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Thermohaline staircases are a well-known peculiar feature of the Tyrrhenian Sea.
Generated by extensive double diffusion processes fueled by lateral intrusions, they
are considered to be the most stable of all the staircases that have been detected in
the world ocean, seeing their persistence of more than 40 years in the literature. Double
diffusion leads to efficient vertical mixing, potentially playing a significant role in guiding
the diapycnal mixing. The present study investigates this process of mixing in the case
of the Tyrrhenian staircases by calculating the heat and salt fluxes in their gradient zones
(interfaces) and the resulting net fluxes in adjacent layers using hydrological profiles
collected from 2003 to 2016 at a station in the heart of the basin interior. The staircases
favor downward fluxes of heat and salt, and the results of the calculations show that
these are greater where temperature and salinity gradients are also high. This condition
is more frequently encountered at thin and sharp interfaces, which sometimes appear
as substructures of the thicker interfaces of the staircases. These substructures are
hot spots where vertical fluxes are further accentuated. Due to the increasing salt and
heat content of the Levantine Intermediate Water (LIW) during the observation period,
a rise in the values of the fluxes was noted in the portion of the water column below
it down to about 1800 m. The data furthermore show that internal gravity waves can
modulate the structure of the staircases and very likely contribute to the mixing, too, but
the sampling frequency of the time series is too large to permit a proper assessment of
these processes. It is shown that, at least during the period of observation, the fluxes
due to salt fingers do not reach the bottom layer but remain within the staircases.

Keywords: Tyrrhenian Sea, thermohaline staircases, salt fingers, diapycnal mixing, heat and salt fluxes

INTRODUCTION

Thermohaline staircases are a characteristic of the central part of the Tyrrhenian Sea, the deepest
and most isolated basin of the Western Mediterranean (Figure 1). They are an alternation of
homogeneous temperature and salinity layers, and high gradient interfaces, the thicknesses of
which can reach several hundreds and tens of meters, respectively. Observed more frequently in
the depth range of 600-2500 m (e.g., Zodiatis and Gasparini, 1996), such staircases extended up to
3000 m after the year 2010 (Durante et al., 2019). It is worth noting that among the Mediterranean
sub-basins, the Tyrrhenian Sea is the most susceptible to salt fingering, and the one with the
strongest likelihood of sustaining the processes leading to their formation (Meccia et al., 2016).
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FIGURE 1 | The Tyrrhenian Sea (Western Mediterranean); symbols denote stations from Johannessen and Lee (1974), Molcard and Williams (1975), Zodiatis and
Gasparini (1996), Sparnocchia et al. (1999), Falco et al. (2016), Durante et al. (2019), Sparnocchia and Borghini (2019), and Taillandier et al. (2020), indicating the
locations where well-defined/less-defined stepped profiles or profiles with no indication of steps were reported. The bathymetry is that of the GEBCO Bathymetric
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Documented for the first time by Johannessen and Lee
(1974), these peculiar structures have been the subject of various
studies that have demonstrated their persistence over time (Falco
et al., 2016; Durante et al., 2019; Taillandier et al., 2020) as
well as their spatial coherence (Molcard and Williams, 1975;
Zodiatis and Gasparini, 1996; Buffett et al., 2017). Zodiatis and
Gasparini (1996) in particular, using their extensive dataset which
covered a large part of the southern Tyrrhenian Sea, were able
to demonstrate that the staircase phenomenon affects at least
22% of the basin with a lateral coherence of 150 km, and
is more pronounced (thicker mixed layers, thinner interfaces
with maximum gradients and a larger number of steps) in
its deeper part. This is also evident from the distribution of
profile types taken from the literature in Figure 1. Moving
toward the basin’s periphery, the structures become weaker, and
finally disappear completely. This feature of the structures is
consistent with the dynamics of the basin which increases from
the center toward the borders where advection is prevalent and
diffusive convection is prevented (Astraldi and Gasparini, 1994;
Zodiatis and Gasparini, 1996).

The Tyrrhenian water column is mainly a three-layer system
consisting of the surface Atlantic Water (AW), the Levantine
Intermediate Water (LIW) and the Tyrrhenian Deep Water
(TDW). The LIW is generated in the Eastern Mediterranean
and is identified by an associated salinity maximum. It enters
the Tyrrhenian Sea from the Sicily Channel. A major part turns
right and flows directly eastward following the northern coast
of Sicily, circulating cyclonically within the basin along the

boundaries in the 200-700 m depth range roughly. Reaching
the eastern coast of Sardinia, it flows southward to finally exit
the Tyrrhenian toward the Western Mediterranean (Béranger
et al., 2004). The TDW is the product of the mixing between
the Western Mediterranean Deep Water (WMDW) entering
the Tyrrhenian Sea via the Sardinia-Tunisia Channel and
waters of eastern Mediterranean origin, i.e., LIW and Eastern
Mediterranean Deep Waters (Sparnocchia et al., 1999; Millot
and Taupier-Letage, 2005). Fuda et al. (2002) hypothesized that
water denser than TDW found in the deep Tyrrhenian (2000-
3500 m) might form locally occasionally, but this hypothesis was
not supported by further observations. The circulation of the
TDW is not well-characterized due to the lack of data (Vetrano
et al., 2010) but is expected to be cyclonic along-slope due
to the Coriolis effect, tracing a basin-wide gyre before leaving
through a southwest passage close to Sardinia (sill at ~2000 m)
(Millot and Taupier-Letage, 2005).

Lateral exchange processes between the boundary currents
and the interior of the basin have been reported by Zodiatis
and Gasparini (1996). More recent studies (Budillon et al., 2009;
Vetrano et al,, 2010) have revealed a complex circulation in
the south-eastern part of the basin, with meanders and some
persistent and transient cyclonic and anticyclonic structures
involving the surface and intermediate layers. These exchange
processes are responsible for lateral intrusions which supply
the central part of the basin with warmer and saltier water,
thus supporting the staircases. Lateral intrusions which alter the
stratification of otherwise homogeneous steps in the form of local
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inversions of temperature and salinity with increasing depth are
also sometimes observed (Zodiatis and Gasparini, 1996, their
Figure 5; Merryfield, 2000). The continuous lateral input of warm,
salty water and the weak dynamics of the basin in the deep
layers (Hopkins, 1988; Astraldi and Gasparini, 1994; Zodiatis and
Gasparini, 1996) contribute to maintaining the general pattern
of the established structure of the relevant portion of the water
column over time, though specific characteristics may change
somewhat leading to slightly differing shapes of profiles between
one observation and another (Durante et al., 2019).

In recent years, the LIW has undergone significant warming
and an increase in salinity (Schroeder et al., 2017, 2020),
which should therefore have increased its contribution to the
salt fingering processes in the Tyrrhenian basin. Furthermore,
following the Western Mediterranean Transition (WMT), a
new warmer, saltier and denser Western Mediterranean Deep
Water (n€WMDW) has formed (Schroeder et al., 2008) that
has progressively spread from its region of origin along routes
to Gibraltar and the Tyrrhenian Sea (Schroeder et al., 2016).
Entering the Tyrrhenian Sea, the nWMDW has a lower
temperature and salinity than the resident deep waters but a
higher density that causes it to cascade down to the bottom of the
basin and settle under the deep water already present there (see
Figure 2C in Schroeder et al., 2016). According to Durante et al.
(2019), this new water at the bottom introduces an additional
demand for downward fluxes of heat and salt, enhancing salt
fingering processes.

Salt fingers reinforce heat and salt fluxes in the open ocean,
strongly contributing to the diapycnal vertical mixing (St.
Laurent and Schmitt, 1999; Schmitt et al., 2005). They are an
effective mixing mechanism in the deep water of the Western
Mediterranean (Bryden et al., 2014), and are believed to be
the cause of the observed increases in deep water temperature
and salinity over the past 50 years along with deep water
formation events (Borghini et al., 2014). However, calculating
their contribution to the vertical transport of heat and salt
from hydrological observations is not easy as this is usually
based on approximations of relative flux laws that have not
been definitively verified yet as applicable for every situation
observed in the ocean.

The laboratory-derived flux laws, also known as the 4/3 flux
laws, relate the salt finger fluxes to the 4/3 power law of the
difference in salinity across a fingering interface (AS*3) and
the density ratio (Turner, 1967; Linden, 1973; Schmitt, 1979;
McDougall and Taylor, 1984). But they have been found to
overestimate fluxes by more than an order of magnitude (Gregg
and Sanford, 1987; Lueck, 1987; Schmitt, 1988) because the high-
gradient interfaces observed at sea are thicker than laboratory
predictions for them.

Kunze (1987) was the first to propose a model of heat and
salt fluxes for finite-length salt fingers, such as those found in
observations. His main challenge was properly understanding the
length and lengthening in time of the fingers. Since the observed
interfaces are thicker than the maximum finger length (tens of
cm) predicted by the 4/3 flux laws, they must either consist of
several layers of fingering zones separated by convective regions
(as suggested by Linden, 1978) or be a statistical ensemble of

growing fingers. Thus, the laboratory flux laws that apply to
interfaces with only one layer of salt fingers give incorrect fluxes
for many of the steps observed in the ocean. In his formulation,
Kunze (1987) gave an alternative argument in support of the
Stern number constraint for collective instability (Stern, 1969)
and a solution for both thin (~30 cm) and thicker interfaces. This
model reproduces laboratory behavior if a single finger fills the
entire interface and is more suitable for thick interfaces, typical of
oceanic thermohaline staircases, reproducing fluxes over an order
of magnitude lower than the those predicted by the 4/3 flux laws.

More recently, Radko and Smith (2012), questioning whether
the Stern (1969) and Kunze (1987) hypothesis could be extended
to include the case of the very low Stern numbers associated
with many of the laboratory experiments, emphasized the role
played by secondary instabilities of the salt fingers. These typically
grow much faster than the collective instability modes and are
independent of the specific values of the Stern number (Holyer,
1984). Their theory, which assumes that the fully developed
equilibrium state is characterized by the comparable growth rates
of primary and secondary instabilities, leads to a set of equations
for the non-dimensional heat and salt fluxes and the flux ratio.

Direct numerical simulations (Radko, 2003, 2005; Radko et al.,
2014b) show that the equilibrium structure of a staircase is
achieved by a sequence of merging events initially involving
relatively thin and unsteady layers generated by instabilities
within a smooth stratification. These layers merge continuously,
building up the average layer thickness to a maximum value
whereupon the equilibrium structure of the staircase is reached.
Most oceanic staircases are in the quasi-equilibrium state, and the
initial phase of formation of layers from smooth stratification and
their systematic thickening subsequently have not been recorded.
Nonetheless, in the case of the Tyrrhenian staircases, the varying
numbers of such layers observed at different times, the diversity
encountered in their sizes and the shapes of their interfaces
(which sometimes include small, homogeneous and relatively
thick sub-layers) suggest that some process of merging actually
occurs (Durante et al., 2019).

Ma and Peltier (2021) further extended the Radko theory by
simulating the formation and evolution of staircases starting from
an inhomogeneous background stratification to better explain
what happens in the real ocean. We will show later that, although
they use different functions to represent the flux ratio, the
parameterizations of Radko and Smith (2012) and Ma and Peltier
(2021) produce nearly coincident salt and heat fluxes when
applied to our dataset.

In this study, the Tyrrhenian staircase system presented by
Durante et al. (2019) is examined in greater detail, particularly
from the perspective of its evolution over time. Relevant
fluxes of salt and heat have been calculated employing the
parameterization of the Kunze (1987) model for thick interfaces
proposed by Hebert (1988), as well as the Radko and Smith
(2012) and the Ma and Peltier (2021) models (hereafter referred
to as H88, RS12, and MP21, respectively). The main objective
is to better formulate this system and assess its contribution to
vertical mixing in the Tyrrhenian basin, paying attention also to
the role played by the substructures observed inside the thick,
layered interfaces. Our results have been evaluated by comparing
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them to those obtained from hydrological profiles in the same
region by Zodiatis and Gasparini (1996) and Falco et al. (2016),
the latter with the same parameterizations we use in this study.
Another valuable source of comparison is the very recent study
by Ferron et al. (2021), published in this issue. They estimate
heat, salt and buoyancy fluxes using microstructure observations
from four locations in the western Mediterranean, including our
region in the Tyrrhenian Sea. Finally, we present a method for
the semi-automatic detection of the boundaries of the interfaces
in a stepped profile, specifically developed for our data, as an aid
to extract information useful in the calculation of the associated
heat and salt fluxes.

The paper is organized in the following way. In Section
“Materials and Methods,” we present the data, the detection
algorithm, the methods used for calculating heat and salt fluxes,
and the comparison of the performances of the respective
models underpinning the different sets of computations that
were performed. In Section “Results,” we present an analysis of
the long-term evolution of the Tyrrhenian staircase system and
describe some of its salient features. We then present the results of
the calculations of salt finger fluxes through interfaces, including
an analysis of how they change when substructures are present.
The two successive sections contain a discussion of the results and
our overall conclusions, respectively.

MATERIALS AND METHODS
Data

The dataset consists of a time series of vertical temperature
and salinity profiles collected by the Consiglio Nazionale delle
Ricerche (CNR) at a station located at a depth of about 3500
m in the central Tyrrhenian Sea (39.78083 deg N, 11.88333
deg E) over the period 2003-2016. This dataset has been
presented and intensively studied in Durante et al. (2019), and
is available on the open marine science data publication portal,
SEANOE (Borghini et al.,, 2019). It contains 21 hydrological
profiles, roughly one every six months with gaps in 2008 and
2009. The dataset can be considered highly homogeneous in
terms of technical characteristics and quality. There are two
reasons why this is so. One is that the instrument used to
collect most of the profiles was the same Sea-Bird SBE 911plus
Conductivity-Temperature-Depth (CTD) probe. The other is
that the applied data qualification procedures were identical
for every profile. The vertical profiles were collected with a
sampling frequency of 24 Hz and an average probe descent
rate of 1 m s~!. The SBE 91lplus CTD system mounts a
SBE 3plus and a SBE 4 sensor for measuring temperature and
conductivity, respectively, with corresponding manufacturer-
declared accuracies of 0.001°C and 0.0003 S m~!. These
accuracies for the temperature and conductivity measurements
are commensurate with an accuracy of roughly 0.003 in salinity
(PSS-78). The temperature and conductivity sensors of the CTD
probe were regularly calibrated at the NATO-CMRE Center in
La Spezia until 2014, and subsequently by the manufacturer or
by the OGS Oceanographic Calibration Center in Trieste. To
verify the probe’s post-calibration performances for temperature

and salinity measurements, it was often deployed with redundant
temperature and conductivity sensors. In addition, in the specific
case of salinity, probe readings were checked, and if necessary
corrected, using values for the property obtained by analyzing
water samples collected for this very purpose onboard with a
Guildline Autosal or a Guildline Portasal bench salinometer. As
a rule, the data acquired with the CTD probe were processed by
means of the standard data processing package supplied by its
manufacturer, Sea-Bird Scientific. In each profile, the measured
temperature (ITS-90, °C) and salinity (PSS-78, practical salinity)
data were averaged at every dbar in the vertical. The resulting
values were used with the TEOS-10 software v3.06 (McDougall
and Barker, 2011) to calculate the absolute salinity (SA) in g kg~*
and the conservative temperature (CT) in °C, these variables
being the best estimates for ocean temperature and salinity
(Jackett et al., 2006; Millero et al., 2008; IOC et al., 2010). In the
present version of the TEOS-10 software, the SA is obtained by
multiplying the practical salinity by 1.004715428571429 g kg~ !.

Detection of Interfaces

To extract the upper and lower limits of the interfaces in a stepped
profile, we developed an algorithm in Matlab which we applied
below the LIW that we identified by the maximum SA value
(SAjuax)- The entire procedure is summarized by the diagram in
Figure 2 and explained below.

The portion of the vertical profile below the LIW can be
likened to an expression of a noisy piecewise function composed
of two kinds of alternating subsections. The first kind has been
defined by us as a “layer.” This subsection is characterized by
a low variability in the property of interest (CT or SA) and a
high variability in the pressure. The second one — which we have
called an “interface” - is a subsection where the above situation
is reversed, showing a high variability in properties and a low
variability in the pressure. So, we based our algorithm on the
following two criteria:

(i) the variability of CT (or SA) in the layers is smaller than a
threshold value 3, and

(ii) the variability of CT (or SA) in the interfaces is larger than
a threshold value ¢.

The upper limit of an interface is a point j, in the profile where
it transforms from layer to interface. Similarly, the lower limit
of an interface is a point j; where the opposite occurs. Let N be
the number of water column samples, 6 = {01, ..., Oy}, of the
variable under examination (CT or SA). Then, if ¢ is its standard
deviation in any given interval of pressure, j, and j; must satisfy
the following conditions, namely:

O'{e'u_NB,...,eju} < Bando{eju,...,ejquNE} > € (1)

G{Gjl_NE,...,ejl} > EQndO‘{Gjl,...,ejl+N5} <3 (2)

where Ny and Ne are the number of points adjacent to the
corner points under scrutiny and are used to verify whether
the conditions with respect to the 3 and ¢ thresholds are met.
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FIGURE 2 | (A) Outline of the interface detection procedure, indicating the main steps. (B) Detail of a CT profile with staircases illustrating the conditions (1) and (2)
explained in Section “Detection of Interfaces” used to detect corner points j, and ji; N5 and N, are the set of points adjacent to points j, and j; where the two
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To simplify the entire proceeding, the search for j, and j; (the
corner points) was performed on the CT profiles only and, when
identified, their corresponding pressure, CT and SA values were
noted. To eliminate unwanted variability and make it easier for
the automatic procedure to detect transitions from layers to
interfaces and vice versa, we smoothed the original profiles by
applying a moving average low-pass filter with a 15 dbar window.
Following Durante et al. (2019), satisfactory values for § and
e were set as 1074 °C and 1073 °C, respectively. After some
sensitivity tests, we found that considering the closest 5 points
(Ns = 5) was sufficient to verify the desired low CT variability
whereas the establishment of the opposite condition required
addressing 10 points (Ne = 10). Furthermore, requisites (1) and
(2) were both satisfied by multiple small groups of points spaced
1 dbar apart from each other. Subsequently, after the detection
step, we tasked the algorithm with eliminating all the redundant
points, keeping only the last of the sequential j, and the first of
the sequential j; corner points because of their association with
a greater ¢ variability. Finally, the ensuing derived profiles were
superimposed on the corresponding recorded profiles, and the
vertical alternation of interfaces and layers was verified by visual
inspection. Any redundant corner points noticed again at this
stage were eliminated by hand. Also, a few corner points that
were missed by the algorithm were now added. To focus on the
well-developed portion of a staircase conceived as a coherent
succession of conspicuous homogeneous layers, we have selected
those of thicknesses greater than 50 m. In doing so, we omit
the small transient layers at the top of the staircases where the
high variability suggests that there are no equilibrium conditions
and therefore no justifiable way to apply the formulations (3),
(4), and (5) described in the following subsection to calculate
the relative heat and salt fluxes. We also ruled out the layers
presenting inversions in the profiles of May 2010 (812-872 dbar
and 895-1160 dbar), August 2010 (874-991 dbar), December
2010 (709-776 dbar), and May 2011 (699-752 dbar, 870-911

dbar, and 1075-1148 dbar). Finally, the small layers within the
interfaces with substructures (see Section “Fluxes in Interfaces
with a Stepped Substructure”) were ignored, and this type of
interface was identified merely by its uppermost and lowermost
limits while calculating fluxes. The results of the procedure are
shown in Figure 3.

The last step was to set the values of CT and SA for the
corner points as the mean values of CT and SA in the adjoining
layers (the layer above for the j, corner points and the layer
below for the j; corner points), leading to the surrogate profiles of
Figure 4 which retain all the main properties of the thermohaline
staircases and have been used to calculate the fluxes through the
interfaces sandwiched between the main layers.

Calculation of Heat and Salt Fluxes

The local heat and salt fluxes, Fr and Fg - i.e., the heat and
salt fluxes at the observed interfaces — were calculated using the
H88 formulation of the Kunze (1987) model for thick interfaces,
the RS12 model that accounts for secondary instabilities of
salt fingers and the MP21 model which was developed for an
inhomogeneous background stratification. In the formulations
of the fluxes that follow, we consider the vertical (z) axis
positive downward.

The H88 equations are:
Es = 20(2) (VR + VR = 1)’
Fr = yng (3)

v = R (VR — R, — 1)

where v is the molecular viscosity of seawater, and (g—i) is the

(2]

salinity gradient in the interface. R, = ( as) is the density
=
ratio (Turner, 1973), y = ‘é% is the flux ratio (Kunze, 1987),
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FIGURE 5 | (A-C) Comparison of the calculations of salt flux, heat flux, and flux ratio with different methods (H = H88; RS = RS12; MP = MP21; F = Ferron et al.,
. (D) The relationship between salt fluxes and R, ; Fs*(R, ) denotes the part dependent on R, in equations (3)—(5). In (A) and (B), the dashed lines represent
mean values calculated for the period 2013-2014 in the 600-2800 m depth range, and the axes expressing the fluxes are set to the logarithmic scale.
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and a and P are the thermal expansion and haline contraction
coefficients for seawater.

These flux laws are valid for interfaces thicker than 30 cm
and represent the maximum temperature and salinity fluxes due
to salt fingers observed there. Therefore, they are also suitable
for our staircase system where the interfaces are several tens
of meters thick.

Equations (4.1) of Radko and Smith (2012), which provide
non-dimensional fluxes, were transmuted into the dimensional
domain by considering equations (2.3) of the same paper. The
operation furnishes us with the dimensional eddy diffusivities of
heat and salt as functions of the non-dimensional fluxes, F7* and
Fs*, which we then multiply by the respective vertical gradients
of CT and SA (FicK’s diffusion model). So, the dimensional fluxes
can be written as follows:

= k(%) =kTRp(ﬁ+h)(
Fr = KT<%> =kTV(\/R7+b)<

y = ayexp (—=byRy) + ¢y, (ay, by, ¢y) = (2.709, 2.513, 0.5128)

F,

) (a, b) =
> )

(135.7, —62.75)

m‘m

©

| ‘ 2

where k1 = 1.4 x 1077 m? s~ ! is the molecular diffusivity of heat,
and Kt and Kg are the dimensional eddy diffusivities of heat and
salt, respectively.

Ma and Peltier (2021) gave functional forms for the flux ratio
and the eddy diffusivities [their equation (1)]. The latter were
used to derive the parameterizations of heat and salt fluxes as
above, obtaining:

= (78.09, 0.52, 0.87)

krR
FS:KS<F2>= Typm(%), ((l, b, C)

AT\ _ a
KT( AZ> = kr (Ry—1)'RG
Y = ayR3 + byR2 + c,R, +d,,
(ay. by, ¢y, dy) = (—0.00068, 0.0163, —0.125, 0.77)

(©)

For the calculation, the differential terms ((%),(%»
in equations (3), (4), and (5) have been discretized and

approximated with (AAS?, ACT) (henceforth termed as SA, and

CT,), where ASA (ACT) is the difference between the mean
value of SA (CT) in the layers above and below an interface
(i.e., the mixed layers of the surrogate profiles of Figure 4) and
Az is the thickness of the interface itself in meters. o, p and
R, were calculated with the TEOS-10 software (McDougall and
Barker, 2011) for the pressure level associated with the point
demarcating the interface using the temperature (CT) and salinity
(SA) values of the adjacent layer. The routine that calculated
R, also generated a value for the Turner angle (Tu) because of
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the relation R, = — tan (Tu + 45 deg) (Ruddick, 1983) linking
the two parameters. The molecular viscosity, v, was calculated
for all the surrogate profiles using the Seawater Thermophysical
Properties Library (Sharqawy et al., 2010; Nayar et al., 2016), and
a representative average value of 1.24 x 10~% m? s~ ! was derived
from the obtained values.

We have estimated the contributions of the heat and salt
fluxes, Fr and Fs, to the local buoyancy as gaFr and gPFs,
where g is gravitational acceleration (9.8 m? s~!). Then, the
net buoyancy flux was quantified as the difference between
these two buoyancy constituents: F, = g (BF; — aFy). The salt
finger instability produces vertical fluxes diffusing heat and salt
down along their mean gradients. However, the vertical transport
of salt is more efficient than that of heat. Consequently, the
haline component of the buoyancy flux exceeds its thermal
equivalent, resulting in an up-gradient flux of density (Turner,
1967; St. Laurent and Schmitt, 1999).

The flux calculations with the three methods are compared
in Figure 5, which also shows the mean salt and heat fluxes
and the flux ratio estimated by Ferron et al. (2021) from
microstructure observations in the same area in the period
2013-2015. Although they use different functional relationships,
RS12 and MP21 produced values for the salt and heat fluxes
that are quite similar, with only very small differences in the
case of heat (Figures 5A,B). These values are higher than
those obtained for the same fluxes with H88 by a factor
of 5 and 6 for heat and salt, respectively. The discrepancies
are due to the differences in the underlying assumptions and
parameterizations. Those between H88 and R12 have already
been reported by Bryden et al. (2014) and Falco et al. (2016),
and arise from the distinctive parameterizations with respect
to R, and on the specific constants used. This is immediately
evident from Figure 5D, where the dependency of the salt
flux on the density ratio in the three models is presented.
The parameterizations of RS12 and MP21 provide values which
decrease with R,, while that of H88 does the opposite. Disparities
are also found in the dependence of the salt flux on the
salinity gradient (not shown), which are due exclusively to
the use of different constants in the models: numerically, the
molecular viscosity in equations (3) and the molecular diffusivity
of heat in equations (4) and (5), diverge from each other by an
order of magnitude.

The comparison of the mean salt and heat fluxes obtained by
Ferron et al. (2021) (green dashed line in Figures 5A,B) with
those calculated by us from our dataset for the same period and
depth range (blue and black dashed lines) as them showed that
their computational scheme is much closer to RS12 and MP21
than to H88. The flux ratio values we obtained with our data
(Figure 5C) are arranged exactly along the theoretical curves
imposed by the equations (3), (4), and (5), i.e., yRS =f (e_RP),
YMP = f (Rg), and y# = f(R,). They are close to 0.7, as could
be expected in a salt finger regime (Schmitt, 1979), but are slightly
lower in the RS12 and MP21 parameterizations than in H88. The
H88 results for the flux ratio are more consistent with the values
derived for the parameter from the microstructure observations.
The flux ratio parameterization of MP21 varies only slightly when
compared to those of both RS12 and H88 in our density ratio

range. Overall, however, they resemble the fluxes coming from
RS12 rather closely.

RESULTS

Time Evolution of the Thermohaline

Properties in the Measurement Period
Durante et al. (2019) have already shown that thermohaline
properties change over time and along the water column, and
relate these changes to the variations observed in the LIW.
Here, we carry this study forward by analyzing how the salinity
and temperature at the level of the LIW and in the underlying
layers changed over the period covered by the observations, and
examining the natures of the associated trends.

Figures 6A,B shows the maximum salinity value and
corresponding temperature for each profile, which denote the
LIW signal in our observational domain. Furthermore, it presents
the average salinity and temperature in the layers labeled 0 and 1
in Figure 3 and in the deep layer. Layer 0 is the thickest layer
in each profile (located within the gray area in Figure 3) and
layer 1 lies just above it. Both layers are well-developed in all
the profiles, and correspond to the main-middle pair of layers in
Figure 4 of Durante et al. (2019). We have identified the deep
layer as the part of the water column comprising the last 500
dbar above the bottom which is not affected by the formation
of steps. However, the average values of the two parameters and
associated trends do not change significantly even if we reduce its
thickness to just 100 dbar from the bottom. We have not shown
the standard deviations associated with the mean values in the
figure because they are very small in all the layers, and are not
appreciable on the plot scale.

Trends of salinity and temperature are estimated as the slopes,
accompanied by their standard errors, of a linear regression
model. The LIW shows warming and salinification trends of
0.019 £ 0.005 °C yr~! and 0.0036 & 0.0006 g kg~! yr~ !, in
line with the values reported by Schroeder et al. (2017) for the
same trends in the Strait of Sicily (0.024 °C yr~! and 0.006 yr—1;
the latter value does not change if expressed in g kg=! yr=1).
Our somewhat lower values can be attributed to the changes
the LIW undergoes due to mixing with the waters it encounters
during its journey from the Strait of Sicily to our measurement
area (Millot and Taupier-Letage, 2005). Another possible reason
for this slight diminution is the fact that the core of the LIW
moves mainly along the boundaries of the Tyrrhenian Sea, so its
signal in our area tends to be principally modulated by lateral
advection (Astraldi and Gasparini, 1994; Zodiatis and Gasparini,
1996). The layers 0 and 1 also present warming and salinification
trends, but they are slower compared to those of the LIW. The
temperature varies at a rate of 0.011 & 0.001 °C yr~! in both
layers, and the salinity by 0.0031 4 0.0004 g kg~! yr~! in layer
1 and 0.0032 + 0.0004 g kg~ ! yr~! in layer 0. In the case of the
deep layer, the variations of the two properties are very small and
their trends are contrary to those characterizing the water column
above (—0.0023 £ 0.0004 °C yr~! and —0.0005 £ 0.0004 g
kg=! yr~!). The trends of the deep layer coincide with the
intrusion of less salty (<38.68 g kg~!) and colder (<12.93°C)
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FIGURE 6 | Evolution over time of salinity (SA) and temperature (CT). (A) and (B) show the variation of the maximum salinity and its corresponding temperature value
(LIW), together with the average values of SA and CT in the layers 0 and 1 of the staircases, and in the last 500 dbar above the bottom. (C) and (D) present the
behaviors of salinity and temperature with respect to pressure and time. (E) and (F) the same, only this time for the calculated difference in salinity and temperature
between two consecutive times instead. In (C-F), the position of the LIW and the previously specified 0, 1 and deep layers are indicated using the types of lines

ascribed to them in the legend of (A) and (B).

water (Figures 6C,D) coming from the Western Mediterranean
(Schroeder et al., 2016). This intrusion is present from December
2010 to December 2015. It is not persistent and is more visible
in salinity than in temperature. It is not observed in May 2011,
June 2013, November 2014, and August 2015, which correspond
to periods when the 38.68 g kg ™! isoline sinks toward the bottom,
as can be seen in Figure 6C. In January and November 2012, and
in October 2013, the lowest salinity value of the whole dataset,
equalling 38.66 gkg ™!, is observed below 3250 dbar. The detected

intrusion seems to be causing the isolines of both salinity and
temperature to rise. The layers 0 and 1 behave likewise, with an
upward displacement. Figure 3 shows that the entire staircase
system is subjected to this uplifting. The deep layer appears
isolated from those above it and does not seem to benefit at all
from the possible heat and salt inputs driven downward by the
salt fingering phenomenon.

The differences noted in salinity and temperature at the
same pressure level at two consecutive times (Figures 6E,F)
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suggest that our profiles are contaminated by internal waves
(see Figure 1d in van Haren and Gostiaux, 2012, for a possible
corroboration). Over time, such differences swing back and
forth between positive and negative values in extended portions
of the water column, suggesting that they are caused by low
salinity, low temperature or high salinity, high temperature
water types being pushed up and down by wave motion. This
pattern is complicated by cases in which the layer is squeezed
from above and below due to the probable passage of out-of-
phase waves, which mainly occurs in the period 2003-2007.
Internal gravity waves occupy a frequency range bounded by
the local inertial frequency below and by the Brunt-Viisila
frequency above (Garrett and Munk, 1975). In the Tyrrhenian
Sea, where our observations were made, the local inertial period
is 18.7 h. This is an upper limit for the sampling time needed
to resolve internal waves. Our coarse sampling interval does
not allow us to resolve the frequencies of internal waves, and
therefore to investigate how they interact with the staircases.
In deep water and far from topography, as in our case, the
contribution of such waves to the vertical mixing could be
relevant (Munk and Wunsch, 1998).

Staircase Properties

The staircase system consists of a series of main layers (thicker
than 90 dbar) with several thinner layers above and, from 2010,
below, which are separated by interfaces showing a rich variety
of structures. Durante et al. (2019, their Table 1) classified the
interfaces into four classes: sharp, slope, steppy, and rough.
Sharp interfaces present relatively large gradients of temperature
and salinity in a short vertical interval (what we expect for a
theoretical staircase in equilibrium), such as those observed above
1500 dbar in Figure 3 in March 2003 and April 2004. Slope
interfaces are like sharp interfaces, but thicker (the gradients
are more extensive vertically). They are common at the base
of a staircase (seen, for example, from May 2010 onward in
the same figure), but are also found at intermediate depths
(as noticeable between layers 1 and 2 in June and October
2004, again in Figure 3). Steppy interfaces, like those evident
between layers 1 and 2 in October 2013 and November 2014,
incorporate small layers which may or may not be homogeneous
(i.e., they might have small gradients from top to bottom or in
the middle) with additional interfaces between them. Rough is
a further attribute which characterizes some of the slope and
steppy interfaces that show certain kinds of irregularities. To
simplify, we will consider only the three main types of interfaces,
i.e., sharp, slope and steppy, regardless of their roughness,
in this section.

The layers can vary in number from one profile to another,
and their level of development may also differ. They are more
abundant in the period 2010-2016 than in the period 2003-
2007. The thickest layer in each profile (layer 0, in Figure 3)
migrates upward from 2010 onward when more layers can be
distinguished below it. The thickness of each layer varies over
time. For example, the thickness of layer 0 is 510 m in March
2003, 280 m in October 2007, 502 m in May 2010, and 380
m in August 2016.

Layers Interfaces
A Original profiles
N = 28302 N = 5155
0.5
£
g o .
= Filtered profiles
1
oC D
(&
0.5 [ ]
0 — |
-180 -9045 4590 180-180 -9045 4590 180
Tu
FIGURE 7 | (A,C) Histograms categorizing the density of observations in the
layers extracted from the original and filtered profiles on the basis of the Turner
angle. (B,D) The same, only this time for the interfaces instead of the layers.

The prevailing patterns of stratification are reflected in the
distributions of the values of the Turner angle associated with
the layers and the interfaces, as shown in Figure 7. The
figure presents histograms depicting the density of observations
relating to the layers and the interfaces obtained from the
untreated and the low-pass filtered data with a vertical
resolution of 1 dbar in different bins of the local Turner
angle. The dominant stratification within the layers is of
the stable type (—45 < Tu < 45 deg), embracing 83% and
95% of the observations in the original and filtered profiles,
respectively. Other configurations are also present, including
the gravitationally unstable type, but to a smaller extent, so
they are largely removed by the filter. Similarly, within the
interfaces, various configurations are observed, with stable and
finger (45 < Tu < 90 deg) types prevailing. There are interfaces
that include gravitationally unstable zones (Tu > 90 deg), too.
In terms of the fraction of observations they represent, the three
mentioned interface configurations are distributed thus in the
untouched and filtered sets of profiles, respectively - stable: 36%,
and 16%; finger: 36%, and 54%; gravitationally unstable: 26%, and
30%. Filtering the original profiles brings out the finger instability
type as the prevalent configuration. It is worth noting that even in
the filtered profiles there remain areas within the interfaces that
are gravitationally unstable.

To identify the main features of the typical staircase,
we used the surrogate profiles of Figure 4. Note that the
perturbations within layers and interfaces are therefore not
considered. The thickness of the layers, hj, ranges from 60
to 510 m (Figure 8A), and shows a tendency to increase
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linearly with depth down to about 1850 dbar. At greater
depths, h; decreases. As for the interfaces, their thickness, h;,
is very variable, ranging from 15 m to several hundreds of
meters (Figure 8B). The thickest interfaces are those of the
slope and steppy types. The sharp interfaces have, at most,
thicknesses of 44 m. Figure 8C presents the ratios between
the thicknesses of the interfaces and their underlying layers.
We noticed that sharp interfaces are never more than quarter
the size of their underlying layers. On the contrary, the other
two types of interfaces can reach sizes of up to 40% of the
extensions of the layers below them, and sometimes even
more. According to Zhurbas and Ozmidov (1984), the ratio
between the thicknesses of the interfaces and the underlying
layers may vary depending on the process that generated the
step they are part of. In particular, from theoretical reasoning
and some considerations on the geometric properties of a
profile containing steps, they derived qualitative reference
limits for this ratio in the presence of different generation
mechanisms. They suggested that the characteristic range for
double diffusion should be 0.02 < ™ < 0.25 Higher
values would indicate the dominance of other processes such
as the kinematic effect of internal waves (~1) and the local
effects of turbulent mixing (intermediate values, between 0.25
and 1). Unfortunately, we are unable to quantify the possible
effects of similar processes on the Tyrrhenian staircases as
this would require additional data which we do not have.

However, in the case of slope interfaces, which often also
show roughness, it is very likely that there are other processes
in action besides double diffusion. In the case of steppy
interfaces, a separate discussion should be made, going into the
details of their substructure and evaluating the ratio between
each sub-interface and sub-layer. The values we report for
the ratio in Figure 8C are certainly overestimated for steppy
interfaces, because we have established their thicknesses for the
calculations by considering them in their entirety, i.e., from the
top to the bottom.

The differences in temperature and salinity across the
interfaces, ACT and ASA, corresponding to the disparities
between the layer above and below the interface in the two
properties, vary in the range 0.02-0.2 °C and 0.005-0.06 g
kg~ !, respectively (Figures 8D,E). The greatest variations are
observed in the pressure range 980-1800 dbar, regardless of the
type of interface.

The values obtained for the density ratio R, and the Turner
angle Tu (Figure 8F), falling as they do in the limits 71.6 < Tu <
90degand1 < R, < 2describinga fingering regime (Ruddick,
1983), confirm the ubiquitousness of the phenomenon in the
area. R, (Tu) decreases (increases) from the top to the bottom,
where it tends to approach unity, and is always less than 1.7. This
is usually associated with the appearance of step-like structures
in vertical T-S profiles (Schmitt, 1981; Schmitt et al., 1987;
Radko et al, 2014a). The lowest values of R, are associated
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with slope interfaces, which are frequently found at the bases

of the staircases.

Heat and Salt Fluxes Through Interfaces
Local fluxes vary both with depth (pressure) and in time.
We began by examining the variabilities of the salt and heat
contributions to the buoyancy, namely g8Fs and gaFr, and their
difference, the net buoyancy flux Fp, with the pressure p and
the density ratio, R,. Plots of gBFs, gaFr, and Fj, with respect
to p (Figures 9A,C,E) and R, (Figures 9B,D,F) almost mirror
each other, reflecting the R, (p) relationship already evidenced
in Figure 8F. As already noted, the fluxes obtained with RS12
are higher than those calculated with H88, but the trends of the
estimates as a function of the pressure and of the density ratio are
almost the same in both the cases. The values are generally larger
in the portion of the water column between 600 and 1800 dbar
where R,> 1.15, mainly in correspondence with sharp interfaces.

Below 1800 dbar, they start to decrease, reaching minima at
the bottoms of the staircases, typically in the presence of slope
interfaces. To provide a sort of reference “frame” for broadly
characterizing the portion of the water column affected by the
staircase phenomenon at the studied location in terms of the
fluxes, we have used our results to estimate some basic statistics
for them in different pressure ranges, as reported in Table 1. The
decrease in the fluxes with depth is greater in the results obtained
with H88. The average net buoyancy flux obtained from the RS12
parameterization is (0.8 &= 0.6) x 1071 W kg™! - close to the
value of (1.2 & 4%) x 107! W kg™! obtained by Ferron et al.
(2021) for it in the same region, and by Bryden et al. (2014) for the
staircase in the Algerian basin (1 x 107! W kg™!) - while that
from H88 is about an order of magnitude lower, approximately
(0.10 £0.08) x 10710 W kg~ 1.

The ratio between heat (salt) fluxes and the vertical gradients
of temperature (salinity) provides an estimate of the eddy
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TABLE 1 | Some basic statistics (mean, standard deviation, minimum, and maximum) summarizing the fluxes calculated in different pressure ranges with the two
models, H88 and RS12.

Pressure range gB Fs ga Fr Fp N
mean std min max mean std min max mean std min max
(dbar) (10-19wWkg-1) (10~ Wkg1) (101" Wkg1)
Hebert (1988)
600-1200 0.48 0.24 0.15 1.14 0.33 0.17 0.11 0.81 0.15 0.07 0.05 0.33 40
1200-1800 0.36 0.26 0.07 0.98 0.26 0.19 0.05 0.72 0.10 0.07 0.02 0.26 33
1800-2400 0.15 0.09 0.05 0.41 0.12 0.07 0.04 0.31 0.04 0.02 0.01 0.10 25
2400-3000 0.09 0.02 0.05 0.12 0.07 0.02 0.04 0.10 0.02 0.01 0.01 0.03 10
600-3000 0.33 0.26 0.05 1.14 0.24 0.18 0.04 0.81 0.10 0.08 0.01 0.33 108
Radko and Smith (2012)

600-1200 2.71 1.48 0.90 7.89 1.71 0.95 0.55 5.09 1.00 0.53 0.35 2.79 40
1200-1800 2.80 1.96 0.68 8.50 1.83 1.28 0.45 5.63 0.97 0.68 0.23 2.86 33
1800-2400 1.74 1.05 0.47 4.23 1.19 0.71 0.32 2.86 0.56 0.33 0.16 1.38 25
2400-3000 1.25 0.36 0.76 1.84 0.86 0.25 0.53 1.28 0.39 0.11 0.23 0.56 10
600-3000 2.38 1.59 0.47 8.50 1.55 1.02 0.32 5.63 0.83 0.57 0.16 2.86 108

N is the number of data points in each sample. The values in boldface are those obtained for the entire pressure range considered (600-3000 dbar).

diffusivities of heat (salt). Figure 10 shows the relationships
of the heat and salt fluxes, Fr and Fs, with their respective
gradients, CT, and SA,. The two datasets are aligned along
straight lines whose slopes can be considered representative of the
eddy diffusivities in our salt finger region: Ks = (6.2 4 0.1) x 1076
m? s~! and K = (3.56 & 0.02) x 107® m* s~! with H88, and
Ks=(3.8040.09) x 107> m?s~ ! and K = (1.92 £+ 0.07) x 10~°
m? s~ ! with RS12.

Time series of local heat and salt contributions to the
buoyancy flux calculated with RS12 are shown in Figure 11 (the
equivalent resulting from the application of H88 is provided as
Supplementary Figure 1). Comparing the two periods 2003-
2007 and 2010-2016, it can be seen that the fluxes in the first
period are weaker than those in the second, even in the presence
of sharp interfaces. Furthermore, in both the periods, there
are situations where the fluxes are low along the entire water
column. This happened from May 2005 to October 2007, in
May 2011 and in June 2013, and corresponded with occasions
when interfaces were rough and predominantly of the slope or
steppy type. In May 2005, October 2006, and October 2007,
the entire profile was rough (Table 1 in Durante et al., 2019).
These profiles are squeezed from above and below, probably
due to the passage of out-of-phase internal waves (as previously
mentioned in Section “Time Evolution of the Thermohaline
Properties in the Measurement Period”), considerably reducing
their thicknesses. The profiles of January 2012 and August 2015
also show particularly low fluxes, but with interfaces which are
steppy. We will evaluate this kind of situation better in the
following section.

Another point to underline is that the strongest fluxes seem to
be occurring mainly between 700 and 1600 dbar, which confirms
the process is much more intense below the lower limit of the
LIW. The largest fluxes occur at the upper boundaries of layers

1 or 2 in the first period, and layers 0 or 1 in the second
period. Furthermore, the portion of the water column affected
by high fluxes moves upward, a consequence of the upward
migration of the staircases. Vertical displacements of layers and
interfaces have been ascribed to the action of internal waves
(Johannessen and Lee, 1972; Schmitt et al., 1987). This would
seem to explain the vertical displacements in the period 2003-
2007, when the staircases showed both upward and downward
movement. But since 2010, even though there is an up-and-
down swing, a trend is also evident with all the major layers
moving upward by several hundred meters. This coincides with
the formation of additional layers below 2000 dbar. We think
that the intrusion of nWMDW near the bottom plays a role
here, both by pushing the old resident water upward and by
causing new steps to be generated as a result of the enhancement
of the necessary downward heat and salt fluxes. However, it
should be emphasized that the fluxes through the interfaces
that separate these supplementary layers are small: just 6-27%
of the highest values (gaFr = 5.63 x 1071 W kg~! and
gBFs = 8.50 x 1071 W kg™!), obtained between layer 1 and
layer 0 in May 2010.

Figure 12 shows the net fluxes of salinity and temperature in
the layers situated between pairs of interfaces for which the fluxes
were calculated (see Figure 11). The net flux in a layer is the
upper interface flux minus the lower interface flux. A negative net
flux means that the layer exports the property. A positive net flux
means exactly the opposite. The last layer depicted in Figure 12
is the penultimate layer of the staircase identified in Figure 3.
We cannot calculate the net fluxes in the first and last layers of
the staircase because we do not know their ingoing and outgoing
fluxes, respectively. There is a tendency of the staircase to gain salt
and heat (positive net fluxes) in the layers located at intermediate
and deep depth levels, while those above are more inclined to lose
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them. Net fluxes in layers 1 and 0 are predominantly positive and
those in layer -1 (observed only from 2010 onward) are always
positive. These are the thickest layers in the vertical sequence,
layer 0 being the thickest of all, followed by the other two. At
different times, at least one of these layers has net positive fluxes.
The only exception is observed in June 2004, where we only have
the net fluxes in layer 1, and they are negative; however, the layer
2 above has positive net fluxes of high magnitude, indicating it is
the layer gaining salt.

Moving to the base of the staircase, we see that the penultimate
layers have mainly positive net fluxes, with very few exceptions,
so they also tend to gain salt and heat. This is in addition to the
fact that from 2010 onward, the fluxes in the deeper interfaces
are very small compared to those obtained for the central part
of the staircases. This result might explain the trend reported
in Section “Time Evolution of the Thermohaline Properties in
the Measurement Period” for the deep layer, suggesting that it
is generally isolated from what is happening above and does not
benefit much from the heat and salt intake pushed downward by
the salt fingering process.

Assessing the impact of net fluxes on the heat and salt content
of a specific layer is challenging, and near to impossible, seeing
that we do not know how long they are effective. However, just
to give an idea, a positive net flux on the order of 10~ would
raise the salinity (temperature) of 100 m of the water column
by an amount equal to the trend calculated in section “Time
evolution of the thermohaline properties in the measurement

period” for layers 0 and 1 in about 1 month (4 months). Since
the thicknesses of the two layers are greater than 100 m, it follows
that the actual times would be longer. The reality is still more
complicated. As shown in Figure 12, the net fluxes can even be
two orders of magnitude lower, and layers can retain or release the
relevant properties depending on the existing conditions. What
is certain is that staircases play a significant role in the transfer
of temperature and salt downward in the Tyrrhenian Sea, and
therefore contribute in a noteworthy way to the diapycnal mixing
in the area where they are found.

Fluxes in Interfaces With a Stepped
Substructure

In the calculations presented in the previous section, we
simplified the steppy interfaces as delimited by their uppermost
and lowermost limits, ignoring any internal substructure. The
approximation, while reasonable for the period 2003-2007
during which it is difficult to discern finer detail within
such interfaces, is not always readily applicable later. This
is particularly evident in the profiles corresponding to the
interval extending from January 2012 to August 2016, which
we examine below.

First, for each of the steppy interfaces shown in Figure 13A,
we selected all the points identifiable visually in the original
profiles as the ends of its sub-layers and sub-interfaces by
hand. The original profiles were used because many of these
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substructures had been filtered out in their surrogates. Then, we
recalculated the fluxes through the now more resolved interfaces
and compared the results to those obtained by us for them in our
previous calculations (Figures 13B,C).

The number of homogeneous layers embedded in the steppy
interfaces varies from one profile to another and with the
depth, and so do their thicknesses which range from a few
meters to some tens of meters. The largest sub-layers, 36,
54, and 35 m thick, are in the profiles of January 2012,
November 2014 and December 2015. The shape of the interfaces
changes from profile to profile too, taking on different forms,
including sharp (in November 2012 and December 2015) and
slope (in June 2013). Although there seems to be a continuity
in the evolution of some substructures between consecutive
profiles — for example, the large sub-layer of November 2014
which occupies the space previously occupied by the steppy
interface of October 2013 that suggests a merging event of
some kind - we cannot say with certainty if this is actually
true. The long intervals of time between successive samplings
strongly limit our ability to follow relevant step changes with

the required degree of exactitude. In fact, what we see at a
given moment is a realization of the staircase which could
have occurred any number of times in the 4-12 months
between one observation and the next. However, it is worth
mentioning that the direct numerical simulations of Ma and
Peltier (2021) took about 2 years on a physical timescale
to reach equilibrium from the initial background gradient
perturbation. During this time, their system evolved through
merging events. The changes we observed between October 2013
and November 2014 seem to reasonably conform to the temporal
frame they determine for the evolution and establishment of
“stable” staircases.

From the comparison of fluxes in Figures 13B,C, it is
immediately evident that they are larger in the presence of steppy
interfaces, resulting 5-13 times greater than those calculated
with their corresponding rectified analogs. The highest values
are found in the vicinity of sub-layers with thicknesses greater
than 20 m. In the case of the June 2013 profile, the interfaces
are very elongated vertically, so the gradients are small, and the
fluxes are much lower than those of the typical steppy interfaces.
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On the other hand, the November 2012 and December 2015
profiles, which have sharp interfaces, provide comparable values,
though still slightly lower than the maximum ones obtained from
the steppy interfaces. This suggests that steppy interfaces are hot
spots for enhanced mixing.

Using the flux values obtained in this section, the sign
of all the net fluxes in layers 0 and 1 in Figure 12 would
change from negative to positive except for the one from the
October 2013 profile which has a particularly efficient sharp
interface at its lower limit. The calculations in this section
show how challenging it is to obtain salt finger fluxes from
CTD profiles. Apart from the variability introduced by the
specific parameterization adopted, the schematization used to
represent the interfaces can also affect the nature and quality
of the overall results. The different sets of values that we
have calculated, however, give an idea of the magnitude of
the possible effects of these factors. Of course, this knowledge
can be improved upon with more data, especially from
microstructure profilers and datasets with a temporal resolution
adequate enough to resolve other pertinent processes such
as those related to internal waves which are capable of

accelerating the redistribution of the properties involved within
the water column.

DISCUSSION

We have shown that staircases are very well-defined and
persistent over time in the Tyrrhenian Sea, confirming
the findings of Durante et al. (2019). Even if there are
exceptions, the stratification is predominantly stable inside
the layers and generally unstable in the finger sense within
the interfaces (Figure 7). In the layers, small variations of
temperature and salinity can be observed which make the
existent stratification locally unstable and drive convective
overturning (the gravitationally unstable zones in Figure 7).
According to Radko (2005), the slight inhomogeneity of the
convective strata has a stabilizing effect on a staircase because it
tends to suppress possible spontaneous merging events between
adjacent layers. As for the interfaces, conformations other than
the finger type are present in the stratification there.
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Since their very first observations in the region (Molcard
and Williams, 1975; Williams, 1975), it was evident that the
interfaces were not always characterized by one single uniform
temperature/salinity gradient. Instead, they could incorporate a
varying number of smaller gradient zones for these properties.
Linden (1978) explained this sub-structure by hypothesizing
that it was due to salt fingers out of equilibrium, unlike those
in the sharp interfaces which are always in equilibrium with
the convective motions of the surrounding layers. He was
able to reproduce this type of salt fingers in the laboratory
verifying that thin subsidiary interfaces and layers can form
in a thick interface through finger convection alone. Stepped
interfaces thus indicate enhanced transfer of properties between
adjacent layers (as in Figure 13), which occurs through the
development and breakdown of the salt finger field. So, they
can be considered as hot spots for mixing. In terms of the
fluxes, such interfaces are the result of the adjustment of the
system to the equilibrium state: when the gradients are higher,
the fluxes are large, and the interface tends to become thinner
to accommodate them; similarly, when the gradients are low,
the fingers need to lengthen to provide the fluxes needed to
maintain overall stability. The Tyrrhenian staircases, therefore,
change over time, as our dataset shows. However, while the
shapes and the number of layers and interfaces of the staircases
can vary, their core part remains coherent in all the observations
(Figure 3). Our profile in the period 2003-2007 revealed a
persistent layer — the thickest of those present - centered
around 2000 m. After 2010, this layer migrated slightly upward
when additional homogenous layers developed below it. The
displacement corresponds to an intrusion of n(WMDW near

the bottom, as highlighted in Durante et al. (2019), which
introduced an additional demand for salt and heat fluxes to
sustain overall stability. Also, from 2010 onward, we noticed an
intensification of the vertical fluxes of heat and salt in terms
of both size as well as distribution along the water column.
This coincides with the increase in the salt and heat content of
the LIW over the last decade (Durante et al., 2019; Schroeder
et al.,, 2020). The analysis of the trends in the temperature and
salinity of the thicker layers of the staircases showed that, on
average, they follow the patterns of the trends of these properties
reported for the LIW.

The transfers of salt and heat through a staircase modulate
its structure. Interfaces and layers change continuously to
accommodate them, thereby ensuring a general balance and
a lingering stability. However, there are indications that other
processes may interfere, such as the passage of internal gravity
waves generated by the interaction of tidal currents and rough
topography (Holloway and Merrifield, 1999; Nycander, 2005).
These waves are able to travel great distances from the point
of generation before breaking and transferring energy to small
scales (Alford, 2003). The southern Tyrrhenian Sea is home
to a large number of seamounts (Rovere et al., 2015), which
could be the origin of the waves affecting the staircases under
study. The analysis of the temporal evolution of the profiles
has allowed the detection of signs of the presence of the
related periodic motions. However, our sampling frequency is
inadequate to resolve them, so we are unable to assess their
role. Besides reshaping the staircase, internal waves can also
contribute significantly to mixing. This topic needs further study
and measurements. The observation of the internal wave signals
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in our profiles is apparently in contrast with the result of
Buffett et al. (2017) who, measuring the internal wave field by
seismic oceanography, found that such waves were only weakly
present at the depth levels generally corresponding to the centers
of the staircases.

The Tyrrhenian staircases redistribute heat and salt
downward, retaining most of what is transferred (Figure 12).
This is consistent with our observation that the deep layer has
seen no increasing trends in temperature and salinity, which,
instead, are observed in the central layers of the staircases.
The core of the staircases is made up of homogeneous layers,
hundreds of meters high, that nevertheless present a distinct
developmental pattern. Occasionally, smaller layers which
remain for shorter times are added to the major ones. In our
data, we found these small layers chiefly at the top and bottom
of the main staircases, but it must be said that 30-50 m thick
layers were also observed inside steppy interfaces. How long
they persist is not deducible from our data due to the low
sampling frequency, but they could be an indication of merging
events (Radko et al., 2014b). The direct numerical simulations
of Ma and Peltier (2021) show that merging is faster in the
low gradient regions of a staircase than in the high gradient
ones, and takes approximately 2 years to reach the equilibrium
state. They have suggested that it would probably take longer
in the real ocean.

Calculating salt and heat fluxes from hydrological data is
challenging because the results can vary depending on the
method adopted. In this study, we used three methods, H88,
RS12 and MP21. RS12 and MP21 give very similar results, so we
consider them to be comparable and utilize the RS12 estimates
only in our deliberation here. The heat and salt fluxes obtained
with RS12 differ from those estimated using H88 by a factor
of 5 or 6. Furthermore, the values generally provided by RS12
were on the order of 107! W kg~=! whereas those of H88
were an order lower. This difference had already been noted by
Falco et al. (2016) when they made similar calculations using
profiles acquired north-west of our station, near the boundary
of the area affected by the salt fingers shown in Figure 1. Their
farthest offshore station is 146 km away from ours, and therefore
subject to different dynamics and conditions of stratification.
Furthermore, they report measurements made in the month of
November in 2006 and 2010. Despite these differences, we tried
comparing our results for the flux calculations obtained with
observations from October 2006 and December 2010 against
theirs for November 2006 and 2010. The estimates were in good
agreement for 2010 but not for 2006, when our fluxes were
around five times lower. It must be said that their station, unlike
ours, is directly affected by the circulation path of the LIW, whose
core seasonally spreads laterally also. So, it is very possible that
their measurements are more influenced by the LIW.

We have also compared our results with those of Zodiatis
and Gasparini (1996). They had directly applied Kunze’s
(1987) parameterization for calculating fluxes to hydrological
measurements made in April 1992 at the same station as ours
(i.e., eleven years before our first profile). Their fluxes are about
double of what we get with H88 and one-third of those we obtain
with RS12. Considering their method, we would have expected

their results to match ours with H88 more closely. However, it
should be specified that they don’t use the H88 parameterizations
and do not provide details on how they calculated some of the
coefficients of the Kunze (1987) equations, which depend not
only on temperature and salinity but also on the vertical velocity.

From these comparisons, we conclude that it is not possible
to infer whether H88 or RS12 provides better results. Only
direct measurements of the fluxes or the eddy diffusivities of
heat and salt can resolve this question. The first microstructure
observations in our area were recently published by Ferron
et al. (2021), who present 5 profiles inherent to our stations
collected in the period 2013-2014. The estimates they give for
the heat and salt fluxes support the case for considering that
RS12 is more reliable in performing these calculations than H88
(Figures 5A,B). Their mean values are Fr = (14.0 £ 10%) x 1078
°Cm s~ ! and Fs = (6.02 + 9%) x 108 g kg_1 m s~ ! Our
corresponding mean values (with standard deviations) obtained
with RS12 from 3 CTD profiles collected in the same period are
Fr=(7+45)x10%°Cms !and Fs= (3 +2) x 10~8 gkg_1
ms~L

As concerns the eddy diffusivities, Ferron et al. (2021)
obtained Kg = 16 x 107° m? s™! and Ky = 9.8 x 107°
m? s~!. From a linear regression carried out using all
our data, we obtained Ks = (6.2 £+ 0.1) x 107 m? s7!
and Kr = (3.56 £ 0.02) x 107° m? s~! with H88 and
Ks=(3.80+0.09) x 107> m* s~ ! and K7 = (1.92 £ 0.07) x 107>
m? s~! with RS12. Falco et al. (2016), presenting the calculations
for K only, obtained values for this parameter in the range (1.19-
1.66) x 107° m? s~ ! for the computation with Kunze (1987)
and (3.11-6.31) x 107° m? s~ ! with RS12. Onken and Brambilla
(2003) evaluated the two eddy diffusivities from analytical
expressions expressed as a function of depth obtained from the
statistics of R, derived using an extended dataset and a presumed
mixing law. For the Tyrrhenian Sea, they found high eddy
diftusivities from 400 to 1000 m (the depth to which they had
data), and values of (2-5.3) x 107> m? s~ ! and (1-1.5) x 107>
m? s~ ! for Kg and Kr, respectively, which correspond quite well
with our RS12 values for the same parameters.

Thus, despite some uncertainty stemming from the
comparison with the microstructure observations, we can
conclude that the fluxes and eddy diffusivities provided by the
RS12 (or MP21) model are probably more robust than those
obtained with H88. In any case, regardless of the “exact” values of
the fluxes and their related parameters, all the methods provide
the same picture of staircase evolution, therefore supporting
all our arguments.

CONCLUSION

In this study, we carry forward the analysis initiated by
Durante et al. (2019) on the thermohaline staircase system of
the Tyrrhenian Sea. We have analyzed the temporal evolution
of the staircases, and found that other phenomena besides
double diftusion could be important for this system. These
include internal gravity waves generated inside the basin and
perturbations coming from outside it (e.g., the intrusion of a
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new deep water on the bottom which has changed the deep
stratification).

We also determine the fluxes of salt and heat by the
salt fingers associated with the staircases, establishing them as
contributors to the overall vertical mixing. Estimates of the
related eddy diffusivities are also presented, which could be used
to parameterize the effects of this phenomenon on mixing in
ocean circulation models applied to the Mediterranean Sea.

Staircases are usually considered as enhancers of heat and
salt fluxes in the open ocean, strongly affecting diapycnal
mixing (St. Laurent and Schmitt, 1999; Schmitt et al., 2005)
and capable of influencing regional climate and dynamics by
contributing significantly to the transformation of water masses
(McDougall and Whitehead, 1984; Talley and Yun, 2001).
The vertical transport of heat and salt by the Tyrrhenian
staircases is recognized as the dominant mechanism for the
exchange of properties between the LIW and the deep waters
of the Western Mediterranean (Zodiatis and Gasparini, 1996).
However, the contributions of other phenomena such as internal
waves and the scales connected with them remain open issues
that will need to be addressed in the future with the help of
suitable measurements.

Another important aspect of the Tyrrhenian staircases that
emerges from our study is the way they drive heat and
salt downward while continuing to retain most of what is
transferred in their cores. This “stored” heat and salt is of
course eventually redistributed by horizontal advection - also to
neighbouring basins, thereby contributing to the Mediterranean
Sea overturning circulation (Pinardi et al., 2019), though we
lack the data necessary to demonstrate this. What our data do
show is that the staircases tend to block heat and salt fluxes to
the deepest layers.

The processes governing the formation and evolution of
thermohaline staircases must be taken into account in studies
of the Tyrrhenian circulation, and the efficient vertical transport
that similar structures permit should be adequately factored
into oceanic and climate models where the parameterization
of diapycnal mixing continues to be a major uncertainty in
assessing the ocean’s ability to sequester heat, pollutants, and
carbon dioxide (Schmitt et al., 2005).

Merging phenomena occurring within staircases are still
poorly understood, but our evidence of the intensification
of fluxes in steppy interfaces embedding small layers several
tens of meters thick suggests that they could have a greater
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