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Abstract. Here we discuss the eventual role of non-steady, impulsive phenomena
occurring at surface layer (e.g., storm events) on the remarkable uplift of the Eastern
Mediterranean bottom waters that flow westward, over the Malta Escarpment, and cross the
sill of the Channel of Sicily (Astarldi et al., 2001; Iudicone et al., 2003; Falcini & Salusti
2015). This dynamics is rather similar to the one occurring at the Strait of Gibraltar
(Mediterranean Sea) and at the Bab el Mandab, Red Sea (Siddall et al., 2002). The classic,
steady uplift, which usually occurs for a three-layer system dynamics, is mostly explained
by the Bernoulli suction effect (Lane-Serff et al., 2000). However, real filed analyses suggest
that this dynamics can be significantly perturbed by large scale storms and, in general, windinduced processes (Smeed et al., 2004). We therefore consider a novel, theoretical approach
to obtain a rather realistic view of natural perturbations that affect these deep flow dynamics.
In addition, our insights on uplift processes may give a contribution to the general
understanding of the Mediterranean Sea deep water circulation and its heat storage dynamics.
We finally remark that similar phenomena happens in several marine straits and/or in semienclosed, peripheral basins of particular importance for local and large-scale processes.

Introduction
The Mediterranean Sea is a remarkably stratified, “thermodynamic” system. In its central
sector and, in particular, in the Strait of Sicily (Box 1), the whole water column was
characterized as follow (Astraldi et al., 2001):
a) the rather fresh Atlantic Modified Water (MAW) of Atlantic origin, in a ~200 m thick surface
layer, moving eastwards through different branches and stream. In many cases its
characteristics can be perturbed by meteorological events as winds and storms. Its
climtologic potential density is about σMAW ≈ 28.80.
b) the salty Levantine Water, flowing westward roughly between ~200 and 800 m depth. This
water mass is mainly due to the strong air-sea interactions near the island of Rhodes in winter;
its average density approximately is σLIW ≈ 29.05.
c) the Eastern Mediterranean Deep Waters, EMDW, originated in the eastern sub-basins, such
as the Adriatic or in the northern Aegean Sea (Bellacicco et al., 2016; Bensi et al., 2016;

Artale et al., 2019) and climatologically flowing westward over the sea bottom, with pathway
and velocity somehow similar to those of the LIW; its σEMDW reaches about 29.15.
The Strait of Sicily is a ≈ 600km long, rather linear channel connecting the two main
basins of the Mediterranean Sea. Over its sill, in the narrowest section between Sicily and
Tunisia, the Channel is W ≈ 150 km wide (Box 1).The sill bottom depth is at ≈ 300m while
the deepest points with EMDW in the Western Mediterranean basin can reach more than ≈
2000 m depth. Ove rthe sill, the EMDW has a surprising uplift from ≈ 700 m depth in the
Eastern basin towards the sill at ≈300 m depth over the sill (Iudicone et al., 2003). At the
western exit of the channel this vein reaches a depth of about 1000 m in the southern
Tyrrhenian Sea (Sparnocchia), along the Sicilian slope (Box 1).

Box 1. Hydrodunamic patter of the Strait of Sicily during the period 1993-1998 (from
Astraldi et al., 2001)

Here we focus on a remarkable, surprising uplift of bottom Mediterranean water (i.e., the
EMDW), flowing westward from the base of the Malta canyons (~ 800 m depth) and crossing
the sill of the Channel of Sicily (50-100 m depth).
The novelty that we introduce is the inclusion of realistic perturbations occurring at the sea
surface layer, such as large-scale meteorological effects, that generalize the classic Bernoulli
suction effect (Siddall et al., 2002; Smeed et al., 2004), already applied to Central
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Mediterranean Sea water mass exchanges (Astraldi et al., 2001; Falcini and Salusti, 2015;
See Box 2).

A multi-layer model for hydraulic exchange including storm-induced perturbation.
To analyze the uplift of a bottom current crossing a channel as a theoretical model for
dynamics of multi-layers flowing over a sill (Box 2) we considered the 1D dynamics along
the channel directionx, i.e., the eastward along-strait coordinate for the Strait of Sicily (or
other Mediterranean straits).

Box 2.The multi-, coupled-layer Bernoulli model (from Lane-Serff et al., 2000)
We then consider three immiscible layers of different uniform density ρi,for i= 1,2,3.The
layer vertical thicknesses are hi and velocities in each layer are ui. These velocities and layer
thickness are inherited bounded by the total flux water conditions at the domain boundaries,
i.e., Qi= ui (hi – hi+1).
The total depth, i.e., the sea bottom depth, of the channel is (Box 2)

b(x) = h1(x) + h2(x) + h3(x).

(1)
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In presence of a large-scale storm, with strong horizontal winds schematized as a simple T(t),
and considering p0 / ρ* ≈ const, the model equation for the surface layer (Lane-Sherf et al.,
2000;) is
∂ u1 /∂ t + ∂ (u1 2/2 + p0/ρ*)/∂ x= T(t),

(2)

which can be analytically solved and gives
u1 = x2/t +∫t0 T(t')dt' +const = x2/t +Φ(t)

(3)

where Φ(t) plays the role of a forcing that contributes to the upper layer velocity evolution.
For the second layer, in turn, one has (Box 2):
∂ u2/∂ t + ∂ (u2 2/2 + p0/ρ* - g1'h1)/ ∂ x= 0

,

(4)

where the effect of an eventual storm appears in the term g1' h1, which also contributes to the
LIW velocity (u2).
Finally, for the lowest layer, one has (Box 2):
∂ u3 /∂ t+ ∂ [ u32/2 - g1’h1 – g’2(h1+h2 )]∂x = 0

(5)

where the effect of the storm appears in the forcing g1’h1 + g’2(h1+h2).
The inherited link between the layer thickness h1 and its velocity u1 for a constant water
flux ( i.e.,

1

(ℎ1−ℎ2 ) =

1)

gives that the storm-induced velocity perturbation

u1→u1 + ʃT(t’)dt’ affects the bottom layer dynamics, increasing its momentum (Box 3).

Conclusions
Starting from the classic multi-layer Bernoulli equations for hydraulic exchange flows, here
we introduce an additional forcing acting on the sea surface layer, that represents non steady
perturbations such as storm or wind-induced phenomena. From the coupling of different
layers that is due to the pressure distribution along the water column, and by explicitly
solving the perturbed upper layer velocity, we include the upper layer perturbation within the
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bottom layer Bernoulli equation. Our mathematical approach, therefore, can describe the
ability of a sea surface non-steady perturbation to propagate to the bottom layer, providing
additional momentum to uplift of the bottom current. Our discussion can be generally applied
for similar hydraulic system, such as the sill of Gibraltar, outflowing westward towards the
Atlantic Ocean (Artale et al., 2006).
The mechanistic understanding of uplifting phenomena may improve knowledge on the
thermodynamic processes (e.g., heat storage) occurring at the bottom layers for the
Mediterranean system (Artale et al., 2019).

Box 3.A storm-induced perturbation in the Bernoulli upper layer equation propagates to
the bottom layer momentum
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