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Rossby waves driven by the Mid
Mediterranean Jet impact the
Eastern Mediterranean mesoscale
dynamics
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The most prominent and persistent feature of the eastern Mediterranean Levantine Basin (LB) is

the warm anticyclonic Cyprus Eddy (CE) located above the Eratosthenes Seamount (ESM). This eddy
periodically couples with two smaller cyclonic and anticyclonic eddies, the South Shikmona Eddy
(SSE) and North Shikmona Eddy (NSE), which form downstream. The reason for the zonal drift of the
CE center and the formation mechanism of the CE, SSE and NSE is largely debated today, yet the
upwelling and biological productivity of the LB can be strongly impacted by the local dynamics. Using
a variety of research methods—theory, models, laboratory and field experiments—we demonstrate
that the CE is an anticyclonic Taylor column generated by the eastward Mid Mediterranean Jet (MMJ)
impinging over the ESM. When the center of the CE is west of 32.7° E, a Rossby wave with embedded
cyclonic and anticyclonic vortices corresponding to the SSE and NSE, respectively, forms downstream.
The position of the CE center reveals to be dependent on the intensity of the MMJ and thus on the
cyclonic/anticyclonic mode of the North lonian Gyre. Our results highlight the key role the central
Mediterranean Sea plays on LB, and can be used to predict the Easter Mediterranean Sea mesoscale
dynamics up to about three years in advance. They also show how Rossby waves can trigger the
transport of nutrient-rich coastal waters offshore, a mechanism that is of paramount importance

for the oligotrophic environment of the LB. The coherent results from our multi-approach research
underscore the uniqueness and reliability of our findings.

Keywords Cyprus eddy, Rossby waves, Levantine Basin, Stratified beta plane, Laboratory experiments, Mid
Mediterranean Jet, North Ionian Gyre

The eastern Mediterranean features a complex system of meandering jets, currents and eddies that interact
dynamically. The seasonal variability of the stratification and the presence of the coast along Israel, Lebanon and
Egypt acting as a barrier and/or as a source of eddies (through barotropic and/or baroclinic instability), further
complicate thedynamic of the area!

In the north-western part of the Levantine Basin (LB), the cyclonic Rhodes Gyre is located between the
islands of Cyprus, Rhodes and Crete (Fig. 1), bordered by the westward Asia Minor Current to the north and by
the eastward cross-basin meandering current named Mid-Mediterranean Jet?>-%, (MMY]). The latter, flowing from
~ 24° E to southeast of Cyprus, advects the Atlantic Water to the LB, potentially generating mesoscale features.
The MM] varies on a seasonal and interannual scale and its variability along with the volume of Atlantic Water
transferred to the LB, follows the cyclonic-anticyclonic regime of the North Ionian Gyre*’-*(NIG), a permanent
feature of the central Ionian Sea with a switching mode on a quasi-decadal scale!®!!. The eastern LB hosts a
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Fig. 1. Absolute Dynamics Topography (ADT) of the Central and Eastern Mediterranean Sea averaged for
the period January-May 2015. Black arrow indicates the Mid Mediterranean Jet (MM]) and the Asia Minor
Current (AMC). Red circles indicate anticyclonic eddies: Pelops Gyre (PG), Marsa Matrouh gyre (MMG),
Cyprus Eddy (CE), North Shikmona Eddy (NSE), and North Ionian Gyre (NIG) anticyclonic mode. White
circles indicate cyclonic eddies: Rhodes gyre (RG), South Shikmona Eddy (SSE) and the NIG cyclonic mode.
Spatially averaged low-passed filtered (13 months) current vorticity has been computed for the blue box area
(37-39.5° N; 17-19.5° E) while the incoming flow U_ averaged in the upper 1000 m was computed across the
Sect. 33-34° N, 31° E highlighted by the gray vertical line. The topography of the Levantine Basin is shown in
the upper corner of the figure, where the white diamond highlights the ESM summit.

non-permanent, multi-pole Shikmona Gyre system, consisting of three anticyclonic eddies'>"!*: one offshore

Israel-Lebanon, a second close to the Eratosthenes seamount (ESM) and a third one offshore Egypt (MMG, not
discussed hereafter).

The anticyclonic North Shikmona Eddy (NSE, Fig. 1) offshore Israel-Lebanon, first identified by the Physical
Oceanography of the Eastern Mediterranean (POEM) group in the late 1980s'>!516, was later confirmed by in-
situ glider measurements described by Mauri et al.””. This eddy, with a center located between 34° - 35° E, is
believed to form due to the instability of the northward slope current flowing along the Israeli-Lebanese coast®
and it is periodically observed as reported by Ozsoy et al.'®. A nearby cyclonic eddy, the South Shikmona Eddy
(SSE), was detected west of the NSE during the same glider field campaign.

The anticyclonic eddy near the ESM is known as Cyprus Eddy'®?°(CE) although in the literature sometimes
it is referred to as Cyprus Gyre*""?2. First observed southeast of Cyprus island in 1983%>?, its diameter can be
as large as 120 km®2°, with a vertical extension of approximately 800 m of depth!”. The CE is believed to be
topographically trapped by the combined effects of the island of Cyprus, the ESM, and the coast of Lebanon?.
Described as a transient or recurrent feature!>!>16, its center migrates seasonally between 33.25° - 33.5° N and
31.75° - 33° E with average coordinate of 33.5° N, 33° E®?%%”_ For instance, Brenner? noted its presence at the
end of 1985-early 1986, centered around 34° N, 34° E. Zodiatis et al.Mrevealed that during the period 1996-1997,
the CE center was located between 33° - 34° E, about 55 km westward from the position reported by Brenner!*%.
However, between 2001-2007, the CE shifted to the west (~32° E) allowing space to form meandering wakes
with eddies. This westward-eastward shifting of the CE center has been connected to the appearance of the
anticyclonic NSE, which forces the CE to migrate west and away from the ESM area!*!1%25,

The exact causes of the CE center migration and the generation mechanisms of CE, NSE and SSE remain
today unresolved and largely debated. A recent numerical study by Egorova et al8linked the formation of the CE
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to the growth of non-axisymmetric perturbations over a hollow-mount system in the broader area of the ESM.
Their analytical solutions for a homogeneous ocean predict the CE center southwest of this system while, for a
three-layer stratified ocean, their model results indicate that the CE formation is not affected by the angle of the
flow, and high velocities in the vicinity of the ESM prevent its formation®.

In previous studies, the formation of an anticyclonic eddy above a sea-mountain on a 3 (the Rossby parameter)
and f (the Coriolis parameter) plane, along with downstream cyclonic-anticyclonic eddies, has been addressed
theoretically, numerically, and experimentally in both homogeneous and stratified flows**-*. McCartney’s
analytical solutions*’showed that an anticyclonic Taylor column forms above a submerged bump, and under
specific inflow conditions, a stationary meandering wake with embedded eddies develops downstream (see also
McCartney*® and Pirro et al.*’). Numerical simulations by Verron and Provost® suggest that this wake is a
standing Rossby wave with group velocity approximately equal to the incoming flow.

The present study aims to define the physical mechanism behind the CE formation and link its variability
to the Central and Eastern Mediterranean Sea dynamics through laboratory experiments, theory, numerical
models and in-situ products. It shows that the CE is an anticyclonic Taylor column generated by the eastward
MM]J impinging over the ESM, which rises from 2.5 km depth to about 600 m below the sea surface, and has an
averaged diameter of 80 km that varies with the latitude and the depth. The study also reveal that the downstream
meandering wake exhibits characteristics of a standing Rossby wave, whose embedded cyclonic and anticyclonic
eddies correspond to the SSE and NSE, respectively (Fig. 1). Furthermore, our findings establish a direct link
between the CE center position and the intensity of the MMJ, which is regulated by the dynamics of the NIG.
Laboratory experiments were conducted following the theoretical work of McCartney (1975). Considering
-plane, homogeneous and stratified flow, along with topography height and the b parameter (which measures
the dynamic importance of 3), these experiments were scaled based on in-situ ocean data and the results were
further supported and validated by theory, numerical models, Argo floats, and glider data.

Results

Eddies tracking and Rossby waves analysis

The LB’s anticyclonic and cyclonic activity from 1993 to 2021 was assessed using the TOEddies algorithm,
hereafter TOEddies*!' (see the Methods and data section for more details) applied to the Absolute Dynamic
Topography (ADT) derived from satellite altimetry. This aimed to identify periods when the CE surrounds
the ESM (highlighted by a white diamond, Fig. 2), and to what extent the cyclonic and anticyclonic eddies
downstream are related to the position of the CE center.

Using the TOEddies database, we statistically analyzed the entire eddy field by calculating the percentage
of days when each 1/8" degree cell is encompassed by anticyclonic (Fig. 2a) or cyclonic (Fig. 2b) eddies. The
analysis found that the ESM is within an anticyclonic eddy (the CE) 52% of the time (Fig. 2a), and that a region
centered around 34.5° E, 33.9° N and connected to the CE also locates within anticyclonic eddies (45% of the
time; Fig. 2a). Conversely, the area at~33.5° E, 33.8° N between these two anticyclonic regions experiences
cyclonic vortices ~ 12% of the time (Fig. 2b).

Focusing on the period when the CE is present (52% of the total study period) we discriminated two cases:
when the CE’s center is west (23% of the total study period; Figs. 2c-d) or east (29% of the total study period;
Figs. 2e-f) of the ESM. In the west case (Fig. 2¢), an anticyclonic region labeled G1 and centered at ~ 34.5° E, now
appears to be separated from the CE by a cyclonic eddy labeled G2 and appearing 15 to 20% of the time (Fig. 2d).
Conversely, when the center of the CE is located to the east of the ESM (Fig. 2e), the CE extends further eastward,
leaving no space for the formation of the anticyclonic G1 vortex. This eastern extension may emphasize the
connection between the CE and G1 (see Figs. 2a, 2c). Additionally, the area under the influence of the cyclonic
eddy east of the CE also shifts eastward (34.5° E, 34° N) , occurring less frequently (8 to 10% of the time; Fig. 2f).

The above analysis highlights that when the CE’s center is located west of the ESM, a pronounced anticyclonic
vortex G1 often occurs east of it, with a cyclonic eddy G2 between them. When the CE is east of the ESM, G1 is
usually absent, and the cyclonic corridor becomes less active, shifting eastwards.

To investigate the spatio-temporal evolution of CE, G1 and G2, a time series correlation between the CE
center (detected with TOEddies) and incoming velocity U, averaged in the upper 1000 m depth at the section
upstream of the ESM (33-34° N, 31° E; based on the ESM bathymetry) is presented in Fig. 3a. The daily time
series of the CE longitude center (gray dots) and U_ (not shown) were filtered using a 13-month moving average
(purple and black lines, respectively) to remove the seasonal variations of the signal. The analysis reveals a
significant correlation (~0.62; p-value <0.05; confidence level 95%, with a time lag close to zero) between the
east/west shift of the CE center and the corresponding weakening/strengthening of the current.

This correlation is clearly evident during two specific periods (1999-2005 and 2011-2017). During these
times, the CE begins to move westward when U_ exceeds approximately 3 cm s™', and it shifts eastward when
U, decreases from ~6.5 to 3 cm s7! (Fig. 3a). The CE reached extreme western peaks at the end of 2002, with a
longltude of 31.89° E, and at the end of 2015, with a longitude of 31.57° E.

Conversely, during 2007-2011, both curves display an in-phase correlation. The development of G2 and
G1 eddies (red and blue crosses) primarily occurs when the CE is west of the ESM (as also shown in Fig. 2c-d),
suggesting that the Israeli-Lebanese coast may limit their formation .

Previous studies based on satellite and in-situ data indicate that the variability of water volume advected to
the LB through the MM] are regulated by the cyclonic and anticyclonic mode of the NIG”#1%2, which increases/
reduces the inflow of waters in the LB from the Ionian Sea. A correlation study between the timeseries of the NIG
vorticity”®4>%* and the time series of the CE longitude center (Fig. 3b-c) reveals a significant anti-correlation
between the two curves (correlation ~-0.6; p-value < 0.05; confidence level 95%), with a time lag of approximately
36 months. A decrease in vorticity (highlighted by the solid orange arrow) corresponds to the eastward shift of
the CE center (dashed orange line) after about 3 years. Conversely, an increase in vorticity results in a westward
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Fig. 2. TOEddies algorithm results applied to the Absolute Dynamic Topography (ADT) between 1993 and
2021 in the Levantine Basin. (a,b) Percentage of time each grid cell (1/8°x 1/8°) is within an anticyclonic (left
column) or a cyclonic (right column) eddy; the time when the CE was present was splitted in the west case
(c-d), when the CE center is west of the ESM) and in the east case (e-f), when the CE is east of the ESM). The
percentage shown for panels (c-f) is computed over the subsampled period. The characteristics of the CE for

the west case (Center, V__

,R_.andRo,=V__/fR_ ) withthe standard deviation (std) are reported in
Fig. 2c. The white diamond at 32.7° E, 33.7° N indicates the ESM summit.
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Fig. 3. (a) Time series of the low-pass filtered (13 months) incoming velocity U_ (normal velocity component
across the gray transect of Fig. 1) at the Sect. 33-34° N, 31° E averaged in the upper 1000 m of depth (black
line); time series of the low-pass filtered (13 months) CE longitude center detected with the TOEddies
algorithm (purple line); daily longitude values of the CE center detected with the TOEddies algorithm (gray
dots); daily longitude center of the cyclonic eddy G2 (red crosses) and anticyclonic eddy G1 (blue crosses)
detected with the TOEddies algorithm; CE longitude center calculated from in-situ glider data (green
diamonds). (b) Time series of the low-pass filtered (13 months) spatially averaged current vorticity (green line)
computed in the Northern Ionian Sea (blue box in Fig. 1, 37-39° N; 17-19.5° E); solid orange and blue arrows
indicate the decreasing and the increasing of the NIG vorticity, respectively; cyclonic and anticyclonic phases
of the NIG are highlighted by the pink and white shaded areas, respectively. (c) Time series of the low-pass
filtered (13 months) CE longitude detected with the TOEddies algorithm (purple line); dashed orange and blue
arrows correspond to the solid arrows of the upper panel, respectively (one dashed blue arrow is missing since
it is not yet occurred).

shift of the CE center (solid and dashed blue arrows). Major westward shifts of the CE center began in early
1999 and 2011, both associated with preceding increases in negative vorticity during the anticyclonic phase.
Thus, as the NIG transitions from an anticyclonic to a cyclonic mode, its effects on the CE are observed after
approximately 3 years.

The position of the CE detected from satellite data aligns well with in-situ observations gathered from regular
glider deployments from 2009 to 2015. During this period, the interannual east-west shifts of the CE center
observed from space are well captured by the glider measurements (green diamonds in Fig. 3a). Additionally,
the mean salinity between 300 and 500 m, serving as an indicator for the presence of the deep core of the
CE?, corresponds well with the position of its center (Figure S1, supplementary information). The dynamical
reconstruction of the CE when its longitude center is < =32.7° E yields a mean radius R___ =31 km (std =6 km),
amean velocity V. =0.19 m s7! (std=0.04 m s™') and a mean Rossby number Ro, —O 08 +0.03. These results
are consistent with those obtained from the TOEddies analysis for the west case “listed in Fig. 2c. However,
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the slightly larger R (and smaller Ro_) can be attributed to the coarser horizontal resolution of the satellite
measurements compared to the glider data.

The TOEddies results were also used to investigate the nature of the CE, G1 and G2 eddies, particularly
focusing on the Rossby wave characteristic in the eastern LB. This phenomenon was already hypothesized by
Robinson et al.!* as a seasonal response of the wind-driven circulation in a very coarse resolution (1/4th degree)
model with flat-bottom. Recently, Kontoyiannis et al.** identified Rossby waves in the deep layer (700-4000 m)
south of Crete. However, these waves have a different driver from the Rossby waves described in this work,
and are classified as topographic Rossby waves. For the entire study period, the days when all three vortices are
simultaneously present (considering the west case) were determined. The zonal wavelength (Ax) was computed
as the distance between the center of CE and the center of G1. The zonal wavenumber (K,) was computed as
K= 2n/Ax, while the dispersion relation of the Rossby waves was derived as in Cushman*® (Eq. 9.27 page 258):

K,
1+ R? (K2 + K32)

w=—BrR?

where R = (/gH)/ [ is the deformation radius and K, is the meridional wavenumber. Using H=1000 m,
a mean value of f (8.11e™° 571, for 33.79° N), a fixed K, (0.025 km™ or Ay = 250 km, given by the zonal and
meridional symmetry of the eddies investigated) and a mean value of  (1.9¢7® km™! s7!), different zonal
wavenumber have been calculated for each A along with the correspondent frequency (Figure S2, supplementary
information). Results show that the hypothesized Rossby wave follow the eastward energy propagation curve for
K, > 0.025km™! (that is A < 250 km) confirming that the eddies CE, G1 and G2, when all present at the same
time, are embedded within the meanders of a Rossby wave with a zonal wavelength between 180 and 250 km.

Laboratory experiments on eddies generation

The eddies generation mechanism is proven through a set of laboratory experiments. Laboratory parameters
were scaled based on the 2015 ocean data, as the CE detected further west (Figs. 2¢, 3a) facilitating downstream
eddies formation. Considering that the TOEddies analysis indicates the formation of the eddies G1 and G2
mainly from January to May (when the ocean is homogeneous or weakly stratified, not shown), the incoming
velocity (U =2-5 cm s™') and density variation (A, = 0.5 kg m~®) were computed during this period and in the
layer H=0-1000 m. Specifically, the density variation between layers 0-100 m and 100-1000 m was calculated
from Argo float profiles averaged over the area where CE, G1 and G2 primarily develop (32.8°—34.2° N; 31°—
34-5° E). Given that the ESM top is~600 m below the sea surface, its height (h' ) is chosen to be 400 m with
a mean radius (L) of 40 km. The experiments have been conducted in the Coriolis Rotating Platform at LEGI
(Grenoble), which consists of a circular tank of 13 m diameter. A sketch of the experimental set-up is given in
Fig. 6 of the Methods and data section. The ESM is represented by a bump with L=0.345 m base radius and a
maximum height of i’ =0.21 m, placed on an inclined boundary shaped as an inverted cone with a circular cross
section and a slope of s=0.1. The inclined boundary produced the desired topographic §3-plane effect. The tank
was initially filled with fresh water at a depth of H=0.47 m at the section on the top of the bump on the inclined
boundary. For a given tank rotation characterized by a period T, the inflow velocity in the experiment was
determined by imposing dynamic similarity with respect to the parameter b of the ocean and, at the same time,
keeping the Rossby number Ro=Uo/f L<1. The barotropic base inflow U was produced by a slight change
of the tank rotation period following the techniques used by Sous et al.*¢ and was stationary throughout the
experiments. The data were processed excluding the initial set-up phase of the flow.

Table 1 summarizes all primary and derived parameters in the laboratory experiments and in the ocean.
Experiments EXP-H1 and EXP-H2 have been realized under homogeneous ambient water conditions, while
experiments EXP-S1 and EXP-S2 have been performed using a weakly stratified ambient flow. The two
experiments for each ambient flow condition differ for the parameter b=1 L2/Uo (small values of b imply that 8
effects are unimportant), and which characterize two distinct situations in the ocean case. Further details on the
experimental set-up and measurements techniques are given in the Methods and data section.

The horizontal velocity field (from PIV technique) and positive values of the Q-criterion?”*8 were used to
identify the areas characterized by vortices. In both EXP-H2 and EXP-H1 (Fig. 4a-b) an anticyclonic eddy is
present above the ESM and a standing wake develops downstream with a westward movement occurring only

Case H/L Hy/H U fo B b Ro,Ro N S d Nobs Auns Avic
[ emfs st (ms)! [-] (-] st ] m m
EXP-HI 068 045 14 0314 0.12 1.0 021,013 - , 5 2.0 21, -
EXP-H2 068 045 0.79 0314 012 177 018,007 - = 2 15 15,-
EXP-SI 068 045 14 0314 0.12 1.04 02,013 11 056 091 22 1.9,2.6
EXP-S2 068 045 083 0314 012 168 016,008 1.1 056 091 15 1.46,1.3

Ocean 0.03 04 25 72¢5 2T 1.6-065 e? 3e3 096 0.9 (1825 (24,19-28)e?

Table 1. Experimental parameters and initial conditions compared to the real ocean case. See Methods and
data section for details on the flow scales and relevant non-dimensional numbers. The parameter d represents
the ratio between the bottom layer and the total water depth H for the stratified cases while the Rossby number
Ro, referstoV _andR .
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Fig. 4. Horizontal velocity field for homogeneous (a, EXP-H2 and b, EXP-H1) and stratified (c, EXP-S1 and
d, EXP-S2) experiments. Magenta dashed circle indicates the contour of the ESM used during the experiment
while the magenta diamond shows the center location of the anticyclonic eddy above the ESM based on the
velocity field. Colored maps display Q-factor values, with positive values indicating cyclonic or anticyclonic
vortices within Rossby waves, depending on the flow direction.

under a non stationary (e.g. decreasing) flow condition. In addition, closed cyclonic and anticyclonic eddies
form within the wake meanders, and are better highlighted when the incoming flow is lower (EXP-H2).

The theoretical Rossby waves wavelength for barotropic flow computed as A\;p, = 271 (Uo B~ 1) 1/2, are 1.53 m

and 2.16 m for experiments EXP-H2 and EXP-HI, respectively. Similarly to the homogeneous cases, the eddy
above the bump forms in both the weakly stratified experiments and the eddies in the wake are still defined
by closed streamlines. For EXP-S1 and EXP-S2 (Fig. 4c-d) the theoretical wavelengths have been computed
using both A\;p, = 271.26 fdzUs /(8 N) (which includes the vertical gradient of the incoming velocity (dzUs
), the Coriolis parameter (f), the Beta effect (B), the Brunt-Viisild frequency (N); see Gill*, pp. 562) , and
Ame = 2w , where K1 is a constant that includes the stratification, the incoming flow and the parameter
(see McCartney?’, pp. 77-90).

According to Chapman and Haidvogel (1992; see their Fig.7 and 20)*’, a flow above a seamountain generates
a Taylor cup if Ro is less than the critical Rossby number (Ro ). In our case, the laboratory Ro is smaller than
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the critical Rossby number (Ro_=0.14) determined for ho/H=0.45. This supports the conclusion that the
observed anticyclonic eddy forming above the ESM is a Taylor column, formed due to the interaction between
the incoming flow U and the ESM. These findings are also consistent with Hupperts (1975) theory*, which
predicts Taylor columns for the ratio ho/Ro> 1.5 (here=280 for the set of our non-dimensional parameters).
Meanwhile, the downstream wake can be attributed to a Rossby wave, as the ratio between the theoretical and
observed wavelength values is close to one (Table 1 and Figure S3, supplementary information). The same
conclusion can be drawn for the ocean case where the CE above the ESM can be considered as a Taylor column
(Ro < (Ro_=0.13) computed for b’ /H=0.4) generated by the interaction of the MM] with the ESM. Additionally
the match between observed (computed from ADT during the period January-May) and theoretical wavelength
confirms that the downstream meander is a Rossby wave (Table 1 and Figure S3, supplementary information).
Therefore, the oceanic and laboratory conditions are well supported by the Rossby wave theory and in particular,
the laboratory wavelengths for EXP-S1 and EXP-S2 which depend on the b parameter, perfectly scale with the
ocean values computed with TOEddies. Specifically, for the EXP-S2 (representative of the case of small incoming
velocity and hence a large value of the parameter b) the non-dimensional wavelength Aops /2L is 2.2 which is
equivalent to that of the ocean (~2.25) computed for Aops=180 km and L=40 km (for small incoming velocity
and high b parameter) while, for EXP-S1 (smaller b parameter and high incoming velocity) Aobs /2L=3.2 which
compares well with the values of the ocean of 3.2 computed for A,ps=250 km and L=40 km (for high incoming
velocity and small b parameter).

The position of the anticyclonic vortex above the bump was computed relative to the center of the seamount
(Fig. 4) using the velocity field®'. In EXP-H2 the center coordinates are X1 =—5.59 cm and Y1 =—3.50 cm while
in EXP-H1, the center shifts westward to coordinates X2=—12 cm and Y2=38.5 cm. For the weakly stratified
experiment EXP-S2, the coordinates are, X1 =—-0.08 cm and Y1=18.48 cm, and in EXP-S1, the center moves
to the west again to X2=-8.59 cm and Y2=19 cm. Therefore, for both homogeneous and stratified flow
conditions, the zonal shift of the CE center (AX=X2-X1) over the bumps’ diameter (L) is observed when the
incoming velocity doubles (e.g. from~0.8 cm s™ to 1.4 cm s7%), with AX|  =0.074 and AX__..=0.12. For
the ocean case (Fig. 3a) when the incoming flow increases from ~3 cms™ to 6 cms™!, the CE center shifts from
X1~46 km to X2~55 km (both calculated with respect to the center of the ESM). The zonal shift over the
ESM radius is AX . =0.11. This value is consistent with the laboratory AX_ .. suggesting that the zonal CE
position depends on current intensity.

strati

Discussion and conclusions

The formation mechanism of the CE and of the downstream SSE and NSE in the LB was demonstrated for the
first time with scaled laboratory experiments (based on in-situ ocean data) in the LEGI rotating tank under
homogeneous and stratified fluid conditions. Results show that the CE is a Taylor column generated by the
impingement of the MM]J on the ESM and that the downstream wave is a Rossby wave whose enclosed eddies can
be associated with the cyclonic SSE and anticyclonic NSE, respectively. The TOEddies analysis based on 28 years
of ADT data indicates that this laboratory case can only be observed in the real ocean when the CE center is west
of 32.7° E (center of the ESM), as the Israeli-Lebanese coast acts as a barrier to the formation of waves and eddies
(Fig. 2c-d). Correlation analysis between the CE longitude center and the incoming velocity U_ (which simulates
the MM]J) in the layer 0-1000 m depth, shows that the CE starts to move westward when U_ exceeds~3 cm
s~! and reaches a maximum of ~ 6.5 cm s~! whereas, when U, decreases from~6.5 to~3 cm s~! the CE shifts
eastward (Fig. 3a). The ocean currents’ strengthening and weakening correlate with the westward and eastward
drift of the CE center during distinct time intervals: 1999-2005 and 2011-2017. A correlation analysis between
the NIG vorticity and the CE longitude center was required because the U, variability is intimately linked to the
NIG dynamics. Results indicate that the effects of the NIG’s cyclonic/anticyclonic modes propagate about 3 years
later in the eastern LB (Fig. 3b-c) and specifically, the CE begins to move westward in 1999 (2011) coinciding
with the increasing of maximum negative vorticity of the 1993-1998 (2006-2010) anticyclonic phase of NIG. As
the vorticity transitions to zero by late 1997 (2010), the cyclonic phase begins, and the CE center reaches 32.7°
E about 3 years later. This leads to simultaneous occurrences of CE, G1, and G2 eddies during 2001-2004 (end
0f2012-2016).

These results are consistent with the findings of Zodiatis et al.', where in-situ data and numerical simulations
show the presence of only CE in the period 1996-1999 and the simultaneous presence of CE, G1 and G2 in the
period 2001-2007, although our analysis indicates a shorter period (2001-2004) and an additional one (2012-
2016). The eastward and westward CE shifting in the above mentioned periods is also supported by drifters
data of Poulain et al.?? and by in-situ glider data (Figs. 3a and S1). The above results reinforce earlier findings
regarding the effects of the NIG reversal on water transport in the LB#21:52-56 while also providing a time
estimate for the connection between the NIG and the LB dynamics.

The computation of the Rossby wave dispersion relation indicates that the coexistence of CE, G1 and G2 in
the ocean is related to the presence of a Rossby wave, with an eastward energy provided by the MMJ and a zonal
wavelength between 180 and 250 km (Figure S2, supplementary information). However, while laboratory results
point to standing Rossby waves, in the ocean these waves are forced to propagate due to the coast effect, variation
of the upstream conditions and interaction with surrounding eddies and currents.

The experiments presented in this work confirm that under different conditions of the parameter b (and thus
incoming velocity U ) and ambient stratification, the anticyclonic CE consistently form above the submerged
bump. A downstream wake with enclosed cyclonic and anticyclonic eddies also forms. While the inclination
of the current with respect to the zonal direction is considered unimportant for dynamics when small”’, a
zonal U_was consistently assumed, despite the possibility of the MM] being southwesterly'***. Model results by
Egorova et al.?® confirm this lack of influence on CE formation, but suggest high velocities may inhibit it, contrary
to our laboratory results which consistently show the CE formation, with U_ intensity affecting the CE center’s
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Latitude, °N

position. In fact, when the velocity doubles from ~ 0.8 cms~! to 1.4 cms™!the center shifts westward, or in oceanic
conditions, the CE forms west of 32.7° E, facilitating downstream Rossby wave formation with embedded eddies.
Its interaction with the Israeli-Lebanese coast blocks the northward penetration of the southerly coastal flow,
leading to anticyclonic coastal eddy formation. This eddy triggers the transport of nutrient-rich coastal water
offshore®®, a mechanism that is of paramount importance for an oligotrophic area such as the LB. An example
is reported in Fig. 5 where the anticyclonic eddy Al forms around January 24 at~33° N (Fig. 5b) following the
weakening of the northward water transport (computed in the upper 150 m along the zonal Sect. 34.1° N, 35-36°
E) during the period 10-26 January (Figure S4, supplementary information). When A1 detaches from the coast,
a clear surface Chlorophyll signal is associated with it (Fig. 5¢) and later transported northward favored by the
dynamics of the area (Fig. 5d).

Our findings reveal that understanding the behavior of the NIG can be leveraged to predict the mesoscale
dynamics in the LB up to about three years in advance. This emphasizes the significant impact of the central
Mediterranean Sea on the mesoscale dynamics of the Eastern Mediterranean, enhancing our understanding of
basin circulation and having important implications for regional biological knowledge.

Methods and data

Eddy tracking analysis

The mesoscale eddies were detected and tracked using the TOEddies algorithm*!. This method identifies
mesoscale eddies by detecting closed Sea Surface Height (SSH) contours that enclose an extremum. This is
based on the concept that SSH isolines correspond to current streamlines in a state of geostrophic equilibrium.
Therefore, a maximum (minimum) SSH value encircled by a closed contour indicates the presence of an
anticyclonic (cyclonic) eddy. The algorithm tracks these eddies over time by taking advantage of their small daily

Chlorophyll, pg I
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Fig. 5. Surface maps of Chlorophyll for different days of 2015 overlaid with surface geostrophic velocity.
Eddies CE, G1 and G2 are reported in magenta, while the anticyclonic eddy Al that develops from the
northward current along the coast, is highlighted in red.
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movements relative to their size, resulting in overlapping regions across consecutive days. This overlap allows the
algorithm to obtain eddy trajectories taking into account both merging or splitting events.

The TOEddies algorithm was applied to satellite-derived 1/8° fields of Absolute Dynamic Topography (ADT,
a proxy for SSH) and associated geostrophic currents. We characterized each detected eddy using two radii
defined by the TOEddies algorithm: the outermost boundary radius (R ) corresponding to the largest closed
contour, and the radius where the average geostrophic velocities reach their maximum (R__ ), along with the
maximum velocity (V,__ ) associated with this radius. Following LeVu et al.>%, the Rossby number has been
calculated as: Ro, =V __/fR_ where fis the Coriolis parameter.

Among all the eddies detected daily in the LB, the CE was identified as an anticyclonic eddy detected above
the ESM with its topo located at 32.7° E, 33.7° N. The resulting CE are then divided into two groups depending
on whether the CE center is west or east of the ESM.

Glider data

Gliders are autonomous profiling platforms used to sample the ocean in a sawtooth trajectory down to a
maximum depth of 1000 m along a predefined path defined by a set of waypoints®®. At each surfacing, the
glider communicates scientific and technical data and receives orders by satellite iridium. The dead reckoned
position of surfacing estimated by the glider is then compared with GPS fixes in order to compute a depth-
averaged current®. This information is of paramount importance to study mesoscale eddies with gliders as the
eddy center can be inferred using these current estimates®2. The CE center was then detected (Figure S1) and a
dynamical reconstruction inferred for each glider mission (dedicated to the monitoring of the CE, for periods
of 3 to 7 months, from 2009 to 2015, and mostly using Seaglider missions®®). Following the procedure of Bosse
et al.%, cyclogeostrophic velocities of the CE were estimated. Note that given the Rossby number of the CE, the
cyclostrophic component corresponds to about 10% of the total velocity amplitude. For each eddy realization,
the radius is then defined at the maximum velocity, and the Rossby number computed as: Ro,=V__/fR_ ., with
fthe Coriolis parameter.

max;

Laboratory experiments

The laboratory system depends on seven independent variables which are combined to give the relevant non
dimensional numbers. The basic inflow field is characterized by a mean meridionally averaged zonal velocity
U, over the water depth H. The topography is characterized by a single horizontal length scale L and a height
k. The 83 plane is defined as f(y) =f + Ry, where f_ is the Coriolis parameter and y is the poleward directed
coordinate, and lastly the kinematic viscosity v . The non-dimensional parameters characterizing the problem
are: h' /H (the relative height of the topography to the total water depth), H/L (the aspect ratio), Ro=U_/(f, L)
(the Rossby number), Ek=v, / (fOHz) (the Ekman number), and b=81%/ U, (the b parameter) which measures the
dynamic importance of 8 (small values of b imply that {3 effects are unimportant). Considering that the vertical
stratification is characterized by the reduced gravity g'=gAp/p,, the non-dimensional parameter S=g'H/f > 12
(also called the Burger number) gives a dynamic measure of the stratification. It compares the propagation speed
of internal waves to topographic Rossby waves and large values of S imply relevant stratification effects.

The experiments have been conducted in the Coriolis Rotating Platform at LEGI (Grenoble, France), which
consists of a circular tank of 13 m diameter. A sketch of the experimental set-up is given in Fig. 6.

The inclined boundary was used to simulate the 3-plane effect. By invoking the conservation of potential
vorticity in the quasi-geostrophic approximation: §+f +8y=const (§ is the relative vorticity of the water
column, f =47/T is the Coriolis parameter with T the rotation period of the platform and y is the ‘northward’
direction), the topographic 88 effect in the laboratory scales as f=sf /H (H is the slope depth at the top of the
bump and s is the slope) and it simulates the corresponding planetary effect. Hence, by moving northward, a
water column experiences an induction of negative (clockwise) relative vorticity from the planetary vorticity.
The situation on Earth (LB) and the corresponding Coriolis experiment are sketched in Fig. 6. It is worth to note
that since our gradient vector of the Coriolis parameter is directed in the opposite direction with respect to the
real ocean case, the tank was put on clockwise (anticyclonic) rotation. The 3-plane values have been corrected
by the free surface deformation due to the centrifugal force, representing maximum 10% and 4% for the two
rotations considered with T=30 s and T =40 s, respectively.

The barotropic base inflow U was produced by a slight change of the tank rotation period following the
techniques used by Sous et al.®. In particular a spin-up has been applied to produce a barotropic inflow
velocity directed in opposite direction to the clockwise tank rotation. The resulting temporal evolution of the
inflow barotropic velocity field is given in Fig. 7a, relative to EXP-H2, and representative for all the performed
experiments. Some oscillations in time are observed, but have shown not to affect the dynamics of the flow and
the vortices position.

The flow velocity variation over the considered two-dimensional field of view in the circular configuration
is less than 15% within a radial section of 2.8 m centered at the top of the bump and 4L upstream of the bump
(Fig. 7b).

The maximum experimental duration was chosen based on the barotropic inflow velocity to ensure that the
perturbations generated at the bump did not reach the inflow section, monitored using an Acoustic Doppler
Velocimeter Profiler (ADV) upstream of the bump. The typical experimental duration is of t/T = 10-13 rotational
days, depending on the experiment.

For the weakly stratified experiments EXP-S1 and EXP-S2, the vertical density anomaly distribution Ap(z)
from the free surface is shown in Fig. 7c with a continuous and dashed line, respectively. Considering that
the barotropic flow is the same throughout the water column and that the baroclinic velocity component is
proportional to the ratio between the two layers, the 8 effect will be felt also in the top layer. Therefore, for these
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Fig. 6. (a) Sketch of the experimental set-up, with top and side views in the Coriolis Platform along with the
position of the measurement instruments used, and definition of main variables. Insets on the top view shows
the case on Earth and the details of the bump used in the experiments. (b) Instantaneous image of EXP-H2
(homogeneous) with fluorescent dye injected upstream, white arrows indicate the inflow direction, while the
dashed circle the position of the bump. Rossby waves and embedded vortices, including the closed vortex
above the bump, are clearly evident.
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Fig. 7. (a) Time evolution of the inflow velocity U, of EXP-H2, throughout the experiment along the bump
central circular section from the ADV measurement. (b) Typical inflow velocity profiles with (U_,V_) being
the azimuthal (black) and the radial (gray) instantaneous velocity components at t/T=0.5 along a radial
section from PIV measurements taken 3L upstream of the cylinder position for EXP-H2. (c) Initial vertical
density profiles along the bump central circular section for the two considered stratified experiments (EXP-S1,
EXP-S2) with continuous and dashed lines, respectively. The vertical coordinate in (c) measures the distance
from the free surface.

stratified experiments the horizontal velocities have been measured at the pycnocline level through a selective
tracing technique detailed further below and shown in Fig. 8.

For the homogeneous experiment, horizontal velocities have been determined using Particle Image
Velocimetry (PIV) on the Field of View (FOV) area 1 cm above the top of the bump (Fig. 6). Polyamide particles
(Orgasol) with a mean diameter of 60microm and a specific density of 1.016 kgm™ were added in the ambient
water as tracer material for the PIV measurements. A 25W Yag laser operating at a wavelength of 532 nm
provided a continuous light source outside the Coriolis tank. The beam was transmitted through a divergent
lens (60°) in the tank and enabled to illuminate the full tank over the horizontal area of interest (Fig. 6). For
the stratified experiments, a selective flow seeding at the pycnocline level has been used using subaqueous
illumination (Fig. 8). Images of 4 m X3 m were taken with a high-resolution S-CMOS Camera (JAI SP12000,
12MPx, 12bit) synchronized with the laser system, at a frame rate of 2 Hz. The spatial resolution of 1 mm/pixel
was obtained using an optical lens (24 mm, F2.8) on the Camera.
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Fig. 8. Instantaneous image of the stratified experiment EXP-S2 realized using a selective tracer technique and
underwater illumination for the PIV measurements.

The PIV measurements started with the platform spin-up. The system reached a steady state with a constant
azimuthal velocity U_ approximately 10 s after onset of the experiment. Velocity fields were computed from PIV
measurements using a cross-correlation PIV algorithm encoded with the UVMAT software (http://servforge.le
gi.grenoble-inp.fr/projects/soft-uvmat). Each element of the resulting vector field represents an area of roughly
1 cm x 1 cm. The maximum instantaneous velocity error is estimated to be 3%. The velocity 6 m upstream of the
bump was monitored by means of an Acoustic Doppler Velocimetry device (ADVP, Vectrino) at a distance of
1.92 m from the tank edge (as the top of the bump) in order to determine the barotropic inflow velocity U_ and
determine the maximum experimental duration. The seeding particles for PIV served also as the needed tracers
for the ADV measurements. Measurements of the three velocity components (u',v’,w') were taken continuously
from 4.5 cm to 7.5 cm below the free surface throughout the experiment at a rate of 200 Hz. The velocities U_
reported in Table 1 have been averaged over the 3 cm depth.

For the stratified experiments, a 125 MicroScale Conductivity and Temperature Instrument (MSCTI, PME
Vista, California, USA) was employed to measure the electrical conductivity and temperature of the water,
yielding two analog outputs, one linearly proportional to the solution conductivity, and one non-linearly
proportional to the solution temperature. The conductivity probe was installed at a distance of 50 cm from
the ADV probe toward the center of the tank, and 1 cm below the free surface. Vertical profiles were taken
throughout the experiment and are displayed averaged in Fig. 7c. The probe was calibrated at the beginning and
at the end of each experiment to convert the voltage to density units.

Lastly, flow visualization was realized using Rhodamine 6G to highlight the Rossby waves and embedded
vortices, and acquired through a GoPro camera. The reproducibility of the results has been verified analyzing
the data of each of the performed experiments with the same parameters.

Reanalysis and satellite products

The daily ADT product (SEALEVEL_EUR_PHY_14_MY_008_068) was used to detect eddies with the TOEddies
algorithm (Fig. 2), to produce the January-May 2015 ADT map (Fig. 1). The surface velocity and the velocity U_
averaged in the upper 1000 m depth were computed using the product MEDSEA_MULTIYEAR_PHY_006_004.
Both products were retrieved from the Copernicus Marine Service (CMEMS). The daily surface chlorophyll
(OCEANCOLOUR_MED_BGC_L4_MY_009_144) with 1x 1 km spatial resolution (L4) was also downloaded
from the CMEMS website. Argo floats can be downloaded from https://dataselection.euro-argo.eu

Data availability

Reanalysis and satellite data are freely downloadable for research purposes from the CMS website (https://d
ata.marine.copernicus.eu/products): ADT: https://doi.org/10.48670/moi-00141; U_ u,v, and potential density:
https://doi.org/10.25423/ CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1; Chlorophyll: https://doi.org/
10.48670/moi-00300; Glider data are available at the Coriolis Global Data Assembly Center: https://doi.org/1
0.17882/56509; Argo float data: https://doi.org/10.17882/42182. Experimental data are available upon request
: Eletta.Negretti@legi.cnrs.fr.
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