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This work presents evidence of double diffusive convection (DDC) in the form of salt fingers (SF) forming a thermohaline staircase in the Cretan Sea (South Aegean Sea). The phenomenon was identified at the eastern edge of the Cretan Sea in March 2023 but had vanished by September 2023. To estimate vertical diffusivities and fluxes, four DDC models were applied to the hydrographic data. The vulnerability of the staircase appears to be related to weak, downward, salt finger–induced density fluxes, possibly caused by tilting of the salt fingers due to prevailing strong horizontal shears. Two of the four model implementations showed closer agreement with predictions from a previous staircase study in the area. Analysis of the density ratio and Turner angle from individual cruises demonstrated the widespread susceptibility of the Cretan Sea water column to such phenomena. Specifically, cruise data from 2016 to 2023, covering the layer between the intermediate salinity maximum (Levantine Intermediate Water) and the deep salinity minimum (Transitional Mediterranean Water), showed that 71%–85% of Turner angle values lie in the salt fingering zone. Thermohaline staircases in the Cretan Sea play a significant role in shaping the physical and biochemical processes of the basin by transporting salt and density toward deeper layers while uplifting nutrients. Although small scale, the phenomenon can significantly influence the evolution of the water column and large-scale climatic processes, such as vertical heat and salt transport and overturning circulation in deep basins.
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1 Introduction



1.1 Oceanographic setting

The Cretan Sea lies at the southern extremity of the Aegean Sea and constitutes the largest basin of the South Aegean Sea. It is bounded to the north by the Cyclades island complex and to the south by the island of Crete (Figure 1). This sea is a key Eastern Mediterranean (EMed) basin, acting both as a large heat and salt reservoir for the entire EMed and as a source of dense waters for the Levantine and Ionian basins (Theocharis et al., 1993; Theocharis et al., 1999; Theocharis et al., 2002).

[image: Topographic map of the eastern Mediterranean Sea region, including the Peloponnese, Crete, Cyclades, and Asia Minor. The map highlights bodies of water such as the Ionian Sea, Aegean Sea, Cretan Sea, and Levantine Basin. Depths are depicted in varying shades of blue, with labels indicating geographic features and a red dot marking a point of interest near Crete. A scale for distance and depth is included.]
Figure 1 | Bathymetric map of the South Aegean Sea (data from EMODnet Bathymetry Consortium, 2016). The red dot indicates the position of the CTD profile (Latitude 35° 45.20 N, Longitude 026° 13.71 E) showing the thermohaline staircase (see Figure 2).

Its intermediate layers are occupied by a mixture of warm, saline waters either imported from the Levantine Sea through the eastern Cretan Straits [Levantine Intermediate Water (LIW)] or produced locally [Cretan Intermediate Water (CIW)]. Below these layers lies a colder, less saline water mass imported from the open EMed. The core of this mass, known as Transitional Mediterranean Water (TMW), is characterized by a local salinity and oxygen minimum. It enters the basin from both the eastern and western Cretan Straits at sill depths (~800–1,000 m) and stabilizes according to its typical potential density (σθ ~29.17–29.18 kg/m³) at horizons below the LIW/CIW layer. The TMW core depth varies interannually and conforms to the changing density stratification of the Cretan Sea below the intermediate waters (for information on Cretan Sea hydrology, see Velaoras et al., 2014; Velaoras et al., 2015; Velaoras et al., 2019; for information on LIW, see POEM Group, 1992; LIWEX Group, 2003; Kubin et al., 2019; Taillandier et al., 2022).

Thus, the Cretan Sea is a basin where waters of different origins and characteristics converge and gradually mix. The aforementioned TMW enters through the Cretan Straits and forms a layer that separates the saltier CIW from the Cretan Deep Water (CDW). Studies have shown that the TMW signal (in the form of a salinity minimum) is strongest during maximal exchange through the Cretan Straits, and that when this exchange weakens, the TMW layer is gradually eroded through mixing with CIW and CDW (Boscolo and Bryden, 2001; Velaoras et al., 2015). However, the exact mechanism of this erosion has not been studied in depth. Recently, Potiris et al. (2024), analyzing historical hydrographic data from the Cretan Sea, identified notable intrusions of warmer, saltier water into the TMW layer. These intrusions were statically stable; thus, their mixing was not necessarily turbulent. However, they did induce steep temperature and salinity gradients, conditions that could favor double diffusive fluxes of heat and salt in the absence of strong shear-generated turbulence.




1.2 Double diffusive convection and salt finger thermohaline staircases

In this work, we present evidence of a salt finger thermohaline staircase (SF-TS) in the eastern Cretan Sea. These staircases comprise a spatially organized evolution of double diffusive convection (DDC). DDC arises from the contact of two fluid mixtures whose density-defining thermodynamic properties undergo molecular diffusion at different rates (see Radko, 2013, and references therein).

For seawater, double diffusive phenomena emerge because the molecular diffusivity ratio of heat (Kmolθ
) and salt (KmolS
) is on the order of 100 (Kmolθ
KmolS

≈100
). In the ocean, DDC rises in the stably stratified interior (∂ρ
∂z

<0
) of an oceanic basin, and emerges as a gradually enhancing instability within a water mass characterized by gradients ∂θ
∂z

,∂S
∂z


 of the same sign. Positive or negative gradients give rise to the two known DDC variants; salt fingers (SF, for positive gradients) and diffusive layers (DL, for negative gradients).

Generally, diffusive instability occurs when the unequal molecular fluxes of heat and salt create statically unstable vertical density profiles (inversions), leading to localized convective motions. For both DDC variants, the instability develops due to differences in the magnitude of molecular fluxes of heat and salt, which are controlled by the interaction between molecular diffusivities and the respective ambient gradients. ∂θ
∂z

,∂S
∂z


. Under certain conditions, the instabilities evolve into spatially organized staircases, such as the SF_ThS herein presented. Salt fingering occurs in the presence of positive gradients ∂S
∂z

>0,∂θ
∂z

>0
, where both θ and S increase upwards in the water column and has been first described and theoretically explained by M.E. Stern (Stern, 1960). Under such stratification conditions, the dominance of molecular heat diffusion over salt diffusion leads to convective motion of water parcels, either downward toward cooler and less saline waters or upward toward warmer and more saline waters. Downward convection is driven by the net buoyancy loss that the parcel experiences before and during its descent through progressively cooler waters. Analogous arguments apply for upward convection. The phenomenon evolves into vertically elongated, narrow saline convective cells with alternating upward/downward orientation, resembling convective fingers. These cells tend to occupy the depth regimes between the overlying saline, warm waters [Levantine Intermediate Water (LIW)/Cretan Intermediate Water (CIW)] and the core of the underlying fresher, colder waters [Transitional Mediterranean Water (TMW)].

The growth of salt fingers halts when their height reaches a limiting value (e.g., ~30 cm, according to Kunze, 1987), at which point they break into turbulence, either due to Richardson number–induced overturning instabilities (Kunze, 1987) or to secondary instabilities that develop in a manner analogous to the convective growth of the fingers themselves, until they reach a disruptive potential (Radco and Smith, 2012). Ultimately, the mixing potential of salt fingers culminates in the transformation of convection into mechanical turbulence.

The overall effective diffusive fluxes, from the rise of the initial growth of SF to their turbulent break down, can be described by the SF diffusivities of salt KS
 and potential temperature, KΘ
. These diffusivities are unequal, with KS>
 KΘ.
 Indeed, the combination of the formulas for fluxes FS=KS∂S
∂z


 and FΘ=KΘ∂θ
∂z


, buoyancy flux ratio γ=(αgFΘ
)
/(βgFS)
, density ratio Rρ=α∂θ
∂z

/β∂S
∂z


 in terms of the heat expansion and saline contraction coefficients, α, β and the background vertical gradients of salinity and potential temperature, ∂S
∂z


, ∂θ
∂z


, yield a ratio of diffusivities, KΘ
KS

=γRρ


. This in turn, if combined with the flux ratio formula of Kunze’s model for growing fingers (Kunze, 1987), i.e., with γ=
 √Rρ(Rρ

−(Rρ−1
)



, results in KΘ
KS

=1− 1−1Rρ




. The latter formula indeed verifies that the ratio of the two SF diffusivities is generally smaller than 1, apart from the limiting case of very intense salt fingers with  Rρ=
 1, and accordingly with KΘ
KS

=1.
 Considering the descending finger growth period, 0<t<tbreakout
 (where tbreakout
 is defined as the lifetime of the finger from its onset to its turbulent breakout), the difference in molecular mixing rates (Kmolθ
KmolS

≈100
) preconditions the preponderance of the finger’s salinity surplus ΔS(t)
=Sfinger(t)
−Sambient(t)

 over the finger’s ΔΘ(t)

= Θfinger(t)
−Θambient(t)

, as Sfinger(t)

 remains much more unaffected than Θfinger(t)

, due to its much lower (100 times smaller) molecular diffusivity KmolS
. Thus, the salinity surplus ΔS(tbreakout
)

 delivered by the descending fingers for mixing by the ensuing turbulent break out, outweighs the respective potential temperature surplus ΔΘ(tbreakout
)

 (analogous argumentation applies for the salinity and potential temperature deficits delivered by the ascending fingers). The sequence of laminar finger convection followed by turbulent breakout, with its marked predominance of downward salt mixing over heat mixing, results in a net up-gradient flux of density, in contrast to the down-gradient flux produced by molecular or eddy diffusion.

The salt-finger staircase studied herein comprises a spatiotemporally persistent and coherent configuration of the latter sequel, wherein ‘interfaces’, i.e. vertical regimes (1 to 10 m) of growing fingers with marked gradients ∂θ
∂z

,∂S
∂z

≫0
 are alternated by ‘layers’ (10 to 100m or more), that have been homogenized by the finger-into-turbulence breakouts (∂θ
∂z

,∂S
∂z

≈0
). Diffusive-layer staircases are quite analogous (Kelley, 1984; Kelley, 1990; Kelley et al., 2003). Nevertheless, the exact mechanisms and conditions responsible for the sustainment of the thermohaline staircases are still under debate within the oceanographic community with various proposed different mechanisms (see Radko, 2013).

According to You (2002), the criteria for salt fingering are met in 30% of the world’s oceans, wherever warm, saline water masses overlie colder, less saline ones. In the Mediterranean Sea, favorable conditions for the onset of salt fingering exist throughout most of the basin, as warm and salty intermediate water masses of the upper thermohaline cell overlie the colder, less saline deep layers (Meccia et al., 2016). However, SF-TSs in the Mediterranean have been regularly observed mostly in the western basin (Western Mediterranean, WMed), particularly in the Tyrrhenian Sea and the Algerian Basin, between the warm, salty LIW originating in the EMed and the colder, less saline western Mediterranean deep waters (e.g., Zodiatis and Gasparini, 1996; Schroeder et al., 2010; Bryden et al., 2014; Falco et al., 2016; Taillandier et al., 2020; Durrieu de Madron et al., 2024). Notably, some SF-TSs in the WMed have exhibited remarkable spatial and temporal coherence (200 km, up to 40 years) (Buffett et al., 2017; Durante et al., 2019, Durante et al., 2021; Kokoszka et al., 2021).

In contrast, observations of ThSs in the EMed are relatively scarce, reported mainly in the southeastern Ionian Sea in the vicinity of water lenses with θ and S characteristics different from the surrounding masses (Zodiatis, 1992; Kontoyiannis et al., 2016). In the study area of the present paper (the Cretan Sea), although the water mass distribution favors the development of SF-ThSs—since warm, saline LIW/CIW overlies colder, less saline TMW—such features have only been occasionally reported (Zodiatis, 1990, Zodiatis, 1991; Kioroglou et al., 2014). In particular, Kioroglou et al. (2014) provided evidence of SF_ThSs in other EMed sites, including the Ionian, the North Aegean (Skyros Basin), and the Levantine Seas, as well as of DL_ThSs associated with intermediate–deep saline water intrusions or at the interface between the TMW and EMed deep water.

Finally, of particular importance to the present analysis is the value used to indicate the strength of SF_DDCs, namely the so-called density ratio, Rρ=(α∂Θ
∂z


)

(β∂S
∂z


)



, where α is the thermal expansion coefficient and β the haline contraction coefficient. Rρ
 expresses the ratio of temperature to salinity contributions on density stratification and can take values from -∞ to +∞. It comprises a measure of the compensation between the temperature and salinity gradients on the density stratification. Strong fingering is more active at 1<Rρ≤ 2
, while values 2<Rρ
 correspond to weaker fingering. The closer Rρ
 is to 1, the stronger the fingers.

Apart from Rρ
, the Turner angle Tu
 (Ruddick, 1983), constitutes an alternative and simultaneously more efficient categorization tool for DDC. The two parameters are connected through Rρ=−tan(Tu+45o
)

. In short, diffusive layer DDC (for which ∂θ
∂z

,∂S
∂z

<0
) correspond to -90°< Tu
 <-45°, stable conditions are met within -45°< Tu
 <+45°, salt fingering DDC corresponds to +45°< Tu
 <+90° while unstable conditions (convection) to the remaining angle values. The closer Tu
 is to +90°, the stronger the fingers.

The present work is divided into two main aims. The first is to estimate DDC fluxes and diffusivities produced by the recorded SF-TS and to compare them with previous results for the Cretan Sea, the EMed, and other regions. The second is to evaluate the susceptibility of the Cretan Sea to SF-DDC events by statistically analyzing the stability ratio and the Turner angle, based on an ensemble of spatiotemporal coverages within the basin.





2 Materials and methods

In March 2023, during a cruise with R/V AEGAEO of the Hellenic Centre for Marine Research (HCMR) in the Aegean Sea under the Marine Strategy Framework Directive (MSFD) monitoring program, a profile in the eastern Cretan Sea (red dot in Figure 1) was sampled with a shipborne conductivity–temperature–depth (CTD) probe. A well-defined SF-TS (Figure 2) was detected in this cast but not in the subsequent MSFD cast at the same location in September 2023, nor in a later cast obtained during the CLIMPACT project in April 2025. Apart from these CTD casts, additional data from the region were considered, obtained from: a) the CRELEV 2016 oceanographic cruise, conducted in June 2016 under EUROFLEETS2 with R/V AEGAEO (Velaoras et al., 2019); b) the PERLE 2 French oceanographic cruise, conducted in February–March 2019 with R/V POURQUOI PAS? (Conan et al., 2019); and c) the PERLE 4 French oceanographic cruise, conducted in April 2021 with R/V L’ ATALANTE (Conan et al., 2019). CTD data from all cruises were collected using Seabird SBE 911+ CTD probes with a 24 Hz sampling rate. Data were processed with the manufacturer’s (Sea-Bird) software routines and interpolated to 1 dbar bins.

[image: Two graphs show salinity and temperature versus pressure at the same location.  Graph (a) shows the salinity and temperature values from surface to bottom. Graph (b) is similar, but zooming-in from 650 to 1000 dbar, with labeled interfaces and steps marked by arrows indicating changes or transitions in the data.]
Figure 2 | CTD cast of March 17th, 2023. Cast position: latitude 35° 45.20 N, longitude 026° 13.71 E Potential temperature (theta) and salinity of the thermohaline staircase profile (a). Same parameters in the 650–1,000 dbar layer (b).

Glider data presented herein are part of HCMR’s glider mission no. 33, conducted north of Crete in the framework of repeated seasonal missions established in the Cretan Sea. The mission lasted 18 days (March 15–April 2, 2023), covering ~400 km mostly north of Crete and performing vertical measurements in a sawtooth pattern. An Alseamar SeaExplorer glider equipped with a Seabird GPCTD payload was used. Full data with a 4 s sampling period were retrieved directly upon recovery of the glider and subsequently interpolated to 1 dbar bins. These data were validated by comparison with reference CTD casts performed at both the beginning and the end of the mission. To construct Turner angle distributions from the dataset, a 10 dbar running mean filter was applied.

The criteria for delimiting the layers followed those of Taillandier et al. (2020), i.e., θ and S not varying by more than 0.005°C (or psu) over at least 10 dbar. Bulk density ratios were calculated by linear fitting the data within the depth zone Θi(zi), Si(zi) encompassing the entire SF_ThS, i.e. zLIW<zi<zTMW, which is the zone between the depths zLIW, zTMW of the two core masses LIW/CIW and TMW and finally by inserting the assessed slopes into the formula of the density ratio. Interfacial density ratios were derived analogously for the data zones of each of the four SF_ThS interfaces, i.e., zupper_bound<zi<zlower_bound where zupper_bound and zlower_bound were the two boundary depths of any of the four interfaces. Rρ
 and Tu
 were calculated using the Gibbs‐SeaWater (GSW) routines (IOC, SCOR, IAPSO, 2010).

Four different models were used to estimate SF_ThS-induced fluxes of potential temperature, FΘ
, heat, FH
, salinity, FS
, and buoyancy, FB
 along with potential temperature and salinity diffusivities, KΘ
 and KS
. These were: i) the parametrization of Large et al. (1994), acronymized hereinafter as “L94”; ii) the parametrization of Zhang et al. (1998) (also used by Glessmer et al., 2008), henceforth “Z98”; iii) the theory of Radco and Smith (2012), fitted by empirical formulation, in short “RS12”; and iv) the 4/3 power law, in short “LAB_4/3,” for buoyancy fluxes across SF_ThS interfaces, confirmed by lab experiments focused on fingering buoyancy fluxes (Turner, 1967; Linden, 1973; Schmitt, 1979; McDougall and Taylor, 1984) and substantiated by theoretical models (e.g., Stern, 1976). The first three models based their flux and diffusivity calculations on the characteristics of the four “major” interfaces that are clearly visible in Figure 2, whereas the fourth model (LAB_4/3) based its flux calculations on identified “minor” interfaces hosting only a few fingers within them (thin interface method). These ten minor interfaces were identified as microstructures of the four major ones, as explained in the Supplementary Material. Tables 1, 2 show the terminology and formulation of the four models. Among these models, only LAB_4/3 directly derives buoyancy fluxes in terms of trans-interfacial salinity differences, ΔS
 and thereafter fluxes and diffusivities of heat and salt in terms of the derived buoyancy fluxes. The other three models, L14, Z98, and RS12 estimate heat and salt diffusivities in terms of the stability ratios, Rρ=αΘz
¯

βSz
¯



, i.e., in terms of the ambient gradients Θz
¯

, Sz
¯

 that the fingers will ‘sense’ during their growth.


Table 1 | Terminology.
	Parameter symbol
	Parameter name



	 
	Salinity, potential temperature, temperature, heat


	 
	Vertical, salt fingering - diffusivity rates of salinity and potential temperature.


	 
	Molecular diffusivity rate of temperature


	 
	Vertical, salt fingering - fluxes, of salinity, potential temperature and heat.


	 
	Vertical, salt fingering - fluxes FBS,FBθ,
 of salinity-induced and of potential-temperature induced buoyancies, and total, vertical, salt fingering - flux of buoyancy, 


	Rρ
= 
	Density ratio, the ratio of the potential temperature-induced component of density variation with depth over the respective salinity-induced component


	 
	Flux ratio


	 
	Constant of 4/3 power law for buoyancy flux


	 
	Coefficient of heat expansion of seawater


	 
	Coefficient of saline contraction of seawater


	 
	Gravity acceleration


	 
	Specific heat capacity of seawater








Table 2 | Formulation of the SF_ThS Flux models of Radko and Smith 2012, (RS12), Large et al., 1994 (L94), Zhang et al., 1998 (Z98), and the lab-derived 4/3-power law (LAB-4/3).
	Model
	Primary formulas
	Secondarily derived



	RS12
	 
	FS
, FBS
, FBΘ
, FB
, FΘ
, KΘ
, 


	L94
	KS=10−3[1−(Rρ−1
)
2
(1.9−1
)
2


]
3
, 
	FS
, FBS
, FBΘ
, FB
, Fθ
, Kθ
, 


	Z98
	KS=10−3
(1+Rρ
1.7


)
6

+5×10−6
, 
	γ,FS
, FBS
, FBΘ
, FB
, FΘ
, KΘ
, 


	LAB-4/3
	FB=ClabkT13gβΔS43

, 
	FBS
, FBΘ
, FS
, FΘ
, KS
, 


	 
	Secondary derivation formulas in terms of the primary formulas
	 


	 
	FS=KS∂S
∂z


¯

, FBS=βgFS
, FBΘ=γFBS
, FB=FBS−FBΘ
, FΘ=FBΘ
ga


, KΘ=FΘ
∂Θ
∂z


¯



, FH=ρCpFΘ
, 
	 







The application of the semi-empirical models of L94, Z98 started off with calculation, per interface, of salt diffusivities ,KS
, in terms of the background density ratio Rρ
 (a different formula per model). Subsequently, potential temperature diffusivities, KΘ
 could be determined in terms of Rρ
 and the flux ratio γ, which was taken constant and equal to 0.7, i.e.  KΘ=γKS
Rρ

=0.7KS
Rρ


. Thereafter, in sequence, the fluxes of salt, FS
, potential temperature, FΘ,
 heat content, FH
, and salt and heat components of buoyancy fluxes, FBS
 and FBΘ
 along with their resultant, total buoyancy fluxes ,FB
, were calculated in terms of KΘ,KS
, and the interfacial, vertical gradients Θz
¯

, Sz
¯

 of potential temperature and of salinity, as follows: FS=KSSz
¯

; FΘ=KΘΘz
¯

; FH=ρCPFΘ
, ρ being the seawater density and CP
 the specific heat capacity; FBS=gβFS
; FBΘ=gaFΘ
, β and a respectively being the coefficients of saline contraction and heat expansion of seawater, and g the gravitational constant, and ultimately, FB=FBS−FBΘ
. The application of the theoretical model RS12, followed the same methodological route as the afore-mentioned ones of L14 and Z98. The distinction in RS12 considered here was the calculation of γ in terms of Rρ
, instead of assigning, as in L14 and Z98, the constant flux ratio value, γ=0.7. Finally, the use of model LAB_4/3 was initiated by the estimation of the total buoyancy flux FB
, in terms of the interfacial salinity increase, ΔS
. Thereupon, by using just as for L14, Z98, a constant value of flux ratio γ=0.7, we applied the following formulas in sequence: FBs=FB
(1−γ
)



; FBΘ=γFB
(1−γ
)



; Fs=FB
(1−γ
)
gβ


; FΘ=γFB
(1−γ
)
gα


; Ks=FB
(1−γ
)
gβ Sz
¯



 and finally, KΘ=γFB
(1−γ
)
gαΘz
¯



. Tables 1, 2, summarize the terminology and formulation of the four models.

The calculations derived smoothed out flux profiles Fp
¯
(zn
)
 
 of Potential Temperature (P=θ)
, Salinity,  (P=S
)

, Heat, (P=H)
, and Buoyancy, (P=B),
 versus depth zn
. Fifty percent–overlapping sliding window means were implemented, using a width of 2 data points for the “thick interface” methods of Large (1994, L94), Zhang et al. (1998), Z98), and Radco and Smith (2012), RS12), and a width of 4 data points for the “thin interface” method, the 4/3 power law (LAB 4/3). The sliding window means resulted in smoothed flux profiles of 3 flux values, Fp
¯
(zn
)
, n=1,…3
 for the thick interface methods that processed the four major interfaces and of seven flux values, Fp
¯
(zn
)
, n=1,…7
 for the thin interface method of LAB 4/3 that processed the 10 thin (minor) interfaces of the SF_ThS. Finally, regression straight lines of optimal fit have been estimated.




3 Results



3.1 Monitoring the SF_ThS

The March 2023 CTD profile in the eastern Cretan Sea (red dot in Figure 1) revealed the existence of a well-defined SF_ThS (Figure 2). The background (or bulk) stability ratio, (Rρ
)
BULK
, calculated by linear regression on the data-curve θi(Si
)
 
 within the depth-range between the local salinity maximum in the intermediate layer (250 dbar) and the local salinity minimum of the TMW core (1090 dbar) amounts to 1.53. If, on the other hand, the local salinity maximum at 546 dbar is used instead of the intermediate one at 250 dbar, then (Rρ
)
BULK
 drops to 1.30. It should be noted here that in contrast to other Mediterranean regions where an intermediate salinity maximum is clearly discernible, this is not the case in the Cretan basin which is a source of intermediate water. The latter value of (Rρ
)
BULK=1.30
, is quite close to the one of 1.28 estimated by Bryden et al. (2014) for the respective θ and S transition zone of the southwestern part of the WMed, or even to the values of (Rρ
)
BULK
 of Taillandier et al. (2020) in the Tyrrhenian Sea and Algerian basin (1.32 and 1.38 respectively). Furthermore, linear regression of the θi(zi
)
 − Si(zi
)
 
 profile segments between 546 and 1090 dbar produces bulk potential temperature and salinity gradients of  (∂θ
∂z


)
BULK
 = 16.29 ×10–4 °C m-1 and (∂S
∂z


)
BULK
= 3.88 ×10–4 m-1 respectively. Between 746 and 901 dbar, five distinct layers with nearly constant temperature and salinity values were identified, interspersed with four interfaces. The layer and interface thicknesses ranged from 13 to 35 dbar and from 3 to 10 dbar, respectively. Table 3 summarizes the characteristics of the observed staircase.


Table 3 | Characteristics of the observed staircase in the Cretan Sea: layer sequence number (L#), pressure of layer top and bottom, layer width (Lw), and layer-averaged potential temperature LΘ
¯

 and salinity LS
¯

, interfacial height, Δh
, trans-interfacial potential temperature and salinity differences, Δθ
 and ΔS, interfacial stability ratio and angle Turner, Rρ and Tu.
	L#
	Pressure db
	Lw db
	LΘ
¯

 ° C
	LS
¯

 psu
	Δh
 m
	Δθ
 ° C
	ΔS psu
	Rρ
	Tu



	 
	Top
	Bot
	 


	1
	746
	766
	20
	14.609
	39.047
	 


	 
	10
	0.068
	0.018
	1.18
	85.4


	2
	776
	804
	28
	14.543
	39.029
	 


	 
	3
	0.061
	0.016
	1.21
	84.7


	3
	807
	837
	30
	14.477
	39.012
	 


	 
	10
	0.070
	0.018
	1.18
	85.3


	4
	847
	882
	35
	14.408
	38.995
	 


	 
	6
	0.043
	0.011
	1.20
	84.8


	5
	888
	901
	13
	14.363
	38.983
	 





Rρ values have been calculated by a linear fit of the interfacial θ and S values.



During the same month (March 2023), a SeaExplorer glider mission of HCMR sampled along a zonal track across the Cretan Sea, producing a total of 54 deep (down to 970 dbar) temperature and salinity profiles along this track. Thermohaline steps were observed only on the easternmost glider-CTD profile, located in close vicinity to the shipborne CTD profile with the SF_ThS. These profiles were sampled only two days apart (March 17 and March 19, respectively) and were separated by 9.2 km. As shown in Figure 3, only two steps are clearly identifiable in the glider-CTD profile. The first step appears between 734 and 753 dbar, followed by a 10 dbar interface, while the second step lies between 763 and 779 dbar.

[image: Graph showing pressure in decibars on the y-axis and theta in degrees Celsius on the lower x-axis, with a salinity scale on the upper x-axis. Two lines represent data: a blue line for theta and a red line for salinity. Pressure decreases from 1000 to 650 decibars as theta varies from about 14.3 to 14.9 degrees Celsius. Salinity ranges from 38.92 to 39.08.]
Figure 3 | SeaExplorer glider cast of March 19th, 2023. Cast position: latitude 35° 46.47 N, longitude 026° 07.82 E. Potential temperature (theta) and salinity profile in the 650–970 dbar layer.




3.2 Fluxes and diffusivities of the SF_ThS. Comparisons with other studies

As visualized in Figure 1 of Kunze (1987), which models finger growth until their turbulent breakdown, the ambient gradients are modified by the fingers themselves during their growth, and steeper gradients emerge following finger collapse. Describing this process in a discretized time domain, the fingers’ growth within a given time step [t,t+Δt
]

 is based on background gradients developed by fingers grown during the previous time step [t−Δt,t
]

 and so forth. Thus, the substitution into the three density ratio (Rρ
) - dependent models (L94, Z98, RS12), of the values (Rρ
)
i
 i = 1 to 4, for each of the 4 interfaces of the monitored SF_ThS, yields discrete profiles of fluxes and diffusivities versus depth, such as FSi(zi
)

, KSi(zi
)

 respectively for salinity, that strictly refer to the background gradients at the time of monitoring (as Δt approaches zero).

Alternatively, the substitution of the previously mentioned bulk stability ratio (Rρ
)
BULK
 over the depth regime (547 to 1090 dbar), which apart from encompassing the SF_ThS, extends further up/down to the two mass cores (LIW/CIW and TMW), has yielded bulk fluxes such as (FS
)
BULK
 and subsequently bulk diffusivities, such as (KS
)
BULK=(FS
)
BULK
(∂S
∂z


¯

)
BULKeffective


, wherein (∂S
∂z


¯

)
BULKeffective=(∂S
∂z


¯

)
BULK×∑i=14hi
hstair




 and accounts for the fact that the mixing-effective portion of the total bulk-salinity gradient, (∂S
∂z


¯

)
BULK
, lies only within the four interfaces of height hi
 rather than within the whole staircase regime of depth hstair
, as suggested by Bryden et al. (2014).

The calculations of the flux profiles are tabulated in Table 4 and visualized in Figure 4, while the diffusivity calculations are tabulated/visualized in Table 5 and Figure 5 respectively. One can confirm in the latter figures that the bulk and interfacial values of both fluxes and diffusivities are in relative agreement. The three models that are dependent on the stability ratio/gradients of the interfaces of the SF_ThS, yield diffusivity profiles (e.g., KSi(zi
)

 for salinity) that are relatively constant with depth, in contrast to the flux profiles FSi(zi
)
=KSi(zi
)
×∂S
∂z


¯

 which on average exhibit a tendency of weakening downward fluxes with depth, especially when the latter fluxes are smoothed by a two-point running mean. Particularly, the latter convergence of the smoothed flux-profiles is largely shaped by the influence of the positive flux overshoot at the second interface of the depth regime (804 - 807 dbar) on the running mean. For example, focusing on the salinity fluxes, (FS
)
2
 of the latter interface is much larger than (FS
)
1
, (FS
)
3
 and (FS
)
4
 as can be clearly seen in Table 5. This occurs because (∂S
∂z


¯

)
2
 is much larger than for the other interfaces. Indeed, the second interface has a height 2 – 3 times smaller (3 m, compared with 10 m, 10 m, and 6 m for the other three interfaces), while exhibiting comparable across-interface property variation (ΔS
 for salinity). This gradient sharpening is crucial for enhancing mixing via the downward transport of the salinity surplus and its respective flux, as emphasized by Bryden et al. (2014). Among the three stability-ratio-dependent models, L14 and Z98 predict almost identical flux and diffusivity profiles, while RS12 yields smaller values, albeit all of them reproduce the overshooting of the second interfacial flux (Table 5). This overshooting is not reproduced by the LAB_4/3 model, since the flux estimation of this model is independent of the aforementioned gradients and is instead based on thin (minor) interfaces within the four major ones.


Table 4 | Vertical salt and heat diffusivities KS
, KΘ
, over interfaces 1 to 4 and over the whole staircase, along with average interfacial (avg) diffusivities with 95% confidence interval (stder).
	I #
	Pressure
(dbar)
	Rp
	Ks
	KΘ
	Ks
	KΘ
	Ks
	KΘ
	Ks
	KΘ


	
	×10–4 m2sec-1


	
	Top
	Bott
	
	L94
	Z98
	RS12
	LAB_4/3



	1
	766
	776
	1.18
	9.7
	6.23
	9.1
	5.87
	0.6
	0.38
	0.10–0.27
	0.07–0.17


	2
	804
	807
	1.21
	8
	4.51
	8.26
	4.66
	0.37
	0.19
	0.28
	0.15


	3
	837
	847
	1.18
	9.48
	5.92
	9
	5.62
	0.52
	0.31
	0.22–0.55
	0.12–0.28


	4
	882
	888
	1.20
	8.96
	5.36
	8.72
	5.21
	0.44
	0.24
	0.07
	0.03


	stair
	766
	888
	1.30
	8.62
	5.05
	8.56
	5.0
	0.41
	0.21
	 
	 


	avg
	 
	 
	1.19
	9
	5.5
	8.8
	5.3
	0.41
	0.28
	0.24
	0.15


	stder
	 
	 
	0.08
	0.4
	0.4
	0.2
	0.3
	0.03
	0.02
	0.13
	0.07







[image: Four scatter plots labeled a, b, c, and d with pressure in decibars on the y-axes show different flux variables on the x-axes. Blue, red, yellow, and green symbols represent different model calculations of flux data.]
Figure 4 | Panels (a–d) show for each of the four models (Large et al, 1994 (L94), Zhang et al., 1998 (Z98), Radco and Smith, 2012 (RS12), 4/3 power law (LAB 4/3)) the moving-averaged flux values (small symbols) Fp
¯
(zn
)
 
 of Potential Temperature (P=θ)
, salinity, (P=S
)

, heat, (P=H)
, and buoyancy, (P=B),
 versus depth zn
. The larger symbols represent the single, per-model predictions over the whole SF-TS for three of the four models (excluding LAB_4/3). Overlaid are regression lines of optimal fit (the logarithmic x-axis visually attenuates the negative curvature). Different model estimations are shown with distinct markers and colors. The numbers are the R2
 values.


Table 5 | Downward fluxes of potential temperature, salt, buoyancy, and heat (Fθ
 FS,FB,FH
) in the interfaces.
	
	I #
	Fθ
 (×10–6 K m/s)
	FS
 (×10–6 psu m/s)
	FB
 (×10–9 W/kg)
	FH
 (Wm-2)



	RS12
	1
	0.23
	0.10
	0.23
	0.91


	2
	0.74
	0.36
	0.96
	3.01


	3
	0.2
	0.09
	0.22
	0.83


	4
	0.17
	0.08
	0.20
	0.69


	stair
	0.15
	0.07
	0.18
	0.61


	L94
	1
	3.73
	1.63
	3.563
	15.17


	2
	17.7
	7.71
	16.89
	71.88


	3
	3.9
	1.70
	3.724
	15.85


	4
	3.75
	1.64
	3.582
	15.24


	stair
	3.43
	1.50
	3.279
	13.98


	LAB_4/3
	1
	0.24-0.45
	0.13-0.19
	0.23-0.43
	0.99-1.82


	2
	1.3
	0.55
	0.12
	5.18


	3
	0.18-0.42
	0.08-0.17
	0.17-0.41
	0.74-1.72


	4
	0.04
	0.02
	0.04
	0.16


	stair
	–
	–
	–
	–


	Z98
	1
	3.621
	1.58
	3.429
	14.74


	2
	19.38
	8.42
	18.27
	78.86


	3
	3.834
	1.67
	3.625
	15.60


	4
	3.811
	1.66
	3.61
	15.50


	stair
	3.577
	1.56
	3.374
	14.58





FH
 is calculated with Cp( J/Kg/sec
)
 
 from TEOS-10 thermodynamic equation of seawater (IOC, SCOR, & IAPSO, 2010) and the ‘stair’ values correspond to the ‘bulk’ estimations over the whole staircase, e.g. (FS
)
BULK
 explained in section 4.2. For the LAB_4/3 method, we use a range of values for each of the four “major” interfaces, since this method provides a value for each of the “minor” interfaces within them.



[image: Scatter plots labeled “a” and “b” compare pressure (dbar) against diffusivities of heat and salinity on logarithmic scales. Colored markers represent different model estimations. The two sizes of markers refer to diffusivities calculated over vertical scales of the separate interfaces (small) and of the whole staircase (large).]
Figure 5 | Interfacial diffusivity profile predictions (small symbols) of the four models (RS12, L14, LAB_4/3 and Z98), for potential temperature (a) and salinity (b). The large symbols represent the single, per-model predictions over the whole SF_ThS for three of the four models (excluding the LAB_4/3).




3.3 The susceptibility of the Cretan Sea to salt fingering and SF_ThSs

Using the whole glider dataset, the Turner angle was calculated for each sampling depth in the layer between 250 dbar and the end of each cast. The ceiling of this layer is taken as a typical LIW depth inside the Cretan Sea, while the layer floor corresponds to the maximum glider deployment depth of 970 dbar, which is as close as possible to the TMW core. A histogram showing the normalized distribution of the Turner angle from the glider dataset is presented in Figure 6.

[image: Histogram and map from the GLIDER mission in March 2023. The histogram shows categories: salt fingering, diffusive convection, stable, and unstable, indicated by different colors. A map inset displays a glider path marked in blue with an orange arrow, over a geographic region outlined in gray. The x-axis of the histogram represents Turner angles in degrees.]
Figure 6 |     Normalized distribution of the Turner angle in the 250-dbar to end-of-cast layer from the March 2023 HCMR glider dataset. The histogram is divided into 15° segments. Salt fingering, diffusive convection, stable conditions, and unstable conditions are shown in the inset color legend. The inset map shows the position of the glider profiles. The red arrow indicates the position of the shipborne CTD cast shown in Figure 2 relative to the glider profiles.

To investigate the hydrological status of the Cretan Sea during the last decade with respect to the basin’s proneness to double diffusion, shipborne CTD profiles from three different cruises (2016, 2019, and 2021) in the Cretan Sea were examined. These cruises were selected because they collected data along a west-to-east transect, covering most of the open Cretan Sea longitude. For each cruise, we calculated the Turner angle at each sampling depth in the layer between 250 dbar and the deep salinity minimum corresponding to the TMW core. In the EMed, where the upper layers are mostly covered by very saline waters (Velaoras et al., 2019), it is not possible to identify a clear local intermediate salinity maximum corresponding to LIW/CIW masses, in contrast with the WMed, where the upper layers are mostly occupied by low-salinity Atlantic Water (Taillandier et al., 2020). Hence, the upper limit of 250 dbar was chosen as a typical intermediate layer depth in the basin. Density at this depth varied between ~29 and 29.1 kg/m³, i.e., well within the intermediate layer. Since the TMW core depth shows interannual variability (Velaoras et al., 2015), the deeper limit for Turner angle calculation was identified separately for each cast. The mean TMW core depth was 702 dbar in the 2016 dataset, 831 dbar in 2019, and 961 dbar in 2021; these respective depths were taken as the deeper limits. Figures 7a, b present salinity profiles and their positions in the Cretan Sea sampled during the aforementioned cruises. The 250-dbar horizon can be seen to represent a typical intermediate local salinity maximum denoting LIW. The mean TMW core depth for each cruise, corresponding to the mean salinity-minimum depth between 600 and 1,100 dbar, is also shown in the figure. This core depth has deepened between 2016 and 2021. Histograms presenting the normalized distribution of the Turner angle from the three cruises are shown in Figure 8. Although the cruise transects inside the Cretan basin were geographically close (see Figure 1), variations in the distribution of Turner angle values were observed. Specifically, 71% of the glider data (March 2023) lie in the salt fingering zone (45°–90°), while 38% of the dataset corresponds to strong salt fingering (75°–90°). The respective percentages for the other cruises are: 79% and 45% for the 2016 dataset, 78% and 42% for 2019, and 85% and 47% for 2021.

[image: Map and graphs showing salinity profiles near Crete. The map indicates locations of various missions (CRELEV, PERLE2, PERLE4, GLIDER) and a staircase feature. Graphs detail salinity variations with depth for each mission from June 2016 to March 2023, highlighting differences in pressure and salinity (psu). Red dashed lines indicate specific depths for comparison.]
Figure 7 |     (a) Sampling sites of the CRELEV, PERLE 2, PERLE 4, and glider cruises in the Cretan Sea. The observed salinity staircase site shown in Figure 1 is also indicated. (b) Salinity profiles of the CRELEV, PERLE 2, PERLE 4, and glider cruises in the Cretan Sea. Data between 100 and 1,100 dbar are shown. Red lines denote the mean TMW core depth (local salinity minimum) for each cruise. For the glider data, profiles are restricted to 970 dbar, the maximum deployment depth of the glider. This was shallower than the TMW core, and therefore the local salinity minimum was not reached.

[image: Three histogram panels display Turner angle data over different periods and depths. Panel (a) shows June 2016 (250 to 702 dbar) with prevalent orange bars indicating salt fingering. Panel (b) depicts February-March 2019 (250 to 831 dbar) with similar trends. Panel (c) shows April 2021 (250 to 961 dbar) with dominant orange bars. Inset maps mark locations with blue dots.]
Figure 8 | Normalized distribution of the Turner angle from 250 dbar to the deep salinity minimum corresponding to the mean TMW core depth for the following: CRELEV 2016 cruise (a), PERLE 2 2019 cruise (b), and PERLE 4 2021 cruise (c). The histogram is divided into 15° segments. For color coding, refer to the inset legend.





4 Discussion and conclusions

As already mentioned, the water mass distribution in the Cretan Sea—i.e., warm, saline LIW/CIW overlying cold, less saline TMW—favors salt fingering processes at the interfaces between these water masses. This is supported by the analysis of Turner angle distributions of in situ data presented here, where cruise data spanning 2016–2023 show that more than 70% of the layer between the intermediate water and the TMW core is prone to salt fingering. However, the occurrence of a thermohaline staircase in the Cretan Sea is rarely reported, previously documented only once (Kioroglou et al., 2014). The staircase presented here, analyzed in the context of its surrounding water masses, therefore provides a valuable additional contribution to knowledge of EMed staircases. It also warranted multiple estimations of staircase fluxes and diffusivities, derived from four well-established models selected for this study: LAB_4/3, RS12, L14, and Z98.

Overall, LAB_4/3 predicted fluxes and diffusivities similar to those of RS12. The average KS
, KΘ
 values for the Cretan Sea in 2012–2013, (see in Kioroglou et al., 2014; Figures 8, 9, Table 1) amounted to 0.12-0.16 ×10−4
 m2/s and 0.008−0.06×10−4
 m2/s respectively, which, if compared to diffusivities of the four models herein, fall nearest to the RS12 (and LAB 4-3) estimates, e.g., the RS12’s KS
 values are larger by a factor of 3, while if compared to the estimates of the other three models, the Kioroglou et al. (2014) KS
 values are between one and two orders of magnitude smaller. Furthermore, comparison of the derived estimates with values obtained from recent extended microstructure observations of salt fingers in the Western Mediterranean (Ferron et al., 2021) was quite revealing. Our RS12 and LAB_4/3 estimates agreed closely with values reported for several areas in the western basin, whereas estimates from the other models were almost one order of magnitude higher.

Additionally, the buoyancy fluxes predicted by the models ranged from 10-10W/kg (RS12 and LAB_4/3) to 10-8 W/kg (L14 and Z98). Our LAB_4/3 predictions are one order of magnitude smaller than those obtained in the framework of a major SF-TS monitoring experiment in the western tropical North Atlantic, the C-SALT project (Schmitt et al., 1987; Gregg and Sanford, 1987; Lueck, 1987; Marmorino et al., 1987). Our RS12 estimates of buoyancy fluxes also aligned more closely than the other models with those of Ferron et al. (2021) in the Western Mediterranean. Profiling microstructure measurements Gregg and Sanford (1987) within the framework of the C_SALT experiment indicated rather low dissipation rates ϵ ~ 10-10 W/Kg within the homogeneous layers of the local SF_ThSs in the Caribbean Sea (Barbados). Given that in areas of prevailing buoyant convection, such as SF_ThSs, turbulent dissipation rates are expected to balance buoyancy fluxes (Tennekes and Lumley, 1972; Stern, 1976; Larson and Gregg, 1983), we conclude that these microstructure measurements of ϵ agree with the RS12 and LAB 4/3 predictions of buoyancy fluxes for the SF_ThS under study, while appearing as underestimates when compared with predictions from the other models. The RS12 and LAB 4/3 predictions of low buoyancy fluxes/low dissipation rates seem to be further confirmed by the observed lack of persistence of the SF_ThS. This lack of persistence is demonstrated by the short duration of the staircase, first detected in March 2023 during a cruise under the MSFD monitoring program. If one disregards the absence of sampling between April 2021 (PERLE 4 cruise) and March 2023 (MSFD cruise)—which could potentially extend the duration of the phenomenon backward in time—the staircase was absent in subsequent surveys. Specifically, it was not detected during the MSFD cruise in September 2023 nor during sampling conducted in the same area in April 2025 under the CLIMPACT project (unpublished data). Previous research has linked low buoyancy fluxes within SF-TSs to pronounced tilting of the fingers, with the tilting attributed to strong vertical shear of horizontal velocity. Shear-induced finger tilting attenuates vertical turbulent buoyancy fluxes, which are both necessary and sufficient to sustain an SF-TS Gregg and Sanford (1987). Moreover, shear decreases the Richardson number sufficiently for turbulent instabilities (overturns) to emerge and disrupt the staircase (Kunze, 1987). These conditions appear to characterize the environment of the present SF-TS, as the area is strongly affected by vertical shear between the LIW/CIW layer and the deeper TMW layer (see Velaoras et l, 2014; Velaoras et l, 2015; Velaoras et al, 2021, and references therein). Finally, turbulence induced by other factors, such as breaking internal waves, could further hinder SF-TS development and persistence. In assessing turbulent mixing in a nearby region, Gregg et al (2012) reported very low background eddy diffusivities (on the order of 10–6 m2s-1) away from steep topographic features and related turbulent “hotspots.” These low mechanical turbulence estimates may indeed provide the calm conditions required for the occurrence and viability of double diffusive phenomena. In summary, a more extensive time series of SF-TS observations from the Cretan Sea is needed to enable definitive conclusions.

In any case, SF-TS occurrences are important for the hydrology and climatic variability of the Cretan Sea. As salt fingering transports salt toward deeper layers, this double diffusive process can contribute to the gradual erosion—at least of the upper part—of the TMW low-salinity core within the Cretan Sea. This process drives the core to greater depths with increasing salinity values, as reported by Velaoras et al. (2015). However, salt fingering has an even more important effect, particularly in relation to climate change. According to long-term climatic studies (see Chiggiato et al., 2023, and references therein), sea surface temperature in the EMed has increased by ~0.04°C per year since the 1980s, accompanied by a parallel salinity rise of ~0.008 per year in Levantine Basin surface waters and ~0.005 per year in LIW since the 1970s (Ozer et al., 2017). These trends have likely moderated the relative strength of the background buoyancy gradients δ(aθz
)

, δ(βSz
)

 in favor of a net decrease of the density ratio Rρ≡αθz
βSz


 between the warm and saline surface/intermediate layers in the Cretan Sea and the deeper TMW layers. Thus, SF-DDCs are expected to become stronger and consequently act to mitigate the climate change footprint on the marine system, as argued by Johnson and Kearney (2009). SF-DDCs remove salt from shallower layers and transport it to deeper ones, thereby moderating the long-term trend of salinity increase at the salt “removal” depths and acting as a negative feedback mechanism to the climatic trend. As observed in the WMed (Durante et al., 2021), vertical heat and salt fluxes in the Tyrrhenian Sea staircases have intensified after 2010, following the T and S trends in the characteristics of intermediate water imported from the EMed. Since the Cretan Sea is an intermediate water formation area, local double diffusion phenomena will affect the LIW/CIW properties, which in turn will influence the intermediate water characteristics in the Tyrrhenian Sea, where they will again be subjected to double diffusion. In other words, double diffusion in the Cretan Sea can act as a preconditioning factor affecting the strength of DDC in the WMed.

Moreover, the upward buoyancy flux induced by the vertical motions of the fingers increases stratification, which in turn impedes dense water formation. This hindrance may reduce the role of the Cretan Sea as one of the most important dense water sources of the EMed, despite the invariable winter heat loss observed over the basin since 1950 (Josey and Schroeder, 2023). Furthermore, the salt fingering–induced increase in stratification in the upper water column may suppress vertical mixing, thereby intensifying heating of the upper layers by air–sea fluxes and amplifying extreme events associated with high sea surface temperatures (Kilicarslan et al., 2021; Martínez et al., 2023; Khodayar et al., 2022).

An additional effect of salt fingering in the Cretan Sea concerns nutrient supply to the intermediate water. In particular, SF-DDCs induce a net upward nutrient flux, thereby steepening the positive (increasing with depth) vertical nutrient gradient recorded by Pavlidou et al. (2020) in the layer between LIW/CIW and TMW. Specifically, ascending and descending fingers generate antagonistic nutrient transport within this depth regime. The ascending fingers transport nutrient-rich waters upward from deeper layers, while the descending fingers transport waters with lower nutrient concentrations downward from shallower layers. The superposition of these fluxes results in a net upward nutrient flux toward nutrient-consuming shallower depths. This mechanism is expected to influence the biogeochemical functioning of the basin, as suggested for other salt fingering regions of the ocean (Oschlies et al., 2003; Glessmer et al., 2008; Taillandier et al., 2020), by enhancing biological productivity with further impacts on the basin’s uptake of carbon dioxide and oxygen. Moreover, these effects may extend to the WMed, since intermediate waters formed in the Cretan Sea—after mixing with LIW—are advected toward the WMed enriched with nutrients from deeper layers. This argument highlights the need for further monitoring to obtain denser spatiotemporal coverage of nutrient data, which would allow realistic quantification of nutrient fluxes and their correlation with SF-DDCs. Finally, the distinct vertical layers created by SF-DDCs hinder vertical particle transport, thereby facilitating particle retention and promoting the formation of larger aggregates, ultimately affecting particle size distribution (Durrieu de Madron et al., 2024).

In conclusion, SF-DDCs in the Cretan Sea have not yet been adequately monitored and analyzed, although the basin’s water mass distribution favors their ubiquitous presence. Future work should therefore focus on further investigating these processes, particularly their most pronounced manifestations in the form of SF-TSs, since they are linked to important marine ecosystem functions and respond to pressures induced by climate change.
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$,6,T,n Salinity, potential temperature, temperature, heat
K Vertical, salt fingering - diffusivity rates of salinity and
e potential temperature.
kr Molecular diffusivity rate of temperature
Vertical, salt fingering - fluxes, of salinity, potential
Fs, Fo, Fyy
temperature and heat.
Vertical, salt fingering - fluxes Fgg, Fgg, of salinity-induced
Fpg, Fpg, Fy and of potential-temperature induced buoyancies, and total,
vertical, salt fingering - flux of buoyancy, Fy
Density ratio, the ratio of the potential temperature-induced
all i ati i
R= 2oz component of density variation with depth over the
i 133% respective salinity-induced component
Y Flux ratio
Clap Constant of 4/3 power law for buoyancy flux
o Coefficient of heat expansion of seawater
B Coefficient of saline contraction of seawater
g Gravity acceleration
Cp Specific heat capacity of seawater
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Fyy is calculated with Cy( J/Kg/sec) from TEOS-10 thermodynamic equation of seawater (I0C, SCOR, & IAPSO, 2010) and the ‘stair’ values correspond to the ‘bulk’ estimations over the whole

staircase, e.g. (Fs)gurx explained in section 4.2. For the LAB_4/3 method, we use a range of values for each of the four “major” interfaces, since this method provides a value for each of the
“minor” interfaces within them.





