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1. Introduction
The cold intermediate layer (CIL) in the Black Sea is a layer of minimum temperature sandwiched between 
the seasonal thermocline and the permanent halocline. The CIL is formed in the winter as a result of strong 
cooling. During CIL formation, surface waters are subducted, and the subsurface layers are ventilated. The 
formation of cold intermediate water (CIW) is spread over large areas with regional enhancements due to 
specific dynamics, such as slope convection, fronts, open ocean eddies and coastal anticyclones (Akpinar 
et al., 2017; Capet et al., 2016; M. C. Gregg & Yakushev, 2005; Ivanov & Belokopytov, 2013; G. K. Korotaev 
et al., 2014; Mihailov et al., 2016; Oguz & Besiktepe, 1999; Ostrovskii & Zatsepin, 2016; Ovchinnikov & 
Popov,  1987; Piotukh et  al.,  2011; Shapiro et  al.,  2010, 2011; E. V. Stanev & Staneva,  2001; E. V. Stanev 
et al., 2003). The strong stratification in the seasonal thermocline tends to reduce vertical mixing, shielding 
the CIL from the warm surface water in summer.

Abstract More than 6,000 profiles from profiling floats in the Black Sea over the 2005–2020 period 
were used to study the ventilation of this basin and the mixing pathways along isopycnals. The layer of 
the minimum potential vorticity (PV), the Black Sea pycnostad, approximately follows the core of the 
cold intermediate layer, similar to the case of oceanic mode waters. However, unlike in the ocean, the 
horizontal patterns of PV are shaped by cyclonic gyre circulation. There is a principle difference in the 
probability distribution of the thermohaline properties presented in geopotential coordinates from those 
presented in density coordinates. In the latter case, several mixing pathways, which are not known from 
previous studies, dominate the ocean states. These formed after three intermittent events of cold water 
formation. The density ratio decreased three times during the last 15 years, revealing the decreasing role 
of temperature in the vertical layering of the Black Sea halocline. The basin-wide distribution of PV above 
σθ = 16, which is where the maximum vertical density gradient appears, is opposite to the distribution 
below this depth. This finding suggests a complex change in the mesoscale dynamics in different layers. 
Comparisons of observations with data from the Copernicus Black Sea operational model demonstrate 
that the mixing parameterizations of models need further improvements.

Plain Language Summary Profiling floats provide nowadays a valuable information on 
various properties of the ocean environment. More than 38 floats were deployed in the Black Sea from 
2005 to 2020, which yield more than 6,000 temperature and salinity profiles. These data are analyzed in 
the present paper with a focus on the ventilation and mixing pathways along isopycnals. Similarly, as 
in the case of the mode waters in the world ocean, the layer of the minimum potential vorticity (PV), 
which is known as the Black Sea pycnostad, approximately follows the core of the cold intermediate 
layer. However, there are strong differences from the ocean case because of the opposite (cyclonic gyre) 
circulation in the Black Sea. Because of this, the area of low PV is between the Rim Current and coast. 
The most striking finding was the occurrence of several mixing pathways, which changed after each 
intermittent event of cold water formation. In the past 15 years, density ratio decreased three times 
manifesting that the role of temperature in the vertical layering of the Black Sea halocline decreased 
dramatically. The observed changes are considered a precursor for similar changes occurring in other 
areas of the World Ocean.
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The bottom of the upper mixed layer, which is rather variable, sets the upper boundary of the CIL. The 
extremely stable halocline limits the depth of convective mixing and sets the depth of penetration of the 
seasonal signal, thus determining the shape of the CIL. The thickness of the CIL is ∼20–150 m; the depth 
of its core is ∼40–80 m. Following convection events, cold waters spread along isopycnals away from their 
regions of origin. The layers below the CIL are not in direct contact with the atmosphere. Because of the 
weak ventilation, these layers develop anoxia.

The halocline is shallower in the basin interior and deeper along the coasts. This shape reflects the basic 
features of the general circulation: upwelling in the middle of cyclonic gyres and downwelling at their pe-
ripheries. The Rim Current approximately follows the continental slope and dynamically separates the two 
zones. Water masses have quite different characteristics on both sides; therefore, the current encompassing 
the entire basin is considered a major frontal zone. The intensity of the general circulation decreases in 
summer when mesoscale dynamics are relatively more pronounced and the anticyclonic eddies between 
the Rim Current and coast are stronger. This is known from observations (E. V. Stanev et al., 2000) and 
numerical modeling (Staneva et al., 2001). Different eddy activity explains the different pathways of oxygen 
intrusions along the isopycnals, which considerably affects the vertical oxygen conveyor belt (E. V. Stanev 
et al. 2014).

From the above short presentation of the Black Sea oceanography, it follows that the CIW has much in 
common with the mode waters in oceans (the North Atlantic subtropical mode water is known as the 18° 
water, Worthington, 1959). Mode water is defined as a layer of nearly vertically homogeneous water over a 
large ocean area (Hanawa & Talley, 2001). Both water masses, the CIW in the Black Sea and the 18° water 
in the Atlantic, are layers characterized by a reduced vertical density gradient trapped between the seasonal 
thermocline and main pycnocline. By storing heat and salt, they play an important role in climate varia-
bility. The residence time of the CIL of ∼5 years has not changed much from the 1980s until the present. 
It is almost the same in the estimates of Lee et al. 2002 and E. V. Stanev et al. 2019 based on observations 
and compares well with those of E. V. Stanev et al. 2004 based on numerical simulations. This character-
istic time is comparable with the respective time of mode waters in the oceans (2–7 years, Hanawa & Tall-
ey, 2001). In other words, these layers retain a memory of the atmospheric forcing conditions accumulated 
over several preceding winters.

The similarity between the CIL and the 18° water was mentioned for the first time by Blatov et al. (1984), 
who theoretically estimated that the CIL could play a substantial role in the balance of vorticity, primarily at 
synoptic scales. The similarities between the dynamics of CIL and the 18° water have been mentioned many 
times in the literature; two examples are the studies of Stanev and Staneva (2001) and Stanev et al. (2003). 
However, these authors analyzed data from numerical models. Most analyses of CIL used historical data, 
in which very few observations have been made in winter far from the coasts. Thus, the scarcity of obser-
vations precludes statistically sound estimates on the areas of formation and water renewal. The poor time 
sampling of historical data makes it impossible to capture the basin-wide seasonal and interannual variabil-
ity of water mass formation with enough confidence.

Profiling floats have contributed substantially to advancing the knowledge of both the global ocean and 
regional basins, such as the Black Sea (Akpinar et al., 2017; G. Korotaev et al. 2006; E. V. Stanev et al., 2013). 
Large trends have been observed in the CIL during the last 15 years (E. V. Stanev et al., 2019), as well as 
changes in the thermohaline structure of the upper layers. The changes recorded in recent decades (E. V. 
Stanev et al., 2013) appear to occur much faster than what has been known previously (Belokopitov, 2011; 
V. N. Belokopytov & Shokurova, 2005). The definition of the CIL as the water layer with temperatures lower 
than 8°C (Blatov et al., 1984) no longer holds true because temperatures lower than 8°C have rarely been 
observed in recent years (E. V. Stanev et al., 2019).

The interaction between the CIL and the waters below its lower boundary is not very clear. The mixing 
pathways at the base of the CIL could aid in understanding this interaction; therefore, the layers around the 
base of the CIL are of major interest here.

The first objective of the present study is to describe the year-to-year evolution of the mixing pathways in 
the CIL using observations from profiling floats with a focus on the transformation of water masses in its 
core and below the core. The second objective is to demonstrate the similarities and differences between 
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the mode waters in the oceans and the CIW. To the best of our knowledge, such a comparison has not yet 
been done in the literature. Although some similarities and differences in the appearances of the water 
mass formation in the ocean and the Black Sea could seem obvious, they have not been widely explored; one 
example is the analysis of potential vorticity (PV) in the Black Sea. Bridging the analyses in the Black Sea 
with oceanic ones could aid in understanding the possible ocean-wide implications of our regional study 
because changes in the regimes of isopycnal and diapycnal mixing in the Black Sea can be considered to 
be amplified precursors of the expected changes in other areas of the world ocean. Comparisons with the 
results from numerical simulations are also shown, with the aim of challenging the numerical modelers to 
further improve mixing parameterizations, which is a very important issue for ocean basins with extremely 
strong vertical stratification (very weak vertical mixing).

The paper is structured as follows. In Section 1, we describe the vertical structure of the upper layer based 
on Argo observations. Mixing processes are addressed in Section 2 based on the analysis of θ-S relationships 
with a focus on their evolution in recent decades. The distribution of PV, temperature, and salinity on iso-
pycnal surfaces below the core of the CIL is analyzed in Section 3, which is followed by a brief discussion 
and conclusions.

1.1. The Vertical Structure of the Upper Layers

We use the same data set as described by Stanev et al. (2019) and extend it until March 15, 2020, which is 
15 full years. For details about the data set, the interested reader is referred to the above-cited work and to 
the supporting information. After removing some profiles with suspicious quality, the data set that we ana-
lyzed consists of 6,006 profiles of temperature and salinity. They are distributed uniformly in the deep part 
of the sea. Of these profiles, 1,531 were measured in winter, 1,478 in spring, 1,413 in summer, and 1,584 in 
autumn; that is, the seasonal distribution is relatively uniform, and the numbers are sufficient for statistical 
analysis.

In many classical θ-S analyses, individual or few profiles were used. Here, we present the totality of 6,006 
observed profiles in a statistically meaningful way; therefore, we show in Figure 1 and, in Figure S1, the 
number of observations in a regular bin-size grid rather than the individual profiles. The color bar provides 
the number of observations in the individual bins. At each depth, the sum of the number of observations 
over the whole range of the respective variable range (all bins) equals the total number of profiles. The 
probability distribution would look the same; however, we prefer to present the number of profiles per bin 
to demonstrate the size of the observations. Using the same bin size for the surface and deep waters dif-
ferently captures the scatter of data. The observations in the surface layers are spread over a wide range of 
respective properties; therefore, the blue color (low number of counts in a bin) dominates the distribution 
pattern. In the relatively homogenous subsurface layers, where the range of variability is small, the bins are 
too coarse to capture the variability (too many counts per bin); therefore, the red color is dominant. Thus, 
the representations on the left-hand side of Figure 1 are considered to be a compromise aiming to elucidate 
the major characteristics of the vertical stratification and at the same time to show the spread of data in 
the respective ranges of properties. The panels on the right-hand side of Figure 1 show the distribution of 
observations plotted in an interval of 5 s, left and right from the mean value (stretched plots), where s is the 
standard deviation taken as depth dependent (estimated over all the measurements at the same depth). The 
vertical white zero line shows the mean.

Qualitatively, Figures 1a, 1c, and 1e describe the same characteristics as those analyzed by Stanev et al. (2019) 
but in terms of the data distributions of potential temperature θ, salinity S, and potential density σθ. In the 
context of the analyses carried out, it is important to stress the small range of variability in σθ (Figure 1e) at 
the base of the upper mixed layer (∼40 m). Above this depth, the relatively large range of density variations 
is explained by the large range of potential temperature (Figure 1a) due to the seasonal signal in the upper 
mixed layer. Below this depth, there is a large range of salinity (Figure 1c), which explains the range of den-
sity variations. This large salinity range is due to the strong horizontal gradients in the major frontal zone, 
which is in the area occupied by the Rim Current.

Most data at ∼30 m depth are localized in a narrow temperature interval (∼41% of the observations at that 
depth fall in the red-colored interval). However, the variability range is rather large (Figures 1a and 1b). 
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Because of the warm water in the seasonal thermocline, the +/−5 s interval extends over 23.5°C. In contrast 
with the temperature, salinity is more uniformly distributed on both sides of the respective mean salinity 
down to ∼30 m (Figures 1c and 1d).

The density ratio 
  

/
ß /

d dzR
dS dz

, where α and ß are the coefficients of thermal expansion and salinity con-

traction compares the individual contributions of temperature and salinity in the density stratification. As 
known from earlier studies (Ozsoy et al., 1993; Stanev, 1990; E. V. Stanev et al., 2003), over most of the water 
column, this property is a small number (Figures 1g and 1h). The overall trend is such that temperature 
has a stabilizing role down to the core of the CIL (negative values of Rρ). Therefore, the density ratio is a 
very useful characteristic determining the position of the CIL as the depth where the stabilizing effect of 
temperature reverses (minimum temperature in the core of the CIL). In the layers below the core of the CIL, 
the increase in temperature with depth has a destabilizing effect (the sign of the density ratio reverses). The 
small values of the density ratio below the core of the CIL provide a measure of the very low contribution 
of temperature to density stratification.

The vertical density gradient (or Brunt-Väisälä frequency) is usually used for identifying mode water. This 

quantity is proportional to the PV, which is expressed as 







dPV
d

f
z

, where f is the Coriolis parameter. 

While the dynamics of the PV in the Black Sea have not been much addressed, many studies have focused 
on buoyancy frequency profiles based on ship-borne observations. PV, which is also called isopycnic PV, is 
a very useful characteristic since it is a dynamically conserved property through the path of a particle along 
isopycnals (Provost et al., 1995). It can only be changed by diabatic or frictional processes. It has long been 
established that in small basins such as the North Sea, high-resolution CTD profiles trace eddy signals along 
the thermocline caused by intrusions of low salinity waters (Badin et al., 2009). For the Black Sea, Staneva 
et al. (2001) explained the key role of vertical stratification in the formation of eddies in the following way. 
In summer, the increase in vertical stability tends to change the PV of the upper layers of the water column, 
resulting in a change in the ratio between the intensity of the gyre and eddy circulations compared with the 
winter case (E. V. Stanev et al., 2014). To our knowledge, the basin-wide dynamics of PV in the Black Sea 
have not been studied based on observed profile data. The large amount of such data from profiling floats 
provides a unique opportunity to address this issue based on observations.

The annual mean PV is at the maximum in the upper mixed layer mainly because of the strong stratification 
in summer (Figure 1i). The value decreases in the layers below (see the dashed lines), reaching the mini-
mum at approximately the depths where the scatter of density profiles is minimal (∼40 m). Approximately 
10 m below this depth is the core of the CIL. The minimum PV at ∼40 m can serve as evidence that the CIL 
in the Black Sea shares some similarities with the mode waters in the ocean. Minimum PV, or minimum 
vertical density gradient, in the world ocean is known as a pycnostad, and it usually coincides with the layer 
of the vertical minimum of temperature (e.g., McCartney, 1982). Obviously, Figure 1i reveals the Black Sea 
pycnostad as a layer between the seasonal thermocline and the main pycnocline (halocline).

The vertical distribution of PV is characterized by three zones of “concentration” of observed profiles. The 
large concentration layer of water with very low PV (almost zero) just below the sea surface is explained by 
the strong mixing in the surface layer caused by wind and wind waves in winter. However, there is a large 
scatter of data in this surface layer (including very high values of up to 200 × 10−10 m−1 s−1), illustrating 
that in most cases, the stratification is extremely strong. The second zone of concentration of profiles (high 
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Figure 1. Vertical distribution of (a) potential temperature, (c) salinity, (e) potential density, (g) density ratio and (i) 
PV in the upper 250 m (panels on the left) presented as a function of the number of samples per individual bin. A gray 
color is used where there are less than 10 observations per bin. Bins, in which there are fewer than two observations, 
are ignored (white in the color bar). A detailed representation of the distribution with an increasing property resolution 
in the deeper layers is shown in the respective panels on the right (b, temperature, d, salinity, f, potential density, h, 
density ratio, and j, PV). Vertical white lines represent the mean values and the zero value in (g). X-axes (Deviation) 
measure the standard deviation s of respective properties. Each bin is 2 m thick. The x-axis in the panels on the right is 
split into 50 bins, that is, each bin is 0.2 standard deviations wide. Dashed and dotted lines in the panels on the left are 
the means for the first two (2005 and 2006) and last two years (2018 and 2019). PV, potential vorticity.



Journal of Geophysical Research: Oceans

values of the number of profiles per PV-depth bin) is the one in the core of the CIL at ∼40 m, which is where 
the PV is low. Below the zone of maximum PV, at the base of the CIL (∼70 m), PV decreases monotonically 
with depth because salinity stratification is weaker there (comparing Figure 1c with Figure 1i). However, 
the PV values in the halocline remain approximately an order of magnitude higher than the ocean values 
(Hanawa & Talley, 2001).

The distribution of the individual observations around the mean is not Gaussian, which is a consequence 
of the specific dynamics. The skewness is well demonstrated by the scatter of salinity in the main halocline, 
which is smaller to the right of the mean value (see the distribution at ∼150 m in Figure 1d). The analysis 
of the distribution patterns per region shows that most of the respective observations in the area of maxi-
mum probability originate from the central parts of the gyres. This result illustrates that the distribution of 
salinity in the gyres is more homogenous than that over the continental slope. The larger scatter to the left 
of the mean value is characteristic of vigorous mixing between coastal (low salinity) and open ocean (high 
salinity) waters in the area of coastal anticyclones and the baroclinic front (Rim Current).

The good correlation between potential temperature and salinity in the halocline is demonstrated by the 
symmetric scatter of the density ratio below 100 m (Figure 1h). The low-density ratio (Figure 1g) explains 
why the distribution pattern in Figure 1f (density) is similar to that shown in Figure 1d (salinity). Below the 
core of the CIL, PV shows a distribution that is opposite to that of density (comparing Figures 1f and 1j); 
that is, a larger scatter of PV occurs to the right of the mean value. In other words, a larger PV is character-
ized by a larger variability range.

The dashed and dotted lines in the panels on the left in Figure 1, which show the mean vertical profiles 
calculated for the first and last years of the observations, support the earlier analyses of the same data, 
demonstrating that the vertical stratification in the Black Sea has changed dramatically in recent years (E. 
V. Stanev et al., 2019). What has not been addressed in this work is the impact of these trends on the density 
ratio and PV. As far as the density ratio is concerned, the positive mean values at ∼60–70 m are much lower 
than what was observed by Ozsoy et al. (1993) in the summer of 1988. The mean profiles of Rρ in 2018 and 
2019 shifted to the deeper layers of the CIL in the last 15 years (Figure 1g). Notably, the shift to the left of 
the Rρ profile below the CIL (a decreasing Rρ trend) demonstrates the decreasing role of temperature for 
the vertical layering of the Black Sea halocline. The opposite trends of PV above and below 80 m at the 
beginning and end of the last 15-year period (Figure 1i) suggest that the recent changes in the stratification 
(respectively PV) have resulted in changes in the mesoscale dynamics.

To further understand the dynamics of the CIL and the respective similarities and differences with the 
mode water formation in the ocean, it is necessary to briefly describe the outcrops in the Black Sea (Figure 
14 of E. V. Stanev et al., 2003). In the ocean, the outcropping isopycnic surfaces reach their southernmost 
displacement in winter and retreat to the north in summer; however, there are some important specifici-
ties in the Black Sea. (1) The outcropping in the Black Sea only occurs in (part of) the winter season and 
(possibly) not over the whole sea. (2) The Black Sea gyres have a rotation sign, which is opposite to that of 
subtropical gyres. (3) The upwelling in the Black Sea gyres is an important preconditioning factor. (4) The 
regional circulation and stronger cooling in some areas over the continental slope additionally shape the 
ventilation complexity in the Black Sea. These specificities will be analyzed later in the text, along with the 
regional characteristics of Black Sea ventilation.

2. Analysis of Mixing Based on the θ-S Relationship
2.1. General Concepts

Ocean mass formation starts as a diapycnal process in the upper layers followed by along-isopycnal mixing 
in the pycnocline. According to McDougall (1984), who analyzed the equation for the rate of change of the 
potential temperature on a neutral surface, the diapycnal turbulent mixing is proportional to the curvature 
of the θ-S curve d2S/dθ2. A similar relationship could be formally obtained if we analyzed the equation for 
the rate of change of salinity. This approach is more appropriate for the Black Sea, where salinity mono-
tonically increases with depth and temperature has a minimum in the core of the CIL. Recall that the core 
layers are where a vertical extremum of a property occurs (Wüst, 1935). Therefore, in the Black Sea case, the 
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diapycnal mixing coefficient is proportional to d2θ/dS2. The almost straight lines in the θ-S diagrams signify 
approximately constant Rρ (see Figure 1g below the core of CIL). As demonstrated by Stanev (2014, 2018), 
curved profiles of biogeochemical variables (nonconservative) in the Black Sea may also be due to internal 
sources or reaction terms.

The neutral surfaces (hereafter, isopycnal surfaces will be used synonymously) are defined as surfaces where 
α∇θ = β∇S, and ∇ is the horizontal gradient operator. As it is well known for the ocean and for the Black Sea 
(S. K. Konovalov et al., 2005; McWilliams, 1983, Turgul et al., 1992; E. V. Stanev et al., 2004; 2014), the isopyc-
nal spread (gradients) of temperature and tracers is much smaller than the respective gradients on geopoten-
tial surfaces, which is explained by the fact that the mesoscale variability (characterized by large-magnitude 
variations) is canceled on isopycnal surfaces. Therefore, in the Black Sea, the overall vertical stratification in 
the density coordinates is adequately represented by only a few vertical profiles. However, the details of the 
basin-wide spatial variability of water masses, as seen in density coordinates, cannot be represented by only a 
few vertical profiles. In our case, the number of profiles is high, which allows us to perform a deeper analysis 
of the temporal and spatial variability in diapycnal and isopycnal mixing.

In the analysis that follows, we will address the θ-S relationships below the core of the CIL, down to ∼250 m, 
in more detail. Most of the discussion will focus on the vertical characteristics of the θ-S diagrams and their 
temporal variabilities. The spatial change in the mixing patterns on isopycnal surfaces will be addressed in 
Section 4.
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Figure 2. Distribution diagrams in the (a) θ-S space from profiling floats and (b) CMEMS reanalysis sampled in the 
same way (in time and space) as by the floats. (c) is the same as (a) but uses only data from the locations deeper than 
2,000 m. The bin sizes are 0.02°C and 0.01 psu. Bins, in which there was only one observation, are not shown. Colors 
(see color bar) correspond to the number of data points in the respective T-S bins. Thin lines show several potential 
density isolines. (d) shows the horizontal distribution of the data used in the 15-year analysis period (red is used for the 
data from the locations deeper than 2,000 m). CMEMS, Copernicus Marine Environment Monitoring Service.
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2.2. θ-S Analysis

The distribution of all observations from the profiling floats in the whole water column presented in the 
θ-S plane (Figure 2a) illustrates the basic characteristics of the thermohaline structure of the CIL in the 
last 15 years. Only the θ-S relationships for waters colder than 9.6°C are shown, which ignores a large part 
of the observations in the surface layer (warmer water) but enables a better bin resolution in the interme-
diate and deep layers. As in Figure 1, the colors on this plot do not show individual θ-S relationships but do 
show their distribution on the θ-S plane. The dominant θ-S characteristics in Figure 2a are seen as maxima 
in the probability distribution patterns. This presentation is a good substitute for presenting individual θ-S 
indices with small dots; in the later presentation, dots would overlap because of the large amount of data. 
Isopycnals are also shown in this figure. The thermohaline properties of the deep layers, that is, the layers 
that fill most of the volume of the Black Sea but a very small area in θ-S space, are considered by Stanev 
et al. (2021).

The large scatter of data in the surface layer is consistent with the representation in Figure 1a. At the bottom 
of the CIL (σθ ∼ 16.5 kg m−3), the temperature and salinity values converge in a very narrow range of θ-S 
indices; this range further reduces with increasing depth. The core of the cold waters is most pronounced 
at σθ ∼ 14.5. This density was used by Stanev et al. (2003) to formulate the conditions under which CIW 
formation occurs. Above and below the core of the CIL, the angle between the θ-S curves and σθ lines is the 
opposite, revealing the stabilizing role of temperature in the upper layers and its destabilizing role below 
the core of the CIL. The scatter of data with positive temperature anomalies below σθ ∼ 15.5 reflects the 
intrusions in the pycnocline, which will be addressed in a separate study.

The largest curvature of the θ-S relationships in the core of the CIL suggests that this core is the zone of max-
imum diapycnal mixing (see Section 3.1). The most important property of the water mass below σθ ∼ 15.5 
is the nearly linear θ-S slope (a very small curvature). Furthermore, the very small range of θ-S indices at 
specific σθ values in the pycnocline shows the homogenization of properties on isopycnal surfaces. The most 
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Figure 3. Histograms of potential temperature at σθ surfaces (a) 15, (b) 15.5, (c) 16, and (d) 16.5. The interval in which 
the mean potential temperature occurs is colored red.
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striking feature in the θ-S distributions shown in Figure 2a is the convergence of thermohaline states along 
several narrow mixing pathways (bins with the most frequent appearance of θ-S pairs). In the following, 
we refer to these features as “mixing channels." These non-Gaussian (and multiple maxima) distributions 
of temperature and salinity on isopycnal surfaces are illustrated in Figure 3 for four σθ levels below the core 
of the CIL. These “mixing channels” reveal a changing distribution of properties with changing isopycnal 
depth (Figure 3). The comparison between Figure 3 and the panels on the right-hand side of Figure 1 shows 
one fundamental difference. The distributions seen in pressure coordinates have only one maximum, and 
all properties are characterized with a certain skewness (see also Figure S3). The presentation in the density 
coordinates (see for more details Figure S1) is completely different, with several maxima, and their position-
ing with respect to the mean is very different for the individual σθ levels.

The nonuniform distribution seen at specific density levels would suggest that either the CIL resided in 
some states most of the time during the observed 15-year period (therefore, the localized maxima in the 
probability distribution) or that the sampling and interpretations were not statistically credible. To exclude 
the second hypothesis, we sampled the output from the reanalysis provided by the Copernicus Marine 
Environment Monitoring Service (CMEMS) operational model (see https://resources.marine.copernicus.eu
/?option=com_csw&view=details&product_id=BLKSEA_ANALYSIS_FORECAST_PHYS_007_001, last 
assessed on April 16, 2020, and Ciliberti et al. 2019) in the same spatial and temporal manner as the floats 
did (the positions of the observations are shown in Figure 2d). The result from the model (Figure 2b) was to 
the first order similar to the observations. The overall θ-S characteristics of the main water masses (surface, 
cold intermediate and deep) do not differ much between the observations and numerical simulations (com-
paring Figure 2b with Figure 2a). However, the “mixing channels” do not appear in the model data. Here, 
we remind the reader that the data from the same profiling floats have been assimilated in the operational 
product. To ensure that the Argo sampling did not affect the representation of numerical simulations in 
Figure 2b, we produced this figure by sampling the model uniformly in time and space so that the number 
of profiles from the model nearly equals the number of observed profiles. The two samplings show almost 
identical distributions, as shown in the comparison between the two panels in Figure S2.

A further possibility to misinterpret the mixing pathways would be that these features are revealing specific 
regional conditions. Knowing that the dynamics of the Black Sea differ greatly on the two sides of the con-
tinental slope, we replotted Figure 2a using the data from the deep ocean only (red dots in Figure 2d). The 
similarity between Figures 2a and 2c and the analysis presented above exclude the possibility of an incorrect 
interpretation of observations. Another test of consistency of data analysis was to avoid using non-homoge-
nous in time observations by analyzing monthly-averaged profiles. The results (not shown here) almost re-
peat Figure 2a. Therefore, we conclude that the “mixing channels” seen in the θ-S relationships are credible 
features characterizing several different thermohaline states in all Black Sea areas visited by the profiling 
floats. If observations of the Black Sea using profiling floats are extended for the next 15 years, other mixing 
channels would probably appear, corresponding to the new thermohaline states.

The analysis of model data was performed only to check the robustness of the results against sampling. 
However, one conclusion needs to be mentioned. The model appears to be overly diffusive and does not 
replicate the tiny “mixing channels” seen in the observations. This comparison between the observations 
and numerical simulations presents a challenge for numerical modelers and indicates that further efforts 
are needed to adequately specify mixing parameterizations, particularly in basins with extremely strong 
vertical stratification (Stanev et al., 1997). The results from numerical simulations will not be discussed fur-
ther in the main text because our study addresses the analysis of observations. For the interested reader, the 
supporting information shows some of the analyses that are discussed further in the text but are performed 
using the CMEMS data.

2.3. Year-to-Year Variability

The interannual variability in the world ocean associated with ENSO or NAO has time scales from 2–7 years 
up to decadal time scales. Talley (1996) showed that the 18° water core correlated with the NAO index. Be-
lokopytov (1998, 2011) and Piotukh et al. (2011), who analyzed the interannual and decadal variabilities, 
identified comparable time scales from the Black Sea historical data. The data set that we use is only 15 
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Figure 4. Autumn distribution of θ-S indices (pairs per bin) for the individual years. The almost linear parts of the 2006 and 2012 distribution plots are added 
to the 2019 panel with black full and dashed lines, respectively, to show the trend over 15 years. These lines are the linear regression lines. The bin size is 
0.02°C × 0.01 psu. Thin lines show several potential density isolines. The number of profiles used to plot the panels in individual years is also shown.
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years long; therefore, the interannual variability in the analysis to follow can be named the year-to-year 
variability.

To better understand the details of the θ-S distributions in Figure 2, we separately present the distributions 
for each autumn (October, November, December) for the entire 15-year period in Figure 4. The figures for 
the remaining seasons are shown in the supporting information: Figure  S5 (January, February, March), 
Figure S6 (April, May, June) and Figure S7 (July, August, September). We present the autumn situation in 
the main text because this season is the most distant from the period of winter convection and better reveals 
the established structure of the CIL after major events of water mass formation, which occurred in 2006, 
2012, and 2017.

Waters in the Black Sea, which are deeper than the CIL, are considered to be formed by two end-member 
mixing of the CIW and waters originating from Bosphorus (J. W. Murray,  1991; J. W. Murray & Yakus-
hev, 2006). One can now question the robustness of these end-members. It is instructive to first estimate the 
changes in θ-S indices due to seasonal cycles. The comparisons of the θ-S distribution curves in individual 
seasons (one example for 2013 is given in Figure S4) demonstrate that the range of the seasonal variations 
in the core of the CIL is approximately twice as small as the range of interannual changes (see Figure 4 and 
Figures S5–S7). Below σθ ∼ 15.5, the seasonal changes are negligible (the data spread associated with the 
warm Bosporus intrusions is more pronounced in the deeper layers); therefore, the major interest in the 
following will be on the year-to-year change in these layers.

It was only in 2006, 2012, and 2017 that the temperatures in the core of the CIL dropped below 7.5°C (Ak-
pinar et al., 2017; E. V. Stanev et al., 2019). From 2006 until 2011, the core temperature continuously in-
creased, reaching values warmer than 8°C. The convective event in 2012 cooled the waters in the core below 
7°C, which was around the typical temperature values for the past periods. Another period of continuous 
warming of the core, up to 8.4°C, followed after 2012 until the last event in 2017. One conclusion from this 
short chronology is that the CIW is a variable end-member, and any analyses on the thermodynamics of the 
upper layers have to adequately address the interannual variability.

At the beginning of the period, which we analyze here (2005), the θ-S indices showed a linear trend between 
the θ-S values characteristic of the core of the CIL and those at σθ = 16.75 (T∼8.8°C, S∼21.8). The slope of 
the distribution curve at the base of the CIL (between σθ = 16 and σθ = 16.75) remained nearly constant 
from 2005 to 2008 (the thick straight line in the 2019 panel of Figure 4 is parallel to the distribution curves 
in this interval throughout this period). The steepness of the θ-S curves at the bottom of the CIL decreased 
dramatically in 2012, which is just after the second convection event. This result would suggest that the 
latter triggered a substantial change in the regime of mixing. The mixing curve was no longer a straight 
line. Its steepness changed considerably at σθ = 15.5, which would indicate substantial diapycnal mixing at 
this level. After the event in 2012, the slope of the mixing curve changed substantially in comparison to the 
situation at the beginning of the analyzed period. The linear parts of the mixing curves in 2006 and 2012 are 
added in black in the 2019 panel of Figure 4 to compare the actual state against the past thermohaline states.

Each of the three thermohaline states schematically presented in the 2019 panel of Figure 4 is reflected in 
the composite diagram in Figure 2a and could be considered a response to intense water mass formation 
during 2005–2020. The slope of the density lines is α/ß (on the neutral surfaces, αθz = βSz), while the slope 
of the θ-S distribution lines is θz/Sz. The three different slopes plotted in the 2019 panel of Figure 4 reveal 
the diminishing trend of the Rρ profiles at the base of the CIL (see also Figure 1g). This trend indicates a 
reduction in the role of temperature in recent years. It is easy to provide a measure of the change in Rρ. The 
salinity difference between the water in the core of the CIL and at its base changes slightly during the 15-
year period; therefore, we will neglect it. However, the difference between the temperatures in the core and 
at σθ = 16.75 were 1.3°C and 0.4°C at the beginning and end of this period, respectively. This would result 
in a ratio of 3.25 between the respective Rρ numbers. The conclusions are listed as follows: (1) by affecting 
Rρ, the recent thermohaline changes could have resulted in a decrease in isopycnal mixing; and (2) these 
changes not only appeared in the surface layers but also propagated deeper in the Black Sea halocline.

We will end this part with a reminder to interested readers that a parallel set of figures produced by an op-
erational model is presented in the supporting information (see Figures S8–S11). While the overall slope of 
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the mixing curves in the lower part of the CIL does not differ much from the observed slopes, the scatter in 
the CIL provides room for further improvement of the simulation quality.

3. Spatial Variability in the Properties on Isopycnal Surfaces
Addressing the spatial variability on the isopycnal surfaces is a challenge because in the lower part of the 
CIL, the range of temperature change is very small (e.g., less than 0.15°C at σθ = 16.5, see Figure 4), that 
is, the signal-to-noise rate is low. This rate would further decrease if we remove the trend associated with 
the interannual change. Here, we remind readers that in a steady-state ocean without diapycnal mixing in 
the ocean interior or at the boundaries or without double diffusion, θ has to remain uniform on the neutral 
surface (T. J. McDougall, 1984). The real case, which we consider to be neither of these, is that the perma-
nent upwelling in the cyclonic gyres adds to the diapycnal mixing.

The mode water formation is controlled by the permanent fronts in such a way that in the North Atlantic, 
this water mass occurs on the low-density side of the front. The shallower depth of isopycnals along the 
front preconditions the outcropping. The regions with thicker layers with the same density (e.g., the sub-
tropical gyres) are to the right side of the front looking in the direction of the main current (North Atlantic 
Current). This concept can be applied to the formation of cold waters in the interior of the Black Sea, where 
the upwelling in the cyclonic gyres pinches the isopycnal surfaces toward the ocean surface, thus precondi-
tioning outcropping. However, the area of thicker layers with the same density at the low-density side of the 
front in the Black Sea is squeezed in the narrow space between the Rim Current and the coast, or between 
the Rim Current and the shelf in the North Western Black Sea.

All data have been mapped onto 0.5° squares, which allows for ∼30 profiles per box. First, we will analyze the 
thickness of layers between σθ surfaces 14 and 17 (Figure 5). The horizontal distribution of PV shows similar 
(just opposing) patterns to the one shown in Figure 5 and will not be presented in detail. The isopycnal surface 
σθ = 14 outcrops every year (see Figure 4d of E. V. Stanev et al., 2019 and Figure S12); therefore, the average 
thickness of the layer between σθ = 14 and σθ = 14.5 for the 15-year period is only ∼20 m in the interior Black 
Sea. In the coastal areas of the southern and eastern Black Sea, the thickness doubles (∼40 m). The layer 
thicknesses between σθ surfaces 14.5–14, 15–14.5, 15.5–15, 16–15.5, 16.5–16, and 17–16.5 are 31, 16, 18, 30, 
80, and 403 m, respectively. The standard deviations for the same layers are 5, 2, 2, 2, 5, and 8 m, that is, these 
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Figure 5. Thicknesses of layers between σθ surfaces (a) 14.5–14, (b) 15–14.5, (c) 16–15.5, and (d) 17–16.5 averaged for 
the 2005–2020 period in 0.5° squares. The parallel and meridian plotted with thick white lines show the positions of the 
sections presented in Figure 7.
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numbers are considerably smaller than the range of respective thicknesses. Although the “signal versus noise” 
ratio is not a very large number, the overall statistical credibility of the results presented in the following is en-
sured as far as the annual mean situation for the entire period is concerned. Unfortunately, the coverage is not 
sufficient to produce statistically stable results for seasonal or even for the year-to-year variabilities in the ba-
sin-wide properties. The seasonal mean layer thickness is shown in the supporting material (Figures S12–S15).

The small thickness of the isopycnal surfaces in the interior of the cyclonic gyres dominates the horizontal 
distribution from the top of the CIL down to σθ = 16 (Figures 5a–5c). This pattern is explained by the up-
welling in the cyclonic gyres, which displaces the isopycnal surfaces in the basin interior upwards; there-
fore, they become thinner. The largest gradients occur in the frontal area, which is approximately on the 
continental slope. In these areas, PV, which is inversely proportional to the layer thickness, also shows the 
largest gradients. This finding suggests an impact of these gradients on the mesoscale dynamics because the 
latter are constrained by the PV. We remember that the PV values in the Black Sea layers considered here 
are approximately an order of magnitude higher than the ocean values.

The distribution of the layer thickness between σθ = 17 and σθ = 16.5 is the opposite of those in the layers 
above, that is, the layer is thicker in the basin interior and thinner along the coast. The trend reversal oc-
curs at approximately σθ = 16. At this isopycnal surface, PV is nearly uniform basin wide with a value of 
6,21.10−10 m−1 s−1. Between the σθ surfaces 14.5–14, the difference between PV in the basin interior and in 
the coastal zone is approximately twice the mean value. Below σθ = 16, this difference is a∼10% of the mean. 
Obviously, the generation and propagation of eddies in individual layers should be affected by the reversal 
of PV at σθ = 16. This trend works in combination with the seasonal changes in PV. In summer, the increase 
in the vertical stability in the seasonal thermocline tends to change the PV in such a way that an anticyclon-
ic rotation trend is generated to conserve the vorticity. This reduces the cyclonic circulation in the interior. 
In the coastal area (this is the area dominated by coastal anticyclones), this change tends to further enhance 
the anticyclonic circulation. This seasonality could explain the decrease in the ratio between the intensities 
of gyre and eddy circulations in summer compared with the winter case (E. V. Stanev et al., 2014). As sug-
gested by the results in Figure 1i, the PV trend in the last 15 years can also affect the mesoscale variability 
because the difference between PVs in the upper 80 m and below decreased.

The distributions of potential temperature and salinity on constant potential density surfaces are not in-
dependent; therefore, we will analyze only θ (displaying both θ and S is redundant). The annual mean 
potential temperature pattern at σθ = 14 clearly identifies the areas of lowest temperatures along the coasts. 
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Figure 6. Temperatures at σθ surfaces (a) 14, (b) 15, (c) 16, and (d) 16.5 averaged for 15 full years during 2005–2020 in 
0.5° squares.
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It seems counterintuitive that in the basin interior, that is, in the area where the isopycnal layers outcrop, 
the temperature is at the maximum (Figure 6a). The explanation is that (1) the maps in this figure show 
the annual mean state, and (2) the higher temperatures at σθ = 14 in the basin interior in winter are due 
to the upwelling of warmer subsurface waters there (see the dooming of the pycnocline in Figure 7). The 
analysis of temperature at σθ = 14 in winter shows the lowest values in the coastal regions west of Crimea 
and further along the western and southern coast (seasonal maps are shown in Figures S16–S19). There are 
substantial differences between the patterns shown in Figure 6 and other earlier analyses of historical data. 
They are explained by the fact that the patterns presented in density coordinates are more informative in 
terms of isopycnal mixing. The small nonhomogeneity of properties on σθ surfaces elucidates how isopycnal 
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Figure 7. Vertical sections of (a, b) θ, (c, d) σθ, and (e, f) PV. The meridional sections are on the left, and the zonal 
sections are on the right. The respective section lines are shown in Figure 5a. Data used for these plots are collected 
over areas of 0.75° on both sides of these section lines. PV, potential vorticity.
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mixing smooths the property distribution between different sources. In contrast, the presentations in geopo-
tential coordinates are more informative in terms of the general circulation.

At ∼ σθ = 15, the range of spatial variability is comparable to the standard deviation over most of the basin 
area. The difficulty of accurately resolving the horizontal gradients at this isopycnal surface has a physical 
explanation and reminds us of the well-known fact that in the core of mode waters, temperature is almost 
homogenous. At the deeper isopycnal levels, there is a clear trend of structuring the horizontal distribution 
of temperature. The horizontal patterns in Figures 6c and 6d clearly demonstrate the isopycnal pathway of 
cold water originating from the western coast and propagating eastward. This cooling tends to compensate 
for the diapycnal warming flux caused by the upwelling of warmer deep water. The intrusions of waters 
from the Bosporus Strait and the pathway of their eastward propagation along the southern coast are also 
resolved by the profiling floats (Falina et al., 2017). Knowing that Stanev et al. (2004) performed similar 
analyses using numerical simulations, one could perceive the results here to be rather obvious. We stress 
that statistically stable, basin-wide analyses of the isopycnal propagation of water masses based on observa-
tional data only became possible due to the unique observations used in the present study.

The distribution of potential temperature, potential density and PV on the vertical meridional and zonal 
sections (Figure 7) provides a synthesis of the Black Sea thermohaline state over the last 15 years. To in-
crease the statistical credibility of the vertical sections, all data observed at 0.75° north and south of the 
zonal section line shown in Figure 5a were averaged. The same averaging (east-west) was applied to the me-
ridional section. Profiling floats well captured the dome-shaped pycnocline, the CIL and the pycnostad, the 
latter is seen as the layer of minimum PV. The near-perfect agreement between the shapes of the CIL and 
pycnostad in the upper part confirms the similarities between the mode water in the ocean and CIW in the 
Black Sea. The major difference is the shape of the pycnocline (the panels in the middle), which is convex in 
the Black Sea and concave in the subtropical gyres. This difference between the ocean and Black Sea cases 
results from the anticyclonic circulation in the subtropical gyres and cyclonic circulation in the Black Sea.

4. Discussion
The concepts regarding the ventilated thermocline (pycnocline) and isopycnal mixing in the ocean and 
the Black Sea suggest that wintertime convective mixing, which is due to buoyancy loss from the ocean 
surface, triggers mode water formation. Cold waters sink down to their neutral density surface and further 
propagate isopycnally over areas much larger than that of convective sinking. The end result in the ocean 
is a lateral homogenization of PV caused by isopycnic mixing due to ocean eddies (Rhines & Young, 1982). 
Large PV gradients are only observed in the surface layers, which are directly forced by the wind. One spec-
ificity in the Black Sea is the preconditioning role of advective cooling (E. V. Stanev et al., 2003). Another 
specificity, as shown in the present study, is the cyclonic general circulation, which tends to squeeze the 
area of low PV between the Rim Current and the coast (or between the Rim Current and the shelf in the 
North Western Black Sea). This adds to the understanding that the CIW formation varies considerably in the 
different areas of the Black Sea (E. V. Stanev et al., 2003) and does not operate in the same way as the mode 
water formation in the subtropical gyres.

The dynamics of Black Sea upper layers provide a classic example of the “connection between climate forc-
ing, physical regime, chemical fluxes, and biological response” (J. W. Murray and Yakushev, 2006; J. W. Mur-
ray et al., 2007). In this context, we must remember that the suboxic zone in the Black Sea, which was first 
discovered by J. W. Murray et al. (1989, see also J. W. Murray 1991), is the interface between the oxic surface 
layer and sulfidic deep waters. This interface is below the core of the CIL, which overlaps with the layers 
addressed in the present study. Ventilation of the CIL controls the downward flux of oxygen; therefore, the 
change in physical state largely affects the biogeochemistry of the Black Sea. As shown by Konovalov and 
Murray (2001), Stanev et al. (2013), and Capet et al. (2016), the oxygen dynamics reveal clear long-term and 
interannual changes. Understanding the changing oxic regimes in the Black Sea as a response to changes in 
its physical system is a fundamental issue of Black Sea oceanography. Changing mixing pathways therefore 
play a crucial role.
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In the introduction, we mentioned some of the basic physical processes 
controlling the formation of CIW. Unfortunately, there are few studies 
such as that of M. Gregg and Ozsoy (1999) and M. C. Gregg and Yaku-
shev  (2005), who used microstructure profiles to quantify such impor-
tant quantities associated with cold water formation as rates of turbulent 
dissipation, diapycnal diffusivities, and the depth of ventilation caused 
by a cold-air outbreak. Further understanding of governing processes 
has been reached due to ship measurements and numerical modeling, 
which demonstrated that the injection of cold water into deeper layers 
is facilitated by mesoscale eddies (Ovchinnikov & Popov,  1987; E. V. 
Stanev & Staneva,  2001). Zatsepin et  al.  (2003) also provided evidence 
that mesoscale eddies contribute to mixing. However, the observational 
studies mentioned above demonstrated that many fundamental physical 
quantities cannot be easily measured, particularly over long times and 
across wide areas.

Data from profiling floats analyzed here provide further evidence of 
quasi-lateral intrusions associated with intrusions of the Mediterranean 
water. Such intrusions were previously observed by Stanev et al. (2017), 
Akpinar et al. (2017), and Falina et al. (2017). These intrusions affect the 

thermohaline properties of the deeper parts of the CIL, as seen in the anomalies of θ-S profiles (e.g., the 
autumn 2013 profiles in Figure 4, see also Figures S5–S7). Below the core of the CIL, the role of double dif-
fusion can also be quite significant because salinity stratification has a stabilizing effect on density and tem-
perature stratification has a destabilizing effect. This type of stratification provides the necessary conditions 
to allow double diffusion. The second condition is that the diffusivity of heat does not equal that of salinity. 
This is the fundamental difference from the fully developed turbulence, which tends to mix temperature 
and salinity at equal rates (Radko, 2013).

The profiling floats enable the diagnosis of the oceanographic consequences of water mass formation rather 
than the quantification of the related short-term processes. Nevertheless, the big data set we presented here 
appears powerful for quantifying the spatial characteristics of CIW and their changes over the last 15 years, 
thus providing indirect evidence of the dominant processes. The evolution of the θ-S relationships, which 
is seen as a continuous flattening of the mixing curves at the base of the CIL after each strong convective 
event, suggests that the rate of isopycnal mixing at the base of the CIL follows the rate of the diapycnal ex-
change in the upper layers. Smaller diapycnal mixing (ventilation from above) resulted in smaller isopycnal 
mixing in the deeper layers (see Williams, 1991, who explained the role of the mixed layer in setting the PV 
in the ventilated thermocline). This finding could serve as an indication that the pronounced changes in 
the Black Sea thermohaline state described by Stanev et al. (2019) are controlled by the interplay between 
diapycnal and isopycnal mixing. These authors attributed the recent thermohaline trends to the warming 
climate. Additional factors that could reduce the sharpness of the CIL are the change in the θ-S character-
istics of the inflow from the Bosporus Strait (including possible changes in the regimes of entrainment and 
detrainment, Stanev et al., 2004). A small increase in temperature and salinity, which is observed during the 
recent 15 years below the CIL, will be addressed in more detail in a separate study. This trend allows us to 
speculate that the consequences of the warming climate are twofold: (1) direct (through air-sea exchange) 
and (2) indirect (through warm and salty Bosporus intrusions). It seems very plausible that the warming 
climate affects the CIL by providing warming from above and below. Therefore, the changes in the right end 
of the θ-S line (corresponding to the deeper layer) need to be carefully considered in the future.

The trend of thermohaline properties of Black Sea water caused by a warming climate is also reflected 
in the spiciness (Figure 8). To introduce this quantity, we have to go back to the pioneering works of Ma-
mayev (1962) and Stommel (1962), who introduced the idea of a passive thermodynamic variable orthogo-
nal to density. If we denote the differential of density as

    d dS d 
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Figure 8. Spiciness in the upper 250 m presented as a function of the 
number of samples per individual bin. A gray color is used to denote where 
there are fewer than 10 observations per bin. Bins, in which there are 
fewer than two observations, are ignored (white in the color bar). Dashed 
and dotted lines are the means for the first two (2005 and 2006) and last 2 
years (2018 and 2019).
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then π, whose differential is

    d dS d 

is orthogonal to density    
 

    
       

and
S T

. Later, Munk (Munk, 1981) created the name spiciness 

(hot and salty) for π, stressing that spiciness gives a measure of the strength of the intrusions (see also 
Flament, 2002; Veronis, 1972). The results in Figure 8 are produced using the definition of spiciness by T. 
McDougall and Krzysik (2015) and the open-access Gibbs-Sea Water Oceanographic Toolbox (T. McDougall 
and Barker 2011).

The case of the Black Sea shows some similarities and differences with the modified Atlantic Waters. The 
latter is a warm and salty water mass (spicy) with low PV compared to cold and fresh polar waters (Bosse 
et al., 2018). In the Black Sea, the origin of the spicy water is the Bosporus Strait and the water below the 
core of CIL is the analog of the polar waters. In both environments, the Black Sea and the Arctic, the den-
sity ratio is favorable for diffusive layering because cold and less salty water is above the warmer and saltier 
water. On the contrary, in large ocean areas of tropical oceans saltier and warmer water is above cold and 
less salty water, therefore there salt fingers dominate (Radko, 2013; Schmitt, 1994).

Spiciness in the Black Sea combines two important characteristics of stratification. The strongly negative 
values in the upper layers reflect the core of the CIL. The smooth increase in π below the core corresponds 
to the upper halocline. Spiciness characterizes density-compensated gradients of temperature and salinity, 
which are seen as warm water intrusions in Figure 4 and Figures S5–S7. The spread of the θ-S indices 
(warm and salt against cold and relatively fresh) on izopycnal surfaces is better illustrated in Figure 7 of 
E. V. Stanev et al. (2019). The difference between the dashed and dotted lines in Figure 8, which gives an 
estimate of the change in spiciness, demonstrates a response to the warming climate during 2005–2020. 
Similar indications about regime shifts have been reported by Timmermans and Jayne (2016) for the Arctic, 
illustrating the relative change of the role temperature. These changes could have profound climatic conse-
quences in the World Ocean and Black Sea.

5. Conclusions
The observations collected from profiling floats contributed substantially to advancing the oceanography 
of the Black Sea. More than 6,000 profiles were presented and analyzed, revealing the mixing pathways at 
the base of the CIL and their evolution from 2005 to 2020. It was shown that the CIW has much in common 
with the mode waters in oceans. For instance, the minimum PV, which in the World Ocean is known as a 
pycnostad, appeared in the Black Sea at ∼40 m, approximately coinciding with the core of the CIL. Howev-
er, there are numbers of specificities and differences. The horizontal patterns of PV in the ocean are shaped 
by anticyclonic circulations in the subtropical gyres, while the gyre circulation in the Black Sea is cyclonic, 
closely following the coast. Therefore, the area of thicker layers with the same density (low PV) in the Black 
Sea is squeezed between the front and the coast (the shelf in the North Western Black Sea). In the lower part 
of the CIL, these coastal areas, particularly in the western Black Sea, provide the most important source of 
cold water propagating further to the east.

The distribution of the individual properties (potential temperature, salinity, etc.) is non-Gaussian when 
presented in geopotential coordinates and usually has one maximum (just below the core of CIL there are 
two maxima). It was largely unexpected that the probability distributions presented in density coordinates 
were completely different, showing several maxima, that is, a “convergence” of thermohaline states along 
several mixing pathways.

Analyses showed that the CIW is a rather variable end-member with strong interannual variability. The 
individual “mixing channels” appeared to represent several thermohaline states after several intermittent 
CIW formation events in the last 15 years. The comparison with earlier observations demonstrated that 
the density ratio decreased dramatically in the last 25–30 years. During the last 15 years, the mean profile 
of Rρ also showed a decreasing trend, demonstrating the decreasing role of temperature in the vertical 
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layering of the Black Sea halocline. The mixing curves at the base of the CIL continuously flattened after 
each strong convective event (approximately three times for the whole period), manifesting a change in the 
strength of isopycnal mixing. Furthermore, opposite trends of PV above and below 80 m were observed at 
the beginning and end of the recent 15-year period, which would suggest opposite changes of the mesoscale 
dynamics in different layers. The reversal occurs at approximately the depth of σθ = 16, where the PV is 
uniform basin-wide with a value of 6.21 × 1010 m1 s1. The PV trend would tend to affect the generation and 
propagation of eddies differently in individual layers, which presumably works in combination with the 
seasonal changes in PV tending to shape the balance between gyre and eddy circulations.

To test the impact of sampling from profiling floats and exclude possible artifacts, we analyzed the numer-
ical simulations available from the CMEMS operational model of the Black Sea. As a byproduct, it was 
demonstrated that the model, although assimilating Argo profiles, does not replicate the mixing patterns 
observed on density levels well. The model θ-S diagrams appeared diffuse; the “mixing channels” did not 
appear in the model solution. This finding presents a challenge for numerical modelers and indicates that 
further effort is needed to adequately specify mixing parameterizations, perhaps not only in the Black Sea 
models. Other possible ocean-wide implications include the changes in the regimes of isopycnal mixing, 
which might have occurred in other ocean areas. In this respect, the Black Sea could turn out to be a precur-
sor to similar changes occurring in other areas of the world ocean.

Data Availability Statement
Data used in this study are available at http://www.ifremer.fr/co-argoFloats/floatList?de-
tail=false&sort=PTF_CODE%3AASC&active=false&ocean=A&lang=en and https://resources.marine.
copernicus.eu/?option=com_csw&view=details&product_id=BLKSEA_ANALYSIS_FORECAST_
PHYS_007_001. This research was supported by MASRI – Infrastructure for Sustainable Development of 
Marine Research of Republic of Bulgaria.
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