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Wavelet ridge analysis was applied to the data of drifters caught in the Cyprus Gyre in the eastern Mediterranean Sea to study surface currents at low (rotating circulation) and high (near-inertial motion) frequencies. Drifter observations indicate that the orbital speed is highest at about 30 km from the gyre center (reaching ~45 cm/s) and that the Rossby number in the gyre can be as high as 0.25. Drifters also show that strong near-inertial currents with speed of 35-40 cm/s can exceed the gyre rotation speed and that the background vorticity inside the gyre generally shifts the effective inertial frequency to values smaller than the local inertial frequency. As a result, the near-inertial currents are subinertial and are trapped in the mesoscale vortex. For example, the near-inertial motions in the Cyprus Gyre in June 2017 reached 40 cm/s in its inner core with a red shift of ~0.1 cpd, while on its edge they were limited to 10-20 cm/s, under similar wind forcing. This difference is due to trapping of the near-inertial energy inside the gyre. The observed inertial currents are largely driven by the local wind, especially when the effective inertial frequency becomes diurnal and resonance with wind diurnal variability occurs. A damped slab model of the inertial currents in the mixed layer is only partially successful in simulating the observations.
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1 Introduction

Ocean currents vary over a wide range of temporal and spatial scales, from the thermohaline geostrophic circulation of the world ocean (thousands of kilometers) to microstructure turbulence (centimeters). However, the broad spectrum of ocean currents is dominated by several peaks at specific frequencies, corresponding to mesoscale eddies and fronts, near-inertial and tidal currents. These circulation features mix and transport water properties, dissolved gases, contaminants and trace substances. In particular, mesoscale ocean eddies, at spatial scales from about 10 to 100 km, play an important role in mixing tracers such as heat, carbon and nutrients in the ocean (Martínez-Moreno et al., 2021).

Although widespread in the world ocean, wind-driven near-inertial waves or near-inertial oscillations (NIOs) are generally intermittent in time and highly variable in space (D'Asaro, 1985a; Kunze, 1985; Elipot and Lumpkin, 2008; Alford, 2020). They are mostly dominant in the surface mixed layer but propagate downward in the underneath thermocline. Longuest vertical modes can propagate over long distances towards the equator (Alford, 2003) while waves with shorter vertical wavelengths can produce local turbulence and mixing in the water column due to shear instability. Hence, they are critical to the overall energy of the ocean because they carry a significant fraction of kinetic energy into the interior of the ocean (Ferrari and Wunsch, 2009; Alford et al., 2016). Near-inertial waves are also important because by breaking they can cause mixing that affects biological productivity (Granata et al., 1995), maintains the ocean thermohaline circulation (Munk and Wunsch, 1998), and impacts ocean climate (Jochum et al., 2013: Whalen et al., 2020). The formation and temporal evolution of NIOs forced by winds have been studied with some success using various dynamical models (see review in Alford, 2020).

NIOs interact with the shear of mean or low-frequency currents, and the vorticity of the background mesoscale circulation significantly modifies their frequency (Mooers, 1975; Perkins, 1976; Kunze, 1985; Kunze et al., 1995). In particular, anticyclonic vorticity lowers the effective inertial frequency and subinertial NIOs are trapped and enhanced in areas of negative vorticity (Kawaguchi et al., 2020). For mean currents with vorticity,  the effective inertial frequency, which is the lowest frequency at which free internal gravity waves can exist, is given by (Kunze, 1985; Poulain et al., 1992):

	(1)

where f = 2 Ω sin(latitude) is the local inertial frequency and Ω is the angular velocity of the Earth. The formation, propagation and energetics of NIOS in geostrophic shear flows and strongly baroclinic currents have been studied by Kunze (1985) and Whitt and Thomas (2013); Whitt and Thomas (2015). The trapping of NIOs in an anticyclonic eddy under normal atmospheric conditions was studied by Martínez-Marrero et al. (2019) using ship-mounted acoustic Doppler current profiler (ADCP) observations. The propagation and trapping of NIOs were also investigated by Byun et al. (2010) in the East/Japan Sea using moored temperature and velocity measurements and by Cuypers et al. (2012) using conductivity-temperature-depth (CTD) measurements and lowered acoustic Doppler current profiler (ADCP) in the Eastern Mediterranean Sea (EMS). Cuypers et al. (2012) found strong NIOs at the base of an anticyclonic mesoscale eddy south of Cyprus, called the Cyprus Eddy or the Cyprus Gyre (CG), along with high dissipation rates. Inspired by these observations, Lelong et al. (2020) performed numerical simulations to investigate the role of near-inertial/eddy interactions in energy transfer from the surface mixed layer. They found that wind-driven inertial energy propagates downward in the CG as near-inertial waves and accumulate at the base of the gyre near 600-m depth, where shear instability and turbulent dissipation is likely to happen.

NIOs at the ocean surface occur ubiquitously as small loops in the tracks of Lagrangian drifters (Poulain, 1990; Poulain et al., 1992; D'Asaro et al., 1995; Niiler and Paduan, 1995; van Meurs, 1998; Elipot and Lumpkin, 2008; Rohrs et al., 2023) which can be up to ~10 km in diameter. Several statistical methods have been used to extract the near-inertial signals from drifter velocity time series: complex demodulation (Poulain, 1990; Poulain et al., 1992; Chaigneau et al., 2008), scale spectral moment (Poulain et al., 1992), spectral method (Elipot et al., 2010) and wavelet analysis (Lilly and Gascard, 2006; Lilly et al., 2011; Lilly and Perez-Brunius, 2021). NIOS have also been studied in the world ocean using surface drifts of Argo floats (Park et al., 2004; Park et al., 2005).

Observations of NIOs in the Mediterranean Sea date back to the 1960s and 1970s (Lacombe and Gonella, 1964; Gonella et al., 1967; Perkins, 1972; Millot and Crépon, 1981), using moored current meters and thermistor chains. More recently, they have been measured with ADCPs and current meters on the shelf in the Western Mediterranean Sea (Rippeth et al., 2002; Petrenko et al., 2005). Maximum surface NIOs can reach 60 cm/s (Petrenko et al., 2005) and occur mainly in summer when enhanced in the surface mixed layer.

Surface currents in the EMS is characterized by a mean cyclonic basin-wide circulation, multiple cyclonic gyres and recurrent or quasi-permanent anticyclonic structures (Robinson et al., 1991; Estournel et al., 2021; Menna et al., 2021). The circulation and water mass properties of these eddies have been described in several papers (Menna et al., 2012; Menna et al., 2021: Amitai et al., 2010; Hayes et al., 2019; Mauri et al., 2019) using in situ observations (drifter, Argo float and glider) and satellite data (sea surface temperature, absolute dynamic topography). In particular, the CG is a major quasi-permanent vortex south of the island of Cyprus. It is located near, and partially controlled by, Eratosthenes Seamount, a major topographic feature with a horizontal extent of ~100 km, an elevation of ~2000 m, a peak depth of ~690 m and a center near 33°N37.50’ and 32°E41.25’ (see Figure 1). It has been extensively studied using satellite and in situ observations (ship-based, glider, Argo float and drifter measurements) by Zodiatis et al. (2005); Groom et al. (2005); Cuypers et al. (2012); Menna et al. (2012), and Mauri et al. (2019), to name a few. The CG is similar to an anticyclonic mode water eddy (Fernández-Castro et al., 2020) with upward bending of the isopycnals over a warm and saline pycnostad extending between roughly 100 and 350 m, and a downward bending below it (Hayes et al., 2011; Cuypers et al., 2012; Mauri et al., 2019). On top of this feature a mixed layer and seasonal thermocline prevail most of the year. The hydrodynamic theory of the CG was recently investigated by Egorova et al. (2022) and Pirro et al. (2023), with particular focus on its generation mechanism. The basic characteristics of the CG were estimated by Prigent and Poulain (2017) from drifter tracks: they found a radius ~40 km, rotation period ~5-10 days, and southeastward translation at ~150 m/day in spring and summer 2017.




Figure 1 | CINEL and MELMAS drifter data in 2017-2019 south of Cyprus in the Eastern Mediterranean Sea: deployment locations (black dots) and tracks (gray). The drifter tracks caught in the CG are shown with colors (in 2017) and in black (in 2019). The location of the Eratosthenes Seamount is shown with a yellow “X”. A kink in the drifter track is indicated in magenta. Inset: Mediterranean Sea with rectangle corresponding to the study area south of Cyprus.



This work follows up on the study of Prigent and Poulain (2017). The data of near-surface currents provided by Lagrangian drifters deployed in the EMS (Figure 1) are exploited to further study the morphology and kinematics of the CG and the NIOs amplified in its core. Details on the drifter data and ancillary operational products are provided in Section 2, along with information about the wavelet ridge analysis applied to the drifter position and velocity time series. Results on the characteristics of the CG and NIOs are presented in Section 3, including a focused analysis of the effective inertial frequency and its relationship to background vorticity and of the forcing by the local winds. The main results are discussed and summarized in Section 4.




2 Data and methods



2.1 Drifter data

The drifter data used in this work were downloaded from the OGS Mediterranean drifter database (Menna et al., 2017). They include Surface Velocity Program (SVP) drifters deployed in the EMS as part of two projects: the CIrculation and water mass properties in the North Eastern Levantine (CINEL) project in 2016-2018, and the Monitoring of the Eastern Levantine with Mobile Autonomous Systems (MELMAS) project in 2018-2020. SVP drifters are fitted with a drogue to measure the currents at 15-m nominal depth. The trajectories of all CINEL (16 units) and MELMAS (12 units) drifters in the EMS are shown in Figure 1. Trajectory segments of drifters captured in the CG are highlighted in color and in black. In 2017, three drifters stayed in the gyre for up to 6 months (Table 1). One additional drifter sampled the CG between May and October 2019. In 2017, the CG was centered southeast of the Eratosthenes Seamount, while in 2019 it was more to the northwest (see Figure 1).


Table 1 | Periods considered for the drifters caught in the CG in 2017 and 2019.



In the OGS database, SVP data were processed using standard methods for editing and interpolation (Menna et al., 2017; Menna et al., 2018). Velocities were estimated by finite differencing successive Global Positioning System (GPS) positions interpolated at 0.5 h intervals.




2.2 Operational products

Daily absolute dynamic topography (ADT) and corresponding absolute geostrophic velocities on a 0.125° Mercator projection grid were downloaded from the Copernicus Marine Environment Monitoring Service for the EMS area. The ADT was determined by adding the sea level anomaly to the 20-year synthetic mean over the period 1993-2012 (Rio et al., 2014).

Data of wind speed and direction 10 m above sea level were downloaded from the Copernicus Climate Data Store for 2017 and 2019 in the EMS. They correspond to the fifth generation ECMWF reanalysis (ERA5) for global climate and weather and are available on a 0.25° x 0.25° grid at hourly intervals.




2.3 Data analysis methods

We used wavelet ridge analysis to characterize elliptical (or circular) motions in the drifter tracks (Lilly and Gascard, 2006: Lilly et al., 2011; Lilly and Perez-Brunius, 2021). The method was applied to the partial track segments when the drifters were rotating in the CG. The positions were first converted to zonal and meridional distances with respect to an approximated mean position of the gyre center. Second, we calculated the bivariate rotary wavelet continuous transforms of the position and velocity time series using generalized Morse wavelets for both negative (anticyclonic) and positive (cyclonic) rotations. Then, a ridge detection algorithm was applied to identify the continuous one-sided ridges with maximum transform amplitudes. Since we are only interested in the properties of the anticyclonic CG and the NIOs, the ridge detection analysis was only performed for negative rotary wavelet transforms. More details about the wavelet ridge analysis can be found in the Appendix.

Spectral analysis was performed on the wind and drifter velocity time series, using the multi-taper approach using seven slepian tapers with a time-bandwidth product of 4 (Percival and Walden, 1993).

Following D’Asaro (1985b), a simple damped slab model of the mixed layer was used to estimate inertial currents forced by the local wind stress. ERA5 winds were used along with and an effective inertial frequency equals to f and 90% f. For the period between May and September, the depth of the mixed layer was set at 20 m. For late winter and early spring (March and April), it was chosen to decrease linearly between 200 and 20 m in two months, to represent the formation of the seasonal mixed layer. The best qualitative fit with the drifter observations was obtained using a damping coefficient of 1/3 d-1.





3 Results



3.1 The CG in 2017

As an example, the amplitude of the anticyclonic rotary wavelet transform is plotted versus time and period (scale) in Figure 2 for one of the three drifters that were trapped in the CG between February and August 2017. Results are shown for both position and velocity time series, and estimated ridges are highlighted. The signature of both the orbital motion of the CG and the NIOs is well detected by the ridge analysis. The NIOs are more visible in the wavelet transforms calculated with the drifter velocities because their speeds are comparable to the gyre rotation speed. In contrast, for position wavelets, the looping tracks caused by the gyre and NIOs have radii that differ by an order of magnitude. As a result, NIOs are barely visible when using the same color scale.




Figure 2 | Anticyclonic rotary wavelet transform amplitudes versus time and periods for drifter 3469260 trapped in the CG between 26 February and 13 August 2017, using position (top) and velocity (bottom) time series. Black curves represent the main trimmed ridges at the low (gyre rotation) and high (near-inertial) frequencies. The inertial period is shown with a white line.



The characteristics of the CG rotation and NIOs along the detected ridges are plotted as a function of time in Figures 3–5. For drifter 3469260 (Figure 3), the period of gyre rotation varies from 4 to 11 days, and the semi-axes of the drifter loops span 12-42 km. In April, the semi-minor axis is significantly smaller than the semi-major axis. This corresponds to an eccentricity close to 0.6-0.7 of the drifter orbit. In March, the maximum orbital speed of the CG is up to 41 cm/s while NIOs are quite lacking. In contrast, in June, the rotation speed of the gyre drops to 30 cm/s and NIOs dominate (with speeds reaching 39 cm/s). Drifter 3663990 (Figure 4) stayed in the CG only for two months (March and April) at a radius of 20-40 km, a period of 5-10 days and an orbital speed near 40 cm/s. NIOs were significant only in late April and early May, with amplitude exceeding 25 cm/s. Initially, drifter 3665930 rotated around the gyre with fast speed (~ 45 cm/s) at a radius of 30-40 km (Figure 5). In early April, the radius and speed decreased to ~20 km and ~10 cm/s, but this was due to a kink in the track corresponding to another small circulation feature near the edge of the CG (see Figure 1). Later the drifter stabilized with a radius of ~50 km, a speed of 20-25 cm/s and a period of 15-20 days. The NIOs were mostly significant in May with amplitudes greater than 30 cm/s (Figure 5).




Figure 3 | Characteristics of the elliptical motion corresponding to the position (gray) or velocity (black) wavelet ridges shown in Figure 2 for drifter 3469260. Top: Period. Middle: Semi-major axis (a, thick) and semi-minor axis (b, thin). Bottom: Maximum speed (Vmax). The anticyclonic rotary motion of the drifter in the CG (longer period and larger axes) and the near-inertial motions (period near one day and shorter axes) are nicely separated. The speed of the NIOS is intermittent and can exceed at times the rotation speed of the gyre.






Figure 4 | Same as Figure 3 but for drifter 3663990.






Figure 5 | Same as Figure 3 but for drifter 3665930.



The location of the center of the CG was estimated from the three drifters by removing the gyre orbital motion and NIOs from the original tracks. It was found that, between March and July 2017, the CG moved to the southeast with speed of 0.2 km/day (not shown). This is in good agreement with previous estimates by Prigent and Poulain (2017).

The characteristics of the NIOs in the CG, based on the three drifters trapped in 2017, are intermittent in time (Figure 6). Speed (radius) varies between zero and 39 cm/s (5.1 km). The amplitude of the NIOs can be significantly different from one drifter to the other, although they are separated by less than 100 km. For instance in June, the speed of drifter 3665930 is bounded by 20 cm/s, while as seen above, the speed of the other drifter reaches ~40 cm/s. The effective inertial frequency is generally redshifted by about 10% in June-August. In contrat, there is no significant shift in late April and May. There is only a qualitative agreement between the inertial currents simulated by the damped slab model and those observed by the drifters. If a red shift of inertial frequency of 10% is used, inertial currents are stronger, especially in June when the effective inertial frequency of the drifter currents is shifted by about 10% and is nearly diurnal.




Figure 6 | ERA5 wind speed interpolated at the CG center (33°N30’, 33°E) (A). Speed simulated by a damped slab model of the mixed layer with effective inertial frequency equals to f (gray) and 90% f (black) (B). Maximal orbital speed (C) and frequency (D) of near-inertial motions as determined with wavelet ridge analysis (using velocity time series) for the three drifters trapped in the CG: 3469260 (blue), 3663990 (red) and 3665930 (green). The inertial frequency at the latitude of the drifters is shown with thin lines of the same color in the bottom panel. The days with strong NIOs considered later in the paper are highlighted with gray bars.



The rotational properties of both the gyre and the NIOs can be illustrated by plotting the mean orbital speed against the geometrical mean radius. This is shown in Figure 7 for the three drifters in the CG using position wavelet results. NIOs appear on the straight line with a slope or angular velocity slightly greater than f for radius values less than ~5 km. For larger radius (between 15 and 55 km), the results correspond to the gyre rotation. For radii of 20-30 km, the mean rotation speed is maximum (approaching 45 cm/s), while for 40-50 km, it is limited by 25 cm/s. Orbital speeds less than 20 cm/s for radii of 20-40 km are due to a kink in the track of drifter 3665930 that does not follow the main CG rotation. The angular velocity in the gyre varies from f/4 in its inner core (15 km from the center) to f/20 or less near its outer edge. Therefore, the maximum Rossby number within the gyre is about 0.25. From Stokes’ theorem, it can be deduced that the average vorticity within the inner loop is twice the angular velocity, i.e., close to f/2.




Figure 7 | Mean orbital speed versus geometrical mean radius for the drifters trapped in the CG in 2017 (3469260 - blue, 3663990 – red, and 3665930 - green) and in 2019 (5510690 – black), using the ridges detected in position wavelet transform amplitudes. Black lines indicates slopes or angular velocities near f, f/4, f/10 and f/20.



Power and cross rotary spectra of the ERA5 wind near the CG and the drifter currents (see Figure 8, where drifter 3469260 was used as an example) reveal that most of the variability of winds and currents is in the diurnal band. The diurnal wind amplitude is 1-3 m/s and the inner coherence-squared (not shown) is significant with a value of 0.45. At high frequencies (> 1 cpd) both winds and drifter currents are rotating in the clockwise direction.




Figure 8 | Power rotary spectra of (A) the ERA5 wind at 33°N30’, 33°E and (B) the currents measured by drifter 3469260 between 27 February and 1 September 2017. Cross rotary spectrum of the ERA5 wind and drifter velocities (C). Power rotary spectra of (D) the ERA5 wind at 34°N, 32°E15’ and (E) the currents measured by drifter 5510690 between 15 May and 1 October 2019. Cross rotary spectrum of the ERA5 wind and drifter velocities (F). Clockwise (black) and counterclockwise (gray) rotary components are shown, as well as the 95% confidence interval. Tidal (O1, K1, M2 and S2) are shown with black vertical lines, while the inertial frequency is depicted with a gray vertical band and the diurnal frequency with a dashed line.






3.2 The CG in 2019

Also in 2019, a drifter (5510690) was caught in the CG, which was located northwest of Eratosthenes Seamount (Figure 1) and moving slowly (~0.2 km/day) westward.

In late May and early June, the period, semi-major axis and maximum orbital speed of the drifter loop are near ~10 days, ~40 km and ~30 cm/s, respectively (Figure 9). These values decrease to ~5 days, ~5 km and ~5 cm/s in June and July, indicating some convergence and spiraling of the drifter track. The drifter then stabilizes, in August and September, with a period of 10-15 days, a semi-major axis of ~20 km and a maximum speed of ~10 cm/s. NIOs are intermittent and dominate in June-July, with speed approaching 40 cm/s (Figures 9, 10). Again, the slab model is only partially successful in predicting the observed inertial currents. For example, there is a good agreement for the maxima in early June and mid-July (Figure 10). As for the effective inertial frequency of the drifter velocities, it is essentially redshifted by 5-10% f during large amplitude events.




Figure 9 | Characteristics of the elliptical motion corresponding to the position (gray) or velocity (black) wavelet ridges for drifter 5510690 trapped in the CG in 2019. Top: Period. Middle: Semi-major axis (a, thick) and semi-minor axis (b, thin). Bottom: Maximum speed (Vmax).






Figure 10 | ERA5 wind speed interpolated at the CG center (34°N, 32°E15’) (A). Speed simulated by a damped slab model of the mixed layer with effective inertial frequency equals to f (gray) and 90% f (black) (B). Maximal orbital speed (C) and frequency (D) of near-inertial motions as determined with wavelet ridge analysis (using velocity time series) for drifter 5510690 trapped in the CG in 2019. The inertial frequency at the latitude of the drifter is shown with a thin line in the bottom panel. The days with strong NIOs considered later in the paper are highlighted with gray bars.



In late May and early June, the angular velocity is ~f/10 for a radius near 30 km, where the orbital speed is highest (more than 25 cm/s, see Figures 7 and 9). In June and July, the orbital speed decreases quasi linearly to about 5 cm/s, until the drifter has almost converged to the gyre center (only 4 km radius). During this period, the gyre is thus in quasi solid-body-rotation with a nearly constant angular velocity near f/10.

Figure 8 shows the power and cross rotary spectra for the ERA5 winds and the drifter velocities in the CG from 15 May to 1 October 2019. Again, the high-frequency winds and currents are mostly clockwise. A significant peak corresponds to the diurnal wind. For the drifter, there is a double peak at diurnal and inertial frequencies. The inner-coherence-squared at the diurnal frequency is high (near 0.8; not shown).




3.3 Frequency shift and background vorticity

We now focus on the main NIO events as detected in the drifter tracks while they were trapped in the CG. We examine the NIOs in more detail in terms of amplitude and effective inertial frequency, and compare the drifter results with maps of relative vorticity calculated from the absolute geostrophic velocities estimated from satellite altimetry.

We first consider the CG in 2017 (colored tracks in Figure 1). We focus on four selected events where at least one drifter showed large NIOs with speed reaching 30 cm/s (see Table 2 and gray bars in Figure 6). They are around 27 April, 11 May, 15 June and 16 July 2017. The weeklong tracks centered on the above dates are overlaid on maps of geostrophic vorticity (Figure 11). Vorticity derived from satellite altimetry and drifter tracks are in good qualitative agreement in the CG, particularly for the location of the gyre center. If the distance between the center and where the orbital speed is highest (and the vorticity changes sign) is considered as the size of the gyre, it can be seen that satellite estimates (diameter ~100 km) are larger than drifter estimates (diameter ~50 km; see Figure 7). This is to be expected since the satellite altimetry gridded products are smoothed over tens of kilometers. The maximum anticyclonic (negative) geostrophic vorticity in the core of the CG can exceed 0.2 f (on 27 April and 11 May), but is much smaller than the mean vorticity derived from the drifters rotating in inner loops (near 0.5 f).


Table 2 | Characteristics of the drifter orbiting tracks and NIOs at selected times in the CG (gray lines in Figures 6 and 10).






Figure 11 | Week-long drifter tracks (with a circle at the end) centered on 27 April, 11 May, 15 June and 16 July 2017, superimposed on the mean geostrophic vorticity ζ for the same periods. Vorticity is scaled by the local inertial frequency f. Contours for ζ = 0 (black) and ζ = -0.2f, -0.1f, 0.1f and 0.2f (cyan) are also shown. The drifter tracks trapped in the CG are depicted in blue (3469260), red (3663990) and green (3665930). The location of the Eratosthenes Seamount is shown with an “X”.



For the drifter caught in the CG in 2019 (black track in Figure 1) the following events with strong NIOs were considered: 1 June and 4, 18 and 27 July 2019 (see Table 2, gray bars in Figure 10 and tracks on maps of geostrophic vorticity in Figure 12). Again, the location of the CG estimated with the drifter and satellite data coincide well. In this case, the track of only one drifter in the CG does not allow assessing the size of the rotating vortex. The maximum anticyclonic (negative) geostrophic vorticity in the core of the CG is ~0.1 f, smaller than the mean vorticity calculated from the drifter track.




Figure 12 | Week-long drifter tracks (with a circle at the end) centered on 1 June, 4 July, 18 July and 27 July 2019, superimposed on the mean geostrophic vorticity ζ for the same periods. Vorticity is scaled by the local inertial frequency f. Contours for ζ = 0 (black) and ζ = -0.2f, -0.1f, 0.1f and 0.2f (cyan) are also shown. The drifter track trapped in the CG is depicted in green (5510690). The location of the Eratosthenes Seamount is shown with an “X”.



The inertial frequency shift calculated with equation 1 using the geostrophic vorticity values averaged along the drifter paths is listed in Table 2. Details about this calculation can be found in the Appendix. Since vorticity is negative, the shift is negative and as large as -0.09 cpd. The frequency shift estimated by the wavelet ridge analysis is also shown for comparison. For the drifters that have large amplitude NIOs (greater than 28 cm/s), it is mostly negative and of the same order of magnitude as the value estimated by equation 1. There are a few exceptions with a small positive shift of 0.01-0.02 cpd, but this value is comparable to the accuracy of our frequency estimate. The most significant cases with good agreement between observed and calculated frequency shifts occur on 15 June 2017 and 18 July 2019, with a frequency shift approaching -0.1 cpd.

The frequency shift that corresponds to the average vorticity within the drifter orbits estimated from the drifter angular velocity and Stokes’ theorem is also given in Table 2. It is simply the reciprocal of the period of rotation (see the Appendix). This shift estimate is always negative but is generally larger than the geostrophic estimate (in absolute value). It is close to the shift due to the actual vorticity at the drifter location only if we can assume solid-body rotation, which, in practice, is only the case for a small radius less than 10-20 km. For the cases of strong NIOs in June 2017 and July 2019, this shift estimate can be much larger in absolute value with respect to the geostrophic and observed frequency shifts. In summary, the comparison between the observed frequency shift and the values using equation 1 and vorticity estimates remains very qualitative. We investigate it further in the next section for the case of strong NIOs in June 2017.




3.4 Drifter and geostrophic vorticity

It is well known that vorticity estimated from geostrophic currents derived from satellite altimetry measurements are underestimated given the spatial resolution of satellite sub-tracks (tens of kilometers) and grid interpolation. Therefore, it is interesting to try to estimate the vorticity from the drifter tracks themselves. Let us focus on the two drifters that were trapped in the CG in June 2017 to estimate the vorticity in the gyre. Drifter 3469260 rotates at a radius ~20 km with orbital speed of about 30 cm/s (Figures 3, 7 and 13). Inertial currents approach 40 cm/s (Figure 6). The other drifter (3665930) located farther out with a radius of ~50 km has an orbital speed of about 20 cm/s. In Figure 11 (lower-left panel), their tracks are overlaid on a map of geostrophic vorticity derived from satellite altimeter measurements and averaged over a week centered on 15 June.




Figure 13 | Top panel: Orbital speed versus radius using geostrophic currents estimated from satellite altimetry and averaged over the entire month of June 2017 and using a mean CG center location at 33°N30’ and 33°E11.25’ (black dots). Orbital speed of drifter 3469260 (blue) and 3665930 (green). Bottom panel: Geostrophic vorticity versus CG radius using mean geostrophic currents in June 2017 (black dots). Mean geostrophic vorticity inside circle with given radius estimated from the geostrophic currents (gray dots) and drifters (blue and green) using Stokes’ theorem.



We now assume that the properties of the CG are constant in June 2017 and consider the orbital speed and vorticity calculated from the geostrophic mean currents in June 2017. They are plotted against radius in Figure 13, assuming a CG center is located at 33°N30’ and 33°E11.25’. The geostrophic orbital speed is largest (~ 25 cm/s) for radii between 50 and 60 km. Drifter 3665930 has approximately the same orbital speed at the same radius. In contrast, for a shorter radius of 20-30 km, the drifter orbital speed (drifter 3469260, ~30 cm/s) is much larger than the geostrophic counterpart (15 cm/s).

The geostrophic vorticity approaches -0.2f in the center of the CG and passes through zero just outside the track of drifter 3665930 at ~60 km. With only a few drifters orbiting in the CG we can estimate the mean vorticity only within their looping tracks corresponding to a given radius using Stokes’ theorem. This is an overestimate because the vorticity, in absolute value, always decreases with increasing distance from the gyre center. The mean vorticity inside the orbit is twice the drifter angular velocity. The mean vorticity reaches -0.3f at a radius of 20-30 km (drifter 3469260) and is ~0.1f at a radius near 50 km (drifter 3665930). The mean vorticity inside an orbit with a given radius can also be calculated from the angular velocity of the mean geostrophic currents along the circular path (gray dots in Figure 13, lower panel). Again, for the outer drifter (3469260), the estimates of geostrophic and drifter mean vorticity are comparable. For the inner drifter (3665930), however, the drifter estimate is twice the geostrophic result.

In the core of the CG, the satellite-derived geostrophic currents underestimate the vorticity while we overestimate the vorticity using the drifter currents and Stokes’ theorem. As a result, we can conclude that our best estimate of vorticity is ~-0.2f for a radius of 20-30 km. Near the edge of the gyre, for a radius of 50-60 km, the two estimates are similar and close to the actual value. NIOs trapped in the CG in June 2017 should be red-shifted with respect to the local inertial frequency by about half the vorticity mentioned above, i.e., by 0.1f. This is indeed compatible with the observed frequency shift of -0.1 cpd listed in Table 2.





4 Discussion and conclusions

Several drifters deployed in the EMS were caught in the surface anticyclonic circulation of the CG for months in 2017 and 2019. In addition to the loops caused by gyre rotation (with a radius of order of 10 km), smaller clockwise loops with a radius of a few kilometers intermittently occured in the drifter tracks. These drifters provided a unique opportunity to study the morphology and kinematics of the CG and the NIOs trapped in it. Wavelet ridge analysis was applied to characterize these two rotational motions and to study the interaction between them. Ridges were identified following the maxima in the anticyclonic wavelet transforms of the drifter position and velocity time series (Figure 2) from which orbital parameters such as period, size (major and minor axes of the orbit) and strength of the orbital motion were estimated (Figures 3–5, 9).

In 2017, the CG was located southeast of Eratosthenes Seamount, moving slowly toward the southeast at a rate of 0.2 km/day (Figure 1). The drifters orbited with radii between 15 and 50 km. Typical maximum orbital speed of 30, 45 and 25 cm/s were observed at radii of 15, 30 and 50 km, respectively (Figure 7). Defining the gyre size with the radius at which the negative vorticity passes through zero, the CG has a diameter of ~ 60 km. Within its inner core (radius less than 15 km) the mean vorticity is 0.5f and the Rossby number is ~0.25. The looping tracks also show that the CG can have significant eccentricity (see, for example, drifter 3665930 in Figure 5 where the semi-minor axis is constantly smaller than the semi-major axis).

In 2019, the CG was more to the northwest and moving slowly westward (Figure 1). Only one drifter was trapped in the gyre and the radius of its orbit varies from 5 to 40 km (Figures 7, 9). Orbital speed increases almost linearly with radius, reaching about 25 cm/s at 35 km, corresponding to solid-body-rotation with an angular velocity of ~0.1f (or Rossby number ~ 0.1). Therefore, the strength of the vortex in 2019 is weaker compared to 2017. The size of the gyre is also not precisely defined because the drifter did not sample its outer edge (for radius larger than 30 km) where vorticity becomes positive.

The small loops that occur intermittently along the drifter tracks are NIOs and their frequency is close to the local inertial frequency f (Figures 6, 10). Several events of strong NIOs (with speed near or above 30 cm/s, and a peak value of ~40 cm/s) occur both in 2017 and 2019. The more frequent occurrence of NIOs between April and August is related to the formation of a surface mixed layer with an underlying seasonal thermocline, in which NIOs are enhanced. A damped slab model was used to simulate the surface NIOs. Although model parameters were chosen to maximize agreement with drifter observations (see, for instance, the good agreement for the event in mid-May 2017, Figure 6), the simple model was only partially successful in reproducing the observations (see, e.g., the event in mid-June 2017). This discrepancy may be due to 1) the inaccuracy of the ERA5 products that are be too smoothed spatially and underestimated with respect to real surface winds, and 2) more complex dynamics including the vertical propagation of the near-inertial energy below the mixed layer and the amplification of NIOs at the base of the CG near 500 m depth (see Lelong et al., 2020). In June 2017, it is noteworthy that the amplitude of NIOs sampled by drifters less than 100 km apart can vary significantly from one drifter to another. For example, in June 2017, the speed of the NIOs measured by drifter 3665930 is limited to 20 cm/s, while for the other drifter (3469260) it reaches ~40 cm/s, as seen above. Hence, due to the redshifting of the effective inertial frequency by the CG vorticity, and consequent horizontal trapping, strong NIOs entered in resonance with the diurnal variability of the local wind, under rather normal atmospheric conditions, similar to the case reported by Martínez-Marrero et al. (2019) in the Atlantic Ocean. Note that the clockwise diurnal loops in the drifter trajectory are redshifted NIOs resonantly forced by the diurnal wind, and not by other mechanisms such as diurnal tides.

For strong NIO events, the frequency shift, defined as the difference between the observed effective near-inertial frequency and the local f, is generally negative and can reach -0.1 cpd (Figures 6, 10). Theoretically, it should be related to the background vorticity by equation 1 (Kunze, 1985). Therefore, we compared this shift for each strong NIO event in 2017 and 2018, with two estimates of background vorticity: the geostrophic vorticity derived from satellite altimetry data and the mean vorticity in the inner core of the CG estimated from the drifter angular velocity and Stokes’ theorem (see Table 2 and Figures 11, 12). In summary, the comparison is not very satisfactory mostly because the background vorticity estimates have large error bars and may be due to the validity of equation 1 itself, which is an approximation of more complicated dynamics (see Kunze, 1985; Lelong et al., 2020).

Finally, we focused on the two drifters caught in the CG in June 2017 (Figure 13). At the edge of the gyre (radius ~ 50 km) the drifter orbital speed is similar to the geostrophic estimate. At shorter radii (20-30 km), the drifter rotation is about twice the geostrophic current. If we can assume solid-body rotation in the inner part of the gyre, there is also a factor of two between the vorticity estimates, with the drifter vorticity reaching -0.3 f. Since the geostrophic value is an underestimate and the drifter-derived result is somehow overestimated, we can guess that the actual vorticity near the drifter should be ~ -0.2 f.

In summary, we were successful to diagnose the kinematics of the CG and the NIOs trapped inside its core using the data of a few drifters and statistical methods based on wavelets. However, more high-frequency observations of currents and water mass properties are needed, especially in the water column, to further investigate the dynamics of this important circulation feature of the Eastern Mediterranean Sea and its interaction with trapped near-inertial waves.
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Appendix




Wavelet ridge analysis

Bivariate rotary wavelet continuous transforms of drifter position or velocity time series is calculated using generalized Morse wavelets for both negative (anticyclonic) and positive (cyclonic) rotations. The generalized Morse wavelet is composed of a complex exponential (carrier) multiplied by a Gaussian window (envelope). In this analysis, the wavelet order and shape parameters are set to 3 and 4, respectively (see Lilly and Olhede, 2012). The wavelet is bandpass normalized, meaning that its Fourier transform has a peak value of 2 for all frequencies. The frequency resolution increases linearly with frequency: at 0.1 cpd it is ~ 0.07 cpd, while at 1 cpd it is ~0.7 cpd.

A ridge detection algorithm is applied to identify the continuous one-sided ridges with maximum transform amplitudes. The minimum number of wavelet length in a ridge is set to 2. The ridges are trimmed to exclude erroneous results at the beginning and end of the time series. In this work, the ridge detection analysis is only performed for negative rotary wavelet transforms to identify continuous anticyclonic rotary motions (gyre rotation and NIOs).

The semi-major axis (a), semi-minor axis (b) and inclination θ of the position or velocity ellipses are estimated from the negative (wn) and positive (wp) wavelet transform values along the ridges identified in the anticyclonic wavelets according to the following equations (Lilly and Gascard, 2006):

 

 

 

If Fp is the frequency of the ridges detected in the position wavelets, the maximum and minimum velocities of the drifter around the elliptical orbit are defined as Vmaxp = 2πa/Fp and Vminp = 2πb/Fp, where a and b are the semi-axes of the position ellipse. The geometrical mean radius is defined as  , while the ellipse center is estimated by removing the rotational motion from the original position time series. The mean orbital speed is calculated by dividing the ellipse perimeter   by the period. The eccentricity of the ellipse is defined as  .





Inertial frequency and angular velocity

The local Coriolis or inertial frequency f is defined as 2 Ω sin(latitude), where Ω is the angular velocity of the Earth (7.29 10-5 rad/s). To be more precise, f is an angular frequency and the inertial frequency is equal to f/2π. Hence, equation 1 can be expressed as follows in terms of frequencies:

	

For example, if ζ = -0.15 f and latitude = 33.5°N, f = 8.0472 10-5 rad/s and ζ = -1.2 10-5 cps = 1.05 cpd. So the theoretical frequency shift is: 1.05/4π = 0.083 cpd.

Using Stokes’s theorem and assuming solid-body rotation, we have that ζ = 4 π/P, where P is the rotation period. Thus, the frequency shift is simply 1/P.

Note that inertial motions have an angular velocity of f, a vorticity of 2f according to Stokes’ theorem and a Rossby number, ratio of angular velocity and f, equal to 1.
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The shift estimated from the geostrophic background vorticity is defined at the vorticity divided by 4m. The shift estimated from the drifters is the drifter angular velocity (1/period). See the
Appendix for more details. Results in bold correspond to the maximum inertial oscillations (speed > 28 cm/s) during the events considered.
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