


the Cold Intermediate Layer (CIL, <88�, 18–19 psu) [Latif et al., 1991; Buesseler et al., 1991; €Ozsoy et al., 1993,
2001; Stanev et al., 2001]. The mixing strongly reduces salinity and density of MOW and leads to formation
of MOW-derived lenses and ‘‘fingers’’ collectively referred to as the MOW/Bosphorus plume [Konovalov
et al., 2003; Glazer et al., 2006b]. Hereinafter, along with the general term ‘‘plume,’’ we use the term ‘‘MOW
intrusion’’ referring to an individual body of water (of any kind: lenses, fingers), the anomalous hydrographic
properties of which result from a contribution of MOW to its formation. The MOW plume descends down
the slope until the plume’s density becomes equal to that of ambient water and then travels away from the
formation region. As density stratification in the Black Sea is mostly controlled by salinity [Murray et al.,
2007; Falina et al., 2007], the plume’s descent continues until reaching the level, where ambient salinity is
nearly the same as salinity of the plume. As a result, beyond the near-Bosphorus region, typical salinity
anomalies associated with MOW intrusions are of the same order as the accuracy of salinity measurements
(1023 psu). This makes it difficult to identify the intrusions from salinity data. Temperature anomalies of the
intrusions are typically an order of magnitude larger than measurement accuracy (10238C), which allows to
reliably detect the intrusions against the background of ambient temperature field [Falina et al., 2007].

The vertical and lateral extent of propagation of MOW intrusions in the Black Sea water column is uncertain.
Observations have shown that isopycnal spreading of the intrusions occurs at middepths (100–600 m)
below the CIL [€Ozsoy et al., 1993; Konovalov et al., 2003; Glazer et al., 2006b; Falina et al., 2007]. Model simu-
lations likewise reproduce the propagation of MOW intrusions below the CIL at depths of less than 400–
500 m [Stanev et al., 2001; €Ozsoy et al., 2001]. Some studies [Murray et al., 1991, 2007; Dubinin and Dubinina,
2014] have suggested, based on analysis of water mass properties and composition, that MOW possibly
penetrates into deep and near-bottom layers. However, no single distinct intrusion of MOW has yet been
observed below the middepth layer, and thus the question on how deep the intrusions may actually
descend remains open. Laterally, besides the vicinity of the Bosporus Strait [Latif et al., 1991; O�guz and Roz-
man, 1991; €Ozsoy et al., 1993, 2001; €Ozsoy and Beşiktepe, 1995], the presence of MOW intrusions has also
been detected, in the form of thin (up to 10 m thick) ‘‘fingers,’’ in the southwestern part of the sea within
�200 km off the strait [Konovalov et al., 2003; Glazer et al., 2006b]. Propagation of MOW intrusions on larger
distances was evidenced by only one hydrographic survey that revealed a few unexpectedly (up to 80 m)
thick MOW lenses in the eastern gyre of the sea [Falina et al., 2007].

The pathways of MOW intrusions from the Bosphorus are unclear, as well as the mechanisms controlling
their properties and propagation. It has been shown that the MOW transport in the Bosphorus Strait is sub-
ject to strong temporal variability [€Ozsoy et al., 1998; Jarosz et al., 2011; Altıok et al., 2014; Book et al., 2014].
Depending on atmospheric conditions over the strait the amount of MOW injected into the Black Sea may
either drop to zero or increase by up to 3–4 times relative to a long-term mean [Jarosz et al., 2011]. Whether
and to what extent this transport variability translates into variability of properties and propagation of
MOW intrusions in the Black Sea remains unknown.

In this study, by analyzing data from research vessels and Argo profiling floats, we provide the first basin-
scale overview of the Mediterranean water propagation and evolution in the Black Sea. We present a circu-
lation scheme showing the main pathways of MOW intrusions from the Bosphorus Strait into the Black Sea
interior. We suggest a mechanism of how the MOW plume manifestation in the Black Sea depends on
atmospheric conditions over the Bosphorus region and the associated transport variability in the Bosphorus
Strait.

The manuscript is organized as follows. In section 2, we examine the spatial extent of the MOW propagation
over the basin. The most prominent MOW intrusions detected from Argo data are discussed in section 3.
We then analyze the origin of prominent intrusions in section 4 and their propagation pathways in section
5. We conclude the paper in section 6.

2. Extent of the MOW Propagation as Observed From Ships and Floats

To investigate the spatial extent of the MOW plume propagation, we first analyzed ship-based CTD (conduc-
tivity-temperature-depth) measurements across the Black Sea interior. The data were collected from the R/V
‘‘Akvanavt’’ in April and August 2008, R/V ‘‘Bilim’’ in April 2008, and R/V ‘‘Professor Shtokman’’ in March 2009
(Figure 1). The majority of the CTD profiles extend to depths of 450–550 m thus covering most of the
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middepth water column. About 20% of the profiles reach depths of �2000 m. The accuracy of temperature
and salinity measurements was better than 0.0028C and 0.002 psu, respectively.

Since the MOW plume can be reliably identified by temperature anomalies at intermediate depths [Falina
et al., 2007], we searched for such anomalies on every CTD profile below 100 m down to the deepest mea-
surement. At the first step, the data were inspected in the potential temperature (h)-salinity (S) space (see
Figure 2b). The h-S curves based on data from most of the profiles are smooth, indicating gradual evolu-
tion of temperature with density/depth (gray curves in Figure 2b). The curves are nearly overlapping
despite the corresponding profiles were collected in different parts of the sea. This pattern reflects the
basin-scale lateral near-homogeneity of the Black Sea’s intermediate and deep waters in the distance-
density space. Such profiles and the state of the water column they depict will hereinafter be referred to
as ‘‘undisturbed’’. The profiles with the anomalies were identified by distinct irregularities in the h-S curves
(color curves in Figure 2b) deviating from the bunch of the undisturbed curves at densities corresponding
to intermediate depths. Then, the magnitudes of the anomalies (Dh) were estimated, for each anomalous
profile, as the maximum difference of potential temperature between the profile and a mean profile
obtained by averaging data from 8 to 10 spatially closest undisturbed profiles. The estimates were per-
formed using potential density (referenced to the sea surface, r0) as a vertical coordinate. In the h-S
space, the Dh values thus obtained represent the largest along-isopycnal departures of the anomalous
curves from the undisturbed ones. To ensure the reliability of the results, only Dh values of >0.018C,
which substantially (more than 5 times) exceed the accuracy of measurements, were recognized as being
associated with true anomalies.

The anomalies were detected on 12 of total 45 profiles collected in the deep (off-shelf) part of the sea (bot-
tom depths of >200 m). The anomalies occupy the depth range of about 100–550 m. Note that the maxi-
mum depth of the observed anomalies (�550 m) is strongly determined by the fact that only a minor
fraction (�20%) of the ship data extend below this depth. All the anomalies are positive; their magnitudes
reach 0.18C. The anomalies are scattered over nearly the whole area of observations (Figure 2a): from the
vicinity of the Bosphorus Strait (sta. 1 in Figure 2) to as far east as �38.58E. The majority of the anomalous
profiles (10 out of 12) were observed in the eastern part of the sea: in the eastern gyre interior and in the
Rim Current (see Figure 1) to the north of Samsun.

The thickness of the MOW intrusions as derived from the observed anomalies varies from tens to more than
hundred meters (Figure 2b). For instance, a 145 m thick intrusion (Dh 5 0.038C) occupying the 245–390 m
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Figure 1. Hydrographic data used in the study. Locations of CTD profiles obtained from ships (2008–2009) and Argo profiling floats (2005–2009) are shown with the triangles and circles,
respectively. The upper layer circulation [O�guz et al., 1993] is sketched.
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depth range was found in the eastern basin (sta. 3317 in Figure 2). This substantially exceeds the thickness
of the plume fingers (<10 m) observed earlier in the southwestern part of the sea [Konovalov et al., 2003;
Glazer et al., 2006b].

Figure 2. Middepth potential temperature anomalies. (a) About 17% of the profiles exhibit temperature anomalies exceeding 0.018C in the 100–600 m depth range. When several anom-
alies occur on a single profile, the maximum anomaly was plotted. (b) The anomalies are seen in the potential temperature (h) versus salinity (S) space as departures from undisturbed
background state of the water column. The right-hand plot is an enlarged view of the h-S range marked in the left-hand plot with the rectangle. The colored h-S curves showing the
examples of typical anomalies are based on data from stations 1, 18 (R/V ‘‘Bilim,’’ April 2008) and 3317 (R/V ‘‘Akvanavt,’’ April 2008). The stations are marked in Figure 2a. The depths (m)
corresponding to the selected breakpoints on the curves are indicated. The nearly overlapping gray curves represent the undisturbed water column: they are based on data from ship
and Argo float (float 4900541, see section 3) profiles that do not show distinct anomalies. The r0 isopycnals are shown with the gray lines.
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