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Abstract: The Ionian Sea is a crucial intersection for various water masses in the Mediterranean. Its
hydrography and dynamics play a significant role in the seawater budgets and biogeochemistry of
the neighboring sub-basins. Multiple theories have been formulated to gain a better understanding
of the Ionian dynamics. These theories primarily attribute the variability of the near-surface Ionian
circulation to internal processes. Here, we utilize horizontal currents and temperature-salinity
profiles from the Copernicus reanalysis to examine the contribution of baroclinic modes to the
variability of the basin horizontal circulation. Our findings demonstrate that, although the basin
vertical structure is characterized by three layers, the primary patterns of the Ionian circulation can be
attributed to the first baroclinic mode. This mode, along with the barotropic mode, accounts for over
85% of the overall variability in the Ionian circulation, suggesting that only one of the three interfaces
separating the different water masses in the basin is dynamically active. We estimate the depth of
this interface to be about 490 m. Additionally, our analysis shows that more than 90% of the kinetic
energy over the water column is localized above this interface, indicating that the deep layer of the
Ionian is dynamically nearly inert.

Keywords: baroclinic circulation; vertical partition of the kinetic energy; mediterranean water masses;
surface intensification of baroclinic modes

1. Introduction

The Ionian Sea (Figure 1) is a central sub-basin of the Mediterranean Sea, communi-
cating with the Western Mediterranean (WMed) through the Channel of Sicily, with the
Adriatic to the north, and with the Eastern Mediterranean to the east. Due to its interconnec-
tivity, it serves as a crossroads for various water masses, and numerous studies emphasized
the importance of the Ionian hydrography and dynamics, which play a key role in the
seawater budgets [1,2], biogeochemistry [3], and biodiversity [4-6] of the adjacent basins.

The vertical structure of the Ionian is, at first approximation, characterized by three
layers. The first layer, which extends from the surface to a depth of approximately 150 m,
consists of waters originating from the Atlantic Ocean, known as Modified Atlantic Water
(MAW). The second layer, spanning from 150 m to 500 m of depth, is an interface layer
composed of waters from the Levantine region, commonly referred to as Levantine Inter-
mediate Water (LIW). Finally, the third layer, from 500 m to the bottom, is made up of deep
waters originating from the Adriatic and/or Aegean Seas (see, e.g., [7,8]) that we shall
collectively name as Ionian deep waters (IdWs).

Oceans 2024, 5, 383-397. https:/ /doi.org/10.3390/ oceans5020023

https:/ /www.mdpi.com/journal/oceans



Oceans 2024, 5

384

45°N

C =

Black Sea

40° N

__IOA

e “.:

35" N

30°N

3900
40.0° N , 3700
H ~

3500
3300
3100
2900

2700
2500

375 NI 2300

2100

1900

(w) yadap

1700
1500

1300
35.0° N 1100
900
700
500
300

100

15.0°E 175" E 20.0°E

Figure 1. (Top) geography, quasi-stationary currents, and water mass routes in the Mediterranean
Sea. Blue arrows: surface Modified Atlantic Water (MAW); yellow arrows: Levantine Intermediate
Water (LIW); red arrow: Adriatic dense water. Acronyms: MIJ, Mid-Ionian Jet; SG, Sidra Gyre
(anticyclonic); PG, Pelops Gyre (anticyclonic); NIG, Northern Ionian Gyre (NIG is both cyclonic and
anticyclonic; its circulation inverts over the decadal time-scale). Red lines indicate the study region.
(Bottom) bathymetry of the Ionian Sea.

The general circulation of the Ionian Sea is typically dominated by a large-scale
eddy system occupying the central and northern parts of the basin; this system, which is
characterized by intense inter-annual variability, is known as the Northern Ionian Gyre
(NIG). For over five decades, thermohaline oscillations of the Adriatic-Ionian system
were studied extensively [9,10]. However, despite the efforts, the reconstruction of the
dynamics underlying this variability remained a puzzle until 2010, when Gaci¢ et al. [1]
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linked changes in the hydrographic properties of Adriatic water masses to the inter-annual
variability of the Ionian dynamics. These authors observed that the Ionian eddy system
is characterized by two basic circulation regimes: cyclonic and anticyclonic. Depending
on the prevalence of one or the other, the relative volumes of the waters of Levantine
and Atlantic origin entering the Adriatic change and trigger the decadal variability of the
thermohaline properties of the Adriatic. This mechanism, denoted as the Adriatic-Ionian
Bimodal Oscillating System (BiOS), correlates the Adriatic oceanographic variability to
changes in the Ionian dynamics [11].

In the past decade, extensive research has been conducted to explain the physics
behind the reversals of the Ionian near-surface circulation, resulting in the development of
several theories. A first group of theories suggests that the Ionian current reversal is due to
changes in the atmospheric forcing [12-14], while a second group relates it to baroclinic
(internal) vorticity production induced by changes in the horizontal pressure gradient due
to injections of Adriatic Deep Water (AdDW) [15]. Indeed, Rubino et al. [16] and Gaci¢
et al. [17], using tank experiments and numerical modeling, demonstrated that the injection
of dense water on a sloping bottom generates near-surface oceanic vorticity and can be
responsible for the switch of polarity of the Ionian near-surface circulation.

Despite the significant efforts, none of the theories proposed to explain the inversion of
the Ionian dynamics have been able to reproduce quantitatively the characteristic temporal
and spatial scales of the near-surface current variability, until recently, when Eusebi Borzelli
and Carniel [18] proposed an analytical model, called the Kelvin-like wave model, which
provided estimates of these scales that align with observations. According to Eusebi Borzelli
and Carniel [18], the sub-surface memory of the ocean (i.e., the energy stored in the water
column) depends on the shape of the isopycnal surfaces, which are deformed by the action
of a rotating wind. When the internal fluid pressure exceeds the stress exerted by the wind,
the equilibrium between the ocean and external forcing is broken, causing the potential
energy stored in the water column to be released and determining the oscillations of the
near-surface dynamics.

However, it should be noted that in the vision proposed by Eusebi Borzelli and
Carniel [18], there are still theoretical flaws. Indeed, the Kelvin-like wave model assumes
that the internal structure of the Ionian can be described by a double-layered system but,
according to the literature on the Ionian hydrography, this is not the case. This descriptive
flaw is also present in other traditional theories of the BiOS [1,15-17]. These theories
indeed suggest that changes in the sea surface structure of the Ionian are driven solely by
deformations of the interface between deep and intermediate waters. They also assume
that the interface between surface and intermediate waters plays no role in the transition
between the two states of Ionian dynamics.

Based on Wunsch’s theory regarding the intensification of baroclinic components
at the surface [19], which implies that altimeter data primarily reflect the motion of the
first baroclinic mode, Ioannone et al. [20], in a pioneering study on the decadal variability
of the surface structure of the Ionian, assuming the main pycnocline depth between 500
and 700 m, demonstrated that the two phases of the BiOS (cyclonic/anticyclonic) were
characterized by different horizontal scales, which were linked to decadal changes in the
stratification regime of the basin. These changes, associated with changes in the volumes of
dense water formed in the Adriatic, determined variability over the decadal time scale of
the first Rossby radius of deformation from 10 km to 15 km.

The assumption on the depth of the main pycnocline was supported by the findings
of Klein et al. [21], who observed that the main pycnocline in the Ionian Sea was located
between 400 and 800 m, but the results of Ioannone et al. [20] raise questions about the role
of the interface between MAW and LIW during the transition of the near-surface dynamics
in the Ionian Sea.

The above quoted findings, along with the fact that changes in the hydrographic
properties of the Adriatic and the Eastern Mediterranean (EMed) are in phase with the
Ionian dynamics [1,2,11,22-24], indirectly confirm that the variability of the Ionian sur-
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face structure is primarily driven by the deformations of the interface between deep and
intermediate waters but open an interesting theoretical issue concerning the dynamical
mechanism that constrains the intermediate and surface layer to move rigidly in phase one
with the other.

Here, we study the long-term (i.e., longer than the annual) variability of the Ionian
circulation by decomposing the horizontal dynamics into baroclinic modes and investigate
how the first and the second baroclinic components compete with each other to determine
the long-term variability of the horizontal circulation. We show that, over long time-scales,
the Ionian does behave dynamically as a two-layered system with only one baroclinic mode
determining the horizontal patterns of the circulation.

2. Materials and Methods
2.1. Data

Data used in this research are the eddy-resolving reanalysis provided by the Mediter-
ranean Monitoring Forecasting Center (Med-MFC), consisting of monthly horizontal cur-
rents and temperature-salinity profiles with a horizontal resolution of 1/24° x 1/24°
(taking the latitude of the center of the Ionian Sea at 37° N, this corresponds to a spatial
resolution of 3.9 km along the zonal direction and 4.6 km along the meridional direction)
over 141 unevenly spaced vertical levels (from 5754 m to 1 m depth) covering the region
6° W=36.3° E, 30.2° 5—46° N in the period from January 1993 to December 2020.

Note that the Med-MFC physical multiyear product is generated by a numerical
system composed by a hydrodynamic model (NEMO) and a variational data assimila-
tion scheme (OceanVAR). In the operational scheme of the Med-MFC, model outputs
are progressively adjusted over observations using the OceanVAR assimilation scheme,
and each time an output is adjusted, the model is restarted. So, this product should be
regarded not simply as “a set of model outputs” but as the best possible representation
of the state of the Mediterranean marine environment obtained from an integration of
all available observations and modeling. Therefore, the Med-MCF product used in this
research is inherently validated. For the details on the Med-MCF procedures, see [25]
and https://data.marine.copernicus.eu/product/MEDSEA_MULTIYEAR_PHY_006_00
4/description?view=-&option=-&product_id= (accessed on 1 July 2023) and the technical
documentation available therein. From the entire region, horizontal velocities and tempera-
ture-salinity profiles from 1 m to 1533 m were extracted over the Ionian Sea (15° E-22° E,
33° N-40° N). To allow the computation of vertical modes, these profiles were interpolated
each 5 m, from 5 m to 1500 m, using a cubic spline. Density profiles were computed from
temperature-salinity profiles using the CSIRO library of MATLAB release 2018a compu-
tational routines for the properties of sea water [26]. In order to characterize the stable
stratification of the Ionian over the observation period, density profiles were averaged over
the entire observation period and over the entire observation domain.

2.2. Linear Modes

Following Wunsch [19], the horizontal velocity field was expressed as a linear super-
position of modes of the form

] = Z ) e )

n=1
where P;;, sometimes denoted as “p modes”, are solutions of the eigenvalue problem
d 1 dp, 1
i v | g ?
subject to rigid upper and lower boundary conditions [27,28]. In Equation (2), N?(z) =

—(g/po(2))-dpo(z)/dz is the buoyancy frequency, with py being the equilibrium density
(see [27], pp. 159-162) taken as the density averaged over the study region in the entire
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observation period, n = 0, 1..., with n = 0 indicating the barotropic mode, and 1/c%,, are
real-valued, positive eigenvalues, with ¢, indicating the velocity of the corresponding mode.
Note that in this research, we have chosen to define baroclinic modes as the eigenvectors
of Equation (2), where the vertical profile of N? is determined by averaging the density
over the entire study region during the observation period. This approach ensures a clear
and unambiguous definition of baroclinic modes and allows us to account for situations,
obviously in a statistical sense, in which the water column is not stably stratified. An
alternative approach would be to solve the eigenvalue problem (2) for each space-time point
in the observation domain, resulting in a collection of space-time distributed baroclinic
modes. If the water column was always stably stratified, this would of course be possible,
but this approach would lead to an ambiguous definition of baroclinic modes. Additionally,
in the Ionian Sea, the encounter of different water masses can occasionally lead to an
unstable water column, making it impossible to describe the horizontal dynamics in terms
of baroclinic modes. To overcome these difficulties, also observing that we are interested in
the long-term variability of the horizontal current, we have chosen to define the baroclinicity
of the Ionian Sea in terms of py, assuming that this average profile accurately represents the
impact of different water masses on the vertical stratification. The solutions to Equation (2)
form a complete basis of orthonormal, real-valued functions (see, e.g., [29]). Orthonormality
of the basis provides the coefficients in (1), i.e.,

| s EXER o

where H is the depth of the water column, taken as 1500 m. It is interesting to note that the
completeness of the basis formed by the orthonormal functions P, implies that

? (]
_[,Mggi:)ll Z[ iii )} @

which allows us to introduce the concept of “baroclinic mode significance”, defined as the
ratio between the energy of a given mode and the total energy contained in the signal:

a2
S, [0, dzu?
LOH dz-v?

(5)

2.3. Empirical Orthogonal Function Analysis of a Vector Field

Empirical orthogonal function (EOF) analysis is commonly used in climatology and
oceanography to decompose spatio-temporal distributed scalar fields into a set of uncor-
related modes, which are eigenvectors of the data covariance matrix (see, e.g., [30]). In
recent decades, there have been several attempts to extend this technique to vector fields.
In oceanography, EOF analysis has been particularly useful in decomposing ocean surface
currents using its slightly modified counterpart, known as real vector EOF (V-EOF) analysis.
To briefly review this technique, we follow the formalism of Kaihatu et al. [31] and Edwads
and Seim [32].

Given the space-time distributed two-dimensional vector field u(x,t) = [u1(x,t), up(x,t)],
we define the inner product

() = [[ T2 (2, 1) Y1 (x) 1023, )-Ya(x) dx ©)
(S)
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The variance or energy of the field is defined as

T

A= () :Tum%/dt-(u,m @)

0

The Y functions are sought among the functions that maximize A in the least square
sense, with the constrain (Y,Y) = 1, leading to the following integral equation:

Zﬂ dy-Cy(x, )Y (y)= Ar (x) ®)

I=1(s)

where Cj;(x,y) = <u;(x,t)u;(y,t)>. Note that the Y® functions form a set of orthogonal basis
functions in relation to the inner product defined in Equation (6). Therefore, the vector
u = (u1,Up) can be expanded as

m(xt)) _ o (YW a®)
<uz(x,t)) _k;<yl<">(x)> ) ©)

where a®(t) = (u,Y®). In the discrete form, Equation (8) can be rewritten as

2
k
3 2 a1, 20)Y, Y Con) = 2y () (10)
j:
where M is the number of spatial locations and
N
Cij(x1, x) = N Z (1, tn) i (Xm, tn) (11)

3. Results and Discussion

Before discussing the results of this research, it is important to establish the limitations
of the conclusions presented in the following sections. As previously mentioned, the
reanalyses utilized in this study are the combination of two components: a hydrodynamic
model (NEMO) and a data assimilation scheme (OceanVAR). The NEMO model is driven
by operational hourly wind forecasts provided by the European Center for Medium-Range
Weather Forecasts, which have been spatially upscaled by Euro-Mediterranean weather
forecast services. Therefore, the reanalyses used in this research provide the most accurate
and validated description of the state of the Mediterranean Sea. However, it should be
noted that while Copernicus also offers daily reanalyses, this study focuses on monthly
reanalysis and specifically examines the long-term variability of quasi-stationary Ionian
circulation patterns over time-scales longer than the annual.

Figure 2a,b show the average equilibrium density and the average buoyancy frequency,
respectively. Figure 2a does not allow for an easy identification of transition regions between
different water masses, but the picture becomes clearer when looking at the buoyancy
frequency. Figure 2b reveals that the water column is characterized by four high buoyancy
regions, including one sharp region located between 20 m and 30 m, which is obviously
associated with the mixed layer. Over the Ionian, this layer is typically located between
10 m and 60 m [33]. Another sharp region is located between 80 m and 90 m, indicating the
border between MAW and LIW. Additionally, there are two fairly thick transition regions
located between 380 m and 480 m and between 1100 m and 1200 m. The first of these
regions indicates a gradual transition between LIW and IdW, while the second is likely
associated with waters of Adriatic origin with relatively uniform salinity (i.e., 38.745) and
temperature decreasing from 13.575 °C to 13.55 °C [8]. Note, from Figure 2c, the surface
intensification of the baroclinic modes and, more consistently, the intensification of the
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first baroclinic mode. Note also that the internal wave velocity associated with the first
baroclinic mode is ¢; = 0.96 m/s, which corresponds, taking the central latitude of the
Ionian Sea at 37° N, to a first Rossby radius of approximately 11 km.
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Figure 2. Representation of the equilibrium Ionian vertical structure obtained by averaging density
profiles over the study region and over the entire observation period. (a) Equilibrium density.
(b) Square of the buoyancy frequency. (c) First three horizontal baroclinic modes (“p-modes”. blue,
mode 1; red, mode 2; yellow, mode 3).

To evaluate how the complex vertical structure of the Ionian, even when averaged
over a long period, determines horizontal circulation patterns, we expanded the horizontal
currents over the basis formed by the first three baroclinic modes. Figure 3 illustrates the
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significance of these modes (i.e., the ratio between the energy contained in each mode and
the total energy of the signal; see Equation (5) of Section 2), averaged over the entire obser-
vation period, for the zonal and meridional components of the current field. On average,
over the entire observation period, the first baroclinic mode is particularly significant, with
values higher than 60% along the coasts, in the western part of the basin, at the border
with the Channel of Sicily, and south of 35° N in both the zonal (Figure 3a) and meridional
(Figure 3d) directions of the velocity field. This mode accounts for 45-50% of the total
energy in the horizontal current. This estimate is consistent with previous findings for
the Atlantic and Pacific Oceans [19], although it is slightly lower. The second baroclinic
mode is consistently less significant than the first (note that the color bars for the different
baroclinic modes indicate different scales of variability), with significance values ranging
from 5% to 15% for both the zonal (Figure 3b) and meridional (Figure 3e) components,
except for some isolated regions along the southern Italian and Hellenic coasts. On average,
for both components, the second baroclinic mode explains approximately 10% of the overall
current field energy. The third baroclinic mode, overall, explains negligible fractions of the
current energy with the significance of modes in both the zonal (Figure 3c) and meridional
(Figure 3f) components nearly uniformly distributed around 5%.
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Figure 3. Significance of baroclinic modes (i.e., ratio between the energy contained in the mode
to the overall energy in the signal). (a) Significance of the first baroclinic mode along the zonal
current. (b) Significance of the second baroclinic mode along the zonal current. (c) Significance of
the third baroclinic mode along the zonal current. (d) Significance of the first baroclinic mode along
the meridional current. (e) Significance of the second baroclinic mode along the meridional current.
(f) Significance of the third baroclinic mode along the meridional current.

These results suggest that the horizontal circulation of the Ionian Sea is dominated by
the superposition of the barotropic and the first baroclinic mode, with the second baroclinic
mode contributing only 10% to the overall energy of the circulation field. The significance of
the barotropic mode can be estimated by subtracting the energy contained in the first three
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baroclinic modes from the total energy of the velocity field. This yields a barotropic mode
significance of approximately 35%, which is consistent with estimates of other authors for
the Atlantic Ocean [19].

The results presented above suggest that, despite the complex vertical structure of the
Ionian Sea, only one of the four layers identified in Figure 2 is dynamically active over a
time-scale longer than one year. This finding is consistent with the assumption made by
several authors (e.g., [1,2,15-18]) that the climatology of the Ionian Sea can be described by
a two-layer system. However, it raises the question of where the interface between these
two layers is located within the water column. To address this issue, it would be possible
to represent the water column as a double-layered system using the technique proposed by
Eusebi Borzelli and Sullivan [34] and utilized by Eusebi Borzelli and Carniel [35] to expand
a continuously stratified fluid system into a finite number of step functions. This approach
would provide a detailed description of the shape of the main isopycnal surface and its
deformation over time. However, for the purposes of this research, our focus is on studying
the motion of the surface layer formed by the MAW in relation to the motion of the deeper
layers composed of LIW and IdW, and this complex approach appears beyond the scope
of the present study. Instead, we note that a reasonable value for the reduced gravity in
the Ionian is ¢’ ~ 1.9-1073 m/s?. This corresponds to a surface layer with a density of
1028.9 kg/m? and a bottom layer with a density of 1029.1 kg/m? (see also [15,17]). In a two-
layer approximation, we have that ¢; = [¢’-Hy-Ho/(Hy + Hy)V2 ~ (g’oHl)l/z, where H; and
Hj are the depths of the surface and bottom layer, respectively, and the last step holds when
Hj > Hj. Taking ¢ = 0.96 m/s, we obtain H; ~ 480 m, which indicates that the dynamically
active layer is far below the MAW-LIW interface and, consistent with the observations
of Ioannone et al. [20] and Klein et al. [21], can be reasonably identified as the interface
between LIW and IdW. Indeed, the LIW properties are defined by salinity values greater
than 39 psu, potential temperature greater than 15 °C, and potential density comprised
between 29 kg/m? and 29.1 kg/m? (see, e.g., [36]). So, the bottom of the LIW layer is
identified by the 1029.1 kg/m? isopycnal, which is located between 450 m and 550 m (see,
e.g., [36]). Figure 4a shows the contribution of the first baroclinic mode to the horizontal
dynamics, averaged over the entire observation period (i.e., 1993-2020). The corresponding
circulation pattern closely resembles the surface circulation pattern described by Kalimeris
and Kassis [37] for the period 1997-2015. This pattern can be described as a large zonal
current entering the basin, subdivided in two branches, one in the north, which bifurcates
at approximately (17.5° E, 37° N), partially recirculates northward, forming the southern
and eastern branch of the NIG (see also [38]), and partially flows southward, forming what
is sometimes referred to as the Mid-Ionian-Jet [38] or Mid-Ionian-Stream. The southern
branch of the current entering the Ionian deviates southward at (17.5° E, 35° N), bordering
the northeastern side of the Sidra Gyre. It is worth noting that on the eastern side of the
observation region, there is an eddy system off the Hellenic coast known as the Pelops Gyre,
as well as a recirculation region that marks the eastern border of the Mid-Mediterranean Jet.

Figure 4b shows that, consistently with the discussion on the significance of internal
modes (Figure 3), the contribution of the second baroclinic mode to the horizontal dynamics
is weak almost everywhere. It does not contribute to the most important Ionian circulation
patterns, except for the Pelops Gyre and the along-shore current off the southern Italian
coast, where it acts in the opposite direction with respect to the first baroclinic mode.

To gain insight about the temporal variability of the first baroclinic mode contribution
to the horizontal current, we conducted a V-EOF analysis, as described in Section 2. Since
the second baroclinic mode does not contribute significantly to the horizontal circulation,
the V-EOF analysis was only performed on the first baroclinic mode. Figure 5a,c display
the first and second V-EOF, which together account for 73% of the total data set variance.
Figure 5b,d show the corresponding temporal amplitudes. Note that the interpretation of
the results provided by the V-EOF analysis requires, as in the EOF analysis of scalar fields,
multiplication of the V-EOFs by their temporal amplitudes. For the convenience of the
reader, in Figure 5b,d, the transition periods of the NIG, as deduced from the published
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Velocity induced by the first baroclinic mode (Average 1993-2020)

literature [18,39,40], are drawn as vertical blue lines. In the first anticyclonic period of the
NIG (1993-1998), the V-EOF1 temporal amplitude is predominantly negative (Figure 5b),
resulting in two large anticyclonic patterns that cover the entire western part of the basin.
The first, nearly circular in shape, is centered at (17.7° E, 34.2° N). The second, which covers
the NIG region, appears as an ellipsoid chipped towards the Italian coast, with a semi-major
axis directed towards the northeast. In the second period (NIG cyclonic, i.e., 1998-2005), the
V-EOF1 temporal amplitude becomes predominantly positive, and the circulation pattern
that characterizes the northern Ionian in the preceding period switches from anticyclonic
to cyclonic, indicating the inversion of the NIG circulation described by Eusebi Borzelli
and Carniel [18] and Gaci¢ et al. [38]. In the third (2005-2010) and the fourth periods
(2010-2017), when the NIG circulation was anticyclonic and cyclonic, the V-EOF1 temporal
amplitude oscillates around zero, but on average it is slightly below zero in 2005-2010 and
on average it is slightly above zero in 2010-2017, indicating a predominantly anticyclonic
circulation in 20052010 and a predominantly cyclonic circulation in 2010-2017. Finally,
from 2017 to 2022, the V-EOF1 temporal amplitude becomes, on average, significantly
negative, indicating that the predominant circulation pattern that characterizes the Ionian
in this period is anticyclonic.

Velocity induced by the second baroclinic mode (Average 1993-2020)
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Figure 4. Horizontal current associated with baroclinic modes. (a) Current induced by the first
baroclinic mode averaged over the period from January 1993 to December 2020. (b) Current induced
by the second baroclinic mode averaged over the period from January 1993 to December 2020.

V-EOF2 (Figure 5c) is characterized by several eddy regions, and its temporal am-
plitude oscillates around zero with an increased amplitude after 2000 (Figure 5d). This
indicates that the spatial structures displayed by Figure 5c, alternatively cyclonic and
anticyclonic, become more important in determining the surface circulation after 2010.
However, these spatial structures explain only approximately half of the variance explained
by the spatial structures evidenced by V-EOF1 and, therefore, should be interpreted as
modulations to the variability in the background current described by V-EOF1.
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Figure 5. V-EOF analysis of current field induced by the first baroclinic mode. Note that V-EOF fields
are dimensionless. (a) V-EOF1. (b) V-EOF1 temporal amplitude. (c) V-EOF2. (d) V-EOF2 temporal
amplitude. Blue lines annotated on panels b and d represent transition dates of the surface current as
deduced from altimeter data discussed by Borzelli and Carniel [18] and Civitarese et al. [40].

In the previous paragraphs, we explored the dynamics of the Ionian Sea and demon-
strated that the variability of the first baroclinic mode can explain most of its dynamics. We
also observed that, while the water column is divided into four layers, only one interface is
dynamically active. This interface, located at a depth between 480 m and 500 m, separates
the LIW and IdW. To further understand the dynamics, we estimated the average kinetic
energy in the layer above 490 m, which is collectively constituted by MAW and LIW, and
the average kinetic energy in the layer below 490 m, which is constituted by IdW and
includes waters from the Adriatic and Aegean. The results of this analysis are presented in
Figure 6a,b (note the difference in the color bars, which highlights the different variability
in the signals). We find that nearly 90% of the overall kinetic energy in the water column
is contained in the layer above 490 m, since the spatial average of the kinetic energy in
the lower layer is 4 cm?/s?, while in the upper layer it is 45 cm?/s? (Figure 6a), which
implies an average velocity field intensity of |v| ~ 6.7 cm/s. This result is consistent
with the findings shown in Figure 3, indicating that the first baroclinic mode contributes
to about 50% of the near-surface circulation variability (see also Figure 4a, which shows
an average spatial value of the velocity field induced by the first baroclinic mode of the
order of 34 cm/s). It is worth noting that the majority of the kinetic energy above 490 m
is concentrated in the upper portion of the water column, above approximately 300 m of
depth. This is due to the surface intensification of the first baroclinic mode, as described
by Wunsch [19]. In the Ionian region, this intensification begins to occur in the water
column above 300 m, as is evident from Figure 2c (blue line). Finally, note that while
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the deep dynamics of the Ionian is nearly spatially homogeneous (Figure 6b), except for
some isolated regions where the kinetic energy, however, remains below 15 cm?/s2. (ie.,
vl ~ 3.9 cm/s), the Mid-Ionian Jet, the Sidra Gyre, the Pelops Gyre, along with the NIG,
leave their signature on the dynamics of the upper layer (Figure 6a).

Average kinetic energy 0-490 m (1993-2020}. Mean = 45 cm?/s52 Average kinetic energy 490-1500 m (1993-2020), Mean = 4 cm?/5°
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Figure 6. Partition of the kinetic energy over the layer above and below 490 m. (a) Mean kinetic
energy above 490 m. (b) Mean kinetic energy between 490 m and 1500 m.

4. Conclusions

In this research, we showed that the variability in the Ionian Sea horizontal dynamics
over time-scales longer than one year may be predominantly explained in terms of the first
baroclinic mode. This implies that, out of the two interfaces separating the layers composed
by Modified Atlantic Water, Levantine Intermediate Water, and Ionian deep Water, only
one is active in determining the Ionian circulation over the interannual time-scale. This
apparently obvious discovery becomes of paramount importance to the Mediterranean
oceanography because we have estimated the depth of this active layer to be about 490 m,
which is commonly believed to identify the bottom of the Levantine Intermediate Water
layer (i.e., the interface separating the Levantine Intermediate Water layer from the layer
composed by Ionian deep Water). This implies that, unlike the rest of the Mediterranean, in
the Ionian Sea the surface layer, consisting of Modified Atlantic Water, and the intermediate
layer, formed by Levantine Intermediate Waters, over time-scales longer than one year,
move strictly in phase with each other. These results are significant because they not only
support the commonly used two-layer approximation for describing the Ionian dynam-
ics [1,15-18,39] but also provide valuable insights into the relationships between changes in
the Ionian dynamics and the hydrographic and bio-geo-chemical properties of the Adriatic
and Eastern Mediterranean [1-3,11,22-24]. Specifically focusing on the biology, previous
studies have shown that changes in the Ionian circulation can affect connectivity patterns
between different Mediterranean ecosystems, thereby modulating Lessepsian migrations
in the Adriatic [6]. However, Lessepsian species are typically found in the upper layer of
the water column and are rarely present below 300 m. Our research, indeed, revealed that
the majority of the kinetic energy in the Ionian Sea is concentrated in the upper 300 m of
the water column due to the surface intensification of the first baroclinic mode.
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One important aspect of the Ionian Sea is the reversal of the Northern Ionian Gyre
circulation. In the past decade, significant efforts have been made to understand the
underlying dynamics of this reversal [1,13-18]. Our findings suggest that the reversal
of the Northern Ionian Gyre can be linked to the circulation field associated with the
first baroclinic mode. However, we have noticed some minor discrepancies compared to
the observations. These discrepancies may be due to the fact that the Vector-Empirical
Orthogonal Function Analysis was conducted over a larger area than the region occupied
by the Northern Ionian Gyre, thus taking into account current variability beyond the
gyre itself.

The Ionian Sea serves as a crossroads for various water masses in the Mediterranean.
Therefore, comprehending the horizontal dynamics of the basin is crucial to enhance our
understanding of the processes that define the Mediterranean’s overall dynamics and its
variability. Our findings provide valuable insight into the physical processes at play in this
basin and the methodology used can be extended to other sub-basins of the Mediterranean.
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