
under the effect of intense Northwesterly (NW) winds, and (2) baroclinic instability associated with the relatively warmer
northward inflows that reach the Pyrenees thermal front. The intensity and duration of the two eddies differed between the
two years: in 2010 these properties were driven by the inflows of low-salinity waters from the south which fed the eddy; in
2017, additional energy was provided by the intense NW winds events, which kept the eddy active and reinforced the thermal
front between the Gulf of Lions and the BS.

are also consistent and provide an extension of Garreau et al. (2011), who investigated an eddy formed in the
southwestern part of the Gulf of Lion and propagating southwards into the BS in autumn 2007, explaining the
generation as a combination of NW winds over this area with accumulation of potential energy, also identifying
the role of a relatively warm northward coastal current in the formation process. Here, focusing on two identi-
fied strong and long-lived events, we further demonstrate the role of winds, thermal gradients, and low salinity
inflows on both the formation and intensification of the BS eddies, highlighting significant differences between
the two events. Notice that in the Eastern Mediterranean Sea, loannou et al. (2020a, 2020b) also reported intense
and recurrent mesoscale anticyclones in the lee of Crete forced by an orographic wind jet produced by the chan-
neling and deflection of the Etesian winds by the island, showing similarities with the orographic effect of the
Pyrenees as highlighted here. The authors confirmed that these winds were necessary but not sufficient to form
the eddies and suggested that this mechanism had to be reinforced by some other baroclinic process.
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Figure 10. Interannual time-series from the Western Mediterranean Operational Modeling System model of (a) spatially averaged surface salinity within the Balearic
Sea (BS), and (b) the difference between the average temperature in the BS and the Gulf of Lion. The shaded areas mark the mean + two standard deviations of the
time-series. Values outside this area are considered to be anomalous. The time-series are temporally filtered using a 30-day moving average.

5.1. Specific Hydrographic and Meteorological Conditions for the Development of Strong Long-Lived
Eddies

The specificities of the hydrographic conditions in 2010 and 2017 are illustrated in Figure 10.

On the one hand, in October 2010, the intrusion of the low-salinity waters from the south is identified as an
anomalous event (red arrow in Figure 10a, minimum 37.2 psu on 2 October), which is not reproduced at any time
of the 10-year time-series. On the other hand, the reinforced Pyrenees thermal gradients are also identified as
anomalously high in 2017.

The low-salinity waters detected in the BS in 2010 came from the Atlantic through the Gibraltar strait and then
through the Ibiza and Mallorca channels (Barceld-Llull et al., 2019; Heslop et al., 2012; Juza et al., 2019; Mason
& Pascual, 2013). The presence of the eddy could reinforce this inflow of low-salinity waters since the NC
deviates from its natural path, modifying the circulation in the BS and favoring the entrance of Atlantic Water
(Aguiar et al., 2019). At this point, it is worth pointing out the reported presence of the Portuguese Man-of-War
(Physalia Physalia) in the Western Mediterranean Sea in 2010. This species is not common within the BS but,
according to Prieto et al. (2015), it entered the basin in 2010 due to intense westerly winds blowing in the Strait
of Gibraltar, which were 1.5—4 times higher than the long-term average. The authors related these intense winds
to the anomalously negative values of the North Atlantic Oscillation (NAO) index during the 2010 winter. We
can expect these winds to also increase the inflow transport through the Strait of Gibraltar, which would in turn
lead to larger amounts of relatively low-salinity waters in the BS, contributing to strengthen the EKE through
baroclinic instabilities. This relation between climatological indices and the modulation of the oceanic variability
has been also reported in other areas (Chen et al., 2020; Peng et al., 2019). In our case, a preliminary analysis of
the NAO index during both events shows that it was mainly negative for both years, although slightly less intense
during 2017 (NAO,,, xovaoio" —1-16, NAO, , Noyaoi7: —0-35). A more detailed analysis would be needed to estab-
lish possible links between the NAO index and the presence of these long-lived eddies.

In 2017, while inflows of low-salinity waters were detected through the IC, they did not directly interact with
the eddy as they did in 2010. In this case, the intensification process was driven by the extra intense NW winds
blowing in November 2017, which were stronger compared to 2010 (Figure 2). The impact of these additional
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Figure 11. (a) Sea surface temperature (SST) (°C) from satellite data on 20 October 2010 (a.1) and on 17 December of 2017 (a.2), (b) Maximum SST anomalies within
the eddy-influence area during the 2010 (b.1) and the 2017 (b.2) events. Anomalies are computed with respect to the average seasonal cycle over the period 2009-2018
and are detrended and low-pass filtered using a 30-day moving average. The red lines indicate the presence of the eddies as detected by altimetry according to the
criterion defined in Section 3.1. The horizontal lines denote the 90th percentile of the 2009-2018 anomalies (1.13°C).

intense NW winds is also reflected in the evolution of the BT term in Figures 7 and 8, with a significant increase
in November in 2017, which does not happen in 2010.

5.2. Thermal Impacts of Intense Long-Lived Eddies

The eddies studied in this work have a potential impact on coastal ecosystems given their capacity to trap water
masses, modify hydrodynamics and alter coastal cross-shelf exchange. The water trapped inside an eddy during
its formation is preserved within the eddy as it propagates away from its generation location. Temperature and
salinity anomalies inside individual eddies tend to move with them because of advective trapping of interior
water parcels, the eddy movements then driving heat and salt transports (Dong et al., 2014). Here, the SST
obtained from satellite data on 20 October 2010 and on 17 December 2017 (Figure 11a.1 and 11a.2) demonstrates
that during these events, the eddies have strong thermal signatures, with differences of about 3°C between the
core and the outer part of the eddy. Differences of this magnitude were also detected in the model simulation
(Figures 5j, 15 October 2010 and Figures 6p, 31 December 2017). Time series of the maximum SST anomaly
in the eddy-influence area with respect to the average seasonal cycle (Figure 11b.1 and 11b.2) also demonstrate
the significant thermal signatures of these eddies. Notice that these time series were previously detrended to
remove the impact of the positive and significant trend associated with Mediterranean climate warming. High
SST anomalies coincide with the presence of the eddies as detected by altimetry (red lines in the time series)
during both years. While maximum values of the anomalies are about 1.8°C in 2010, they reach almost 2.5°C
during more than one month in 2017. Comparisons with the 90th percentile of 2009-2018 anomalies (1.13°C)
show that this threshold is exceeded during both years during the eddy lifetimes. The 90th percentile is a reference
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value generally used to define marine heatwaves (Hobday et al., 2016). Although the time series considered here
is limited compared to the more than 30 years-long time series used to rigorously define heatwaves, our results
suggest that the presence of these eddies contributed significantly to the occurrence of local heatwaves during the
autumn of 2010 and winter of 2017-2018.

The impacts of the thermal environment and heatwaves on marine biota is an active research field in the Medi-
terranean Sea. Bensoussan et al. (2019b) reported an unprecedented large-scale and long-lasting benthic muci-
laginous bloom that occurred in the north Catalan Sea during fall 2017. They associated this event with an
anomalously high temperature in the area, which was suggested to be related to the presence of the long-lived
eddy described in this study. Other studies also associated small temperature anomalies in the Mediterranean Sea
with dramatic mass mortality in benthic ecosystems (Parravicini et al., 2010), in subtidal rocky reef invertebrates
(Cerrano et al., 2000; Garrabou et al., 2009; Pérez et al., 2000) or in seagrass shoots (Marba & Duarte, 2010).
Among other effects and although there is no established evidence yet, these surface warm water parcels may
also influence the weather and storm development in this area given demonstrated air-sea interactions over ocean
fronts and eddies (e.g., Small et al., 2008 and references therein). The impact of these eddies on the retention of
materials and alteration of coastal cross-shelf transports would certainly also be an interesting topic of research
in the future.

6. Summary and Conclusions

Numerical models are valuable tools to analyze the details of the generation and growth of intense long-lived
eddies. They provide a full description of eddy evolution that allows us to evaluate eddy-mean flow interactions,
conduct sensitivity tests, and to relate the simulated variability to external forcings. In this study, they have been
used to demonstrate that the two most recent strong and long-lived anticyclonic eddies occurring in 2010 and
2017 in the BS were a result of mixed barotropic and baroclinic instabilities. Specifically, we have identified the
drivers that explain the development and intensification of these two strong long-lived anticyclonic eddies. Our
results indicate that the required conditions for eddy generation in this area were the same for both events: intense
NW winds blowing over an area characterized by an intense thermal front formed during the summer season.
However, regarding eddy intensification, different mechanisms were active for each eddy. In 2010 the presence
of relatively low-salinity waters in the BS was the main factor intensifying the eddy. In 2017, the strength and
persistence of the eddy was associated with additional intense NW winds events which occurred until December,
and which both exerted mechanical surface forcing and strengthened the thermal front between the Gulf of Lions
and the BS. The presence of the eddies in 2010 and 2017 resulted in long-lasting surface thermal anomalies above
the 90th percentile of the time series, corresponding to the definition of local marine heatwaves, with maximum
values of the anomalies around 2.5°C during the winter 2017.

Appendix A: Model Sensitivity Experiments

Results of the sensitivity experiments carried out from July to December of 2010 and 2017 to evaluate the effect
of the main forcings on eddy generation and intensification. The maps show the monthly -averaged SLA (white
contours depicted each 2 cm). Blue contours indicate the signature of the eddy by means of OW values lower
than the threshold (OWo) and within a radius of 0.2° from the eddy center. Black square denotes the area of eddy
generation reported in Figure 1.

Al. Reference Years

Monthly-averaged SLA maps for the reference simulations.

A2. Configuration #1

Monthly-averaged SLA maps for the simulations forced using using climatological winds.

A3. Configuration #2

Monthly-averaged SLA maps for the simulations forced using homogeneous temperature.
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