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Abstract Mediterranean water entering the Black Sea through the Bosphorus Strait forms middepth
intrusions that contribute to the salt, heat, and volume balances of the sea, ventilate its water column at
intermediate depths and restrain the upward ﬂux of hydrogen sulﬁde from deeper layers. Despite the
importance for the Black Sea environment, the circulation of Mediterranean-origin water in the basin is
fundamentally underexplored. Here we use hydrographic data collected from ships and Argo proﬁling ﬂoats
to identify pathways of the Mediterranean intrusions in the general circulation system of the sea. While
earlier the intrusions were observed primarily near the Bosphorus Strait, we present an evidence for their
intermittent extensive propagation throughout the basin. We ﬁnd that the main conduit for the intrusions
is the southern limb of the Rim Current that carries the intruded water from the Bosphorus Strait eastward.
A part of this eastward ﬂow recirculates cyclonically into the interior of the sea, where traces of the
intrusions gradually disappear because of mixing. We put forward the hypothesis that the formation of the
most prominent intrusions is associated with strong cyclonic storms over the Bosphorus Strait, which lead
to abnormally large inﬂux of Mediterranean water.

1. Introduction
The Black Sea is one of the most isolated seas from the ocean. The near-isolation, along with a strong vertical stratiﬁcation, has led to formation of a thick column of vertically stagnant anoxic water in the Black Sea
from about 150 m depth to the bottom [Neretin et al., 2006]. Hydrographic properties of this water column
are stable on seasonal to interdecadal timescales and almost uniform laterally along isopycnal surfaces
[Mamaev et al., 1994]. Against the background of this water column, a body of intruded water of external
origin can be efﬁciently identiﬁed and traced by its anomalous properties. This makes the Black Sea an ideal
natural laboratory for studying pathways of injected water in a nearly closed deep basin.
The only link of the Black Sea to ocean-connected basins is the narrow (0.7–3.5 km) and shallow (<100 m)
Bosphorus Strait that provides a waterway to the Mediterranean Sea via the Marmara Sea and the Dardanelles. The density-driven water exchange through the Bosphorus is conducted by a two-layer current system: in the upper current, low-salinity low-density water ﬂows out of the Black Sea, while the lower current
supplies the Black Sea with more saline dense water of Mediterranean origin (hereinafter MOW, the
€
Mediterranean-origin water) [Marsigli, 1681; Bogdanova, 1963; Latif et al., 1991; Ozsoy
et al., 1993, 1998]. The
MOW inﬂux is crucial for the environment of the sea, as it provides salt to maintain the salinity balance at
intermediate and deep levels [Murray et al., 1991, 2007], contributes to maintaining the main pycnocline
[Glazer et al., 2006a; Murray et al., 2007] and the isothermal layer at the depths of 500–650 m [Ivanov and
Samodurov, 2001], and ventilates the water column below the pycnocline [Buesseler et al., 1991; Konovalov
et al., 2003; Delfanti et al., 2014]. The lateral ﬂux of oxygen associated with MOW is thought to restrain the
upward ﬂux of hydrogen sulﬁde from the anoxic water column [Konovalov et al., 2005].
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At the northern exit of the Bosphorus Strait, the salinity of MOW is nearly twice as large as the salinity of
€
waters in the Black Sea [Ozsoy
et al., 1993]. Yet, the main identiﬁcation feature of MOW in the Black Sea is
the anomalous temperature rather than salinity [Falina et al., 2007]. After passing through the strait, warm
saline MOW (12–158C, 35–37 psu) rapidly mixes with fresher ambient water, mostly with water derived from

MEDITERRANEAN WATER IN THE BLACK SEA

3141

Journal of Geophysical Research: Oceans

10.1002/2017JC012729

€
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 simulations 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
uz and Rozdescend remains open. Laterally, besides the vicinity of the Bosporus Strait [Latif et al., 1991; Og
€
€
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 basinscale overview of the Mediterranean water propagation and evolution in the Black Sea. We present a circulation 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 (conductivity-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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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.

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 measurement. 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 evolution 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 distancedensity 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 performed 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 (bottom depths of >200 m). The anomalies occupy the depth range of about 100–550 m. Note that the maximum 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 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 anomalies 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.

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].
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In general, the ship data acquired in 2008 and 2009 show the extensive propagation of MOW intrusions,
conﬁrming and extending earlier observations by Falina et al. [2007]. The ship-based measurements are,
however, scarce and do not provide enough data coverage to reconstruct the propagation of the intrusions
between the locations where the anomalies were found.
To extend the analysis, we employed CTD data collected from Argo proﬁling ﬂoats in 2005–2009 (Figure 1).
The chosen time span includes that of the ship-based surveys and the preceding 3 years to ensure the possibility of tracking the MOW intrusions observed from ships in the eastern basin back to the southwestern
part of the sea. The Argo data (612 proﬁles) are from four ﬂoats (4900489, 4900540, 4900541, and 4900542)
that drifted at about 1500 m depth and every 7 days ascended to the sea surface, transmitted data to satellite and then dived back to the depth of drift. When ascending, the ﬂoats measured temperature, salinity,
and pressure thereby providing CTD proﬁles similar to those collected from ships. In the deep part of the
basin, all the proﬁles extend to 1500 m depth.
Each Argo proﬁle was inspected using the same approach as for the ship data. As a result, we found 99 proﬁles (of total 612) with distinct temperature anomalies (Dh > 0.018C) in the depth range of about 100–
600 m. Most of the anomalies (90%) are positive. The largest anomalies (up to 0.168C, Figure 2a) are
accompanied by detectable anomalies of salinity (0.01–0.02 psu, no ﬁgure shown). Negative anomalies
were detected only at 9 proﬁles in the western basin (Figure 2a). Intrusions that are colder than the ambient
€
uz and Rozman, 1991; Ozsoy
water have earlier been observed near the Bosphorus Strait [Og
et al., 1993;
Glazer et al., 2006b]. The mechanism responsible for the coexistence of warm and cold intrusions remains
unclear. The anomalies detected in the Argo ﬂoat data are discussed in more detail in section 3.
The revealed spatial distribution of the middepth potential temperature anomalies (Figure 2a) evidences
the extensive propagation of MOW intrusions from the Bosphorus and implies advective connections
between the southwestern part of the sea and its interior. The MOW intrusions are observed in all main elements of the general circulation system of the sea: in the Rim Current, in the western and eastern gyres and
in interior ﬂows between them (see Figures 1 and 2a). With respect to the vertical limits of the MOW propagation, none of the hundreds of the deep-reaching (Argo) proﬁles exhibited temperature anomalies below
600 m. This supports the notion that the propagation of MOW intrusions as recently formed distinct bodies
€
of water with anomalous properties is conﬁned to intermediate depths [e.g., Ozsoy
et al., 1993; Konovalov
et al., 2003; Glazer et al., 2006b; Falina et al., 2007].

3. Intrusions Registered by an Argo Float in 2007–2009
Here we consider the temperature anomalies observed by Argo ﬂoat 4900541 during its travel in the western and eastern basins of the sea (inset in Figure 3a). The data collected by the ﬂoat provide a compelling
example of the MOW manifestation in the water column. Two of the three intrusions encountered by the
ﬂoat are among the most prominent intrusions seen in our data, and are of particular importance for further
discussion.
The deepest anomalies (depths 300–600 m), although not being the largest ones, are clearly seen in the distribution of potential temperature measured by the ﬂoat (Figure 3b) due to a relatively weak vertical stratiﬁcation of temperature below 300–400 m. Shallower anomalies (depths 100–300 m) are poorly visible in the
temperature ﬁeld, being represented mostly by uplifts of isotherms rather than by distinct patches of anomalously warm water. To expose these anomalies, we constructed a ﬁeld of along-path differences between
the observed temperature distribution and that corresponding to a reference undisturbed state of the water
column (Figure 3c). The reference along-path distribution of temperature was obtained by excluding the
proﬁles with anomalies (Dh > 0.018C) and ﬁlling the gaps that arose by linear interpolation between the
nearest undisturbed proﬁles. This approach is justiﬁed by the basin-scale lateral near-homogeneity of the
water column below the layer of seasonal variability (see the nearly overlapping undisturbed h-S curves in
Figure 2b). The mesoscale wave-shaped perturbations in the temperature ﬁeld (Figure 3b) are largely due
to circulation, as they are accompanied by similar perturbations of potential density surfaces (see the
r0 5 15.8 isopycnal in Figure 3b). The latter effect was accounted for by using potential density as a vertical
coordinate.
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Figure 3. Middepth potential temperature anomalies observed by Argo ﬂoat 4900541. (a) Anomalies (8C) as a function of distance (km) along the ﬂoat’s path from the deployment site.
The inset shows the ﬂoat’s trajectory subdivided into ﬁve sequential segments according to the occurrence and magnitudes of the observed anomalies. The anomaly bars are colored
the same as the corresponding segments. The time (years) of the measurements is indicated above the bottom axis. (b) Potential temperature observed by the ﬂoat as a function of
depth (m) and along-path distance. The dashed curves are r0 isopycnals 15.8 and 17.1. (c) Potential temperature anomalies relative to an undisturbed state of the water column as a
function of potential density (r0) and along-path distance. The right-hand axis shows the average depths. In Figures 3b and 3c, the locations of the proﬁles are marked at the bottom
axes using the same color code as in Figure 3a.
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Float 4900541 was deployed in July 2006 in the western gyre of the sea (Figure 3a). The ﬂoat moved eastward from the deployment site and, after a brief travel in the Rim Current, veered back into the interior of
the western basin (blue segment of the ﬂoat’s track in Figure 3a). There, in February–March 2007, the ﬂoat
recorded the ﬁrst relatively weak warm intrusion (Dh < 0.048C, blue bars in Figure 3a) on ﬁve proﬁles in the
130–350 m depth range (16.3 < r0 < 16.85, Figure 3c). Then the ﬂoat made a loop in the western gyre and,
in the beginning of December 2007, re-entered the Rim Current, where it immediately encountered the second much more prominent intrusion. During the next 10 months until the end of September 2008, the ﬂoat
escorted the intrusion: in the Rim Current, which transported them eastward (red segment in Figure 3a),
and then in the eastern gyre interior, where the ﬂow turned back toward the western basin (green segment
in Figure 3a). The largest temperature anomalies associated with the intrusion (0.04 < Dh < 0.168C) were
observed in the Rim Current in the 100–600 m depth range (15.8 < r0 < 17.1, Figure 3c). The anomalies
gradually decreased along the ﬂoat’s pathway through the eastern basin and completely vanished when
the ﬂoat returned to the western interior of the sea. After the next 2.5 months (October–mid-December
2008), during which no anomalies were detected (brown segment in Figure 3a), the ﬂoat again observed
strong middepth temperature anomalies (depths 100–400 m, 15.8 < r0 < 16.9, Figure 3c) and continued
observing them until the end of the ﬂoat’s operation in the beginning of March 2009 (magenta segment in
Figure 3a). These latter anomalies were registered by the ﬂoat within 60 km to the north of the Rim Current
and, at the two last proﬁling locations, directly in the Rim Current (Figure 3a). This, along with the large
magnitudes of the anomalies (Dh up to 0.13–0.148C), suggests that they were associated with a new—the
third for the ﬂoat—intrusion that was brought to the observation site by the Rim Current from the west.

4. Probable Origin of the Most Prominent Intrusions
Observations suggest that the propagation of detectable (Dh>0.018C) MOW intrusions over the Black Sea is
an intermittent rather than continuous process. Otherwise, temperature anomalies associated with MOW
would have been routinely observed, which is not the case even for the southwestern part of the sea adjacent to the Bosphorus Strait. In the latter region, only a single proﬁle in our data set showed an intrusion
uz and
(sta. 1 in Figure 2), contrary to what could be expected from earlier studies [Latif et al., 1991; Og
€
Rozman, 1991; Ozsoy et al., 1993, 2001; Glazer et al., 2006b]. Measurements in the Rim Current by Argo ﬂoat
4900541 did not detect distinct anomalies when the ﬂoat entered the current for the ﬁrst time shortly after
the deployment in 2006, while a year later, when the ﬂoat revisited the current, it recorded a prominent
MOW plume at the location where it was absent before (Figure 3).
The most plausible explanation for the intermittent manifestation of the MOW intrusions is the strong variability of the MOW inﬂow through the Bosphorus Strait (Figure 4c). Depending on the atmospheric conditions over the strait, transport of the lower current carrying MOW may vary dramatically from zero to more
than 1100 km3/yr [Jarosz et al., 2011], which is several times larger than the time-mean value (300 km3/yr)
€ uata et al., 1990; Beşiktepe et al., 1994; Jarosz et al., 2011]. The largest transports of the lower current
[Unl€
and, hence, the strongest injections of MOW into the Black Sea are associated with events of blockages and
reversals of the upper current in the strait [Jarosz et al., 2011; Altıok et al., 2014; Book et al., 2014]. These
events, locally known as ‘‘Orkoz,’’ are caused by strong southerly winds that occasionally push the upperlayer water in the strait northward with enough force to stop and reverse the upper current [Beşiktepe et al.,
1994; Jarosz et al., 2011; Altıok et al., 2014]. As a result, the entire water column in the strait moves toward
the Black Sea, and the lower current transport substantially increases. The Orkoz events typically last for 2–3
days and occur predominantly in fall and winter [Beşiktepe et al., 1994; Jarosz et al., 2011; Altıok et al., 2014].
The observations of the two major MOW intrusions by Argo ﬂoat 4900541 (Figure 3) were preceded by
atmospheric conditions over the Bosphorus Strait, which are typical of the Orkoz events. In one of the two
cases, the circulation changes in the strait were documented from direct current measurements [Jarosz
et al., 2011; Book et al., 2014].
An event of the upper current reversal and the associated increase in the lower current transport in the Bosphorus Strait (Figure 4c) was observed during a remarkably strong cyclonic storm that passed over the strait
on 21–22 November 2008 [Jarosz et al., 2011; Book et al., 2014]. The storm had many devastating conse€y Pier in the Bosphorus Strait in Istanbul [Book et al., 2014]. Atmoquences, including the sinking of Kadıko
spheric pressure at Istanbul sharply dropped by 30 hPa (down to 984 hPa, Figure 4b) and southerly wind
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Figure 4. Dependence of transport through the Bosphorus Strait on atmospheric conditions. (a and b) Time series of (a) wind speed and (b) atmospheric pressure at Istanbul. (c) Transport time series based on moored current measurements at the northern exit of the Bosphorus Strait [Jarosz et al., 2011]. Positive transports are toward the Black Sea. The gray vertical
bands mark the major events of strong southerly winds (southerly wind gusts of 60–80 km/h), low atmospheric pressure (980–990 hPa), and anomalously large transport to the Black
Sea in the lower layer (>1000 km3/yr).

gusts reached speeds of up to 80 km/h (Figure 4a). The circulation in the strait rapidly responded to this
forcing: the ﬂow of the Black Sea water to the Marmara Sea in the upper layer was blocked and reversed
[Jarosz et al., 2011], velocity of the lower current (typically 40 cm/s) increased to 200 cm/s [Book et al., 2014],
and the peak values of the lower current transport exceeded 1100 km3/yr (Figure 4c) [Jarosz et al., 2011].
Accordingly, the storm led to a short-term anomalously strong injection of MOW into the Black Sea. Nearly
a month after the injection, on 18 December 2008, the prominent MOW intrusion was encountered by ﬂoat
4900541 in the Black Sea interior (Figure 3). The distance from the Bosphorus Strait to the location where
the intrusion was observed (300–400 km along the Rim Current) and the time between the injection and
the detection of the intrusion (1 month) suggest a possibility that the intrusion observed by the ﬂoat
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originated from the injection (which, in turn, was caused by the storm). Indeed, to reach the observation
site, the intrusion would have to propagate from the strait with an average speed of 10–15 cm/s, which is
consistent with typical velocities in the Rim Current at intermediate depths [Korotaev et al., 2006].
Similarly to the above case, a strong cyclonic storm passed over the Bosphorus Strait (on 10-11 November
2007, Figure 4) about a month before the ﬂoat encountered the thick intrusion in the Rim Current on 7
December 2007 (Figure 3). During the storm, atmospheric pressure at Istanbul dropped down to 988 hPa
(Figure 4b) and the southerly wind gusts reached 60–70 km/h (Figure 4a). The storm crossed the Black Sea
toward the Sea of Azov and had catastrophic consequences: 10 ships sank or ran aground, two tankers
were damaged, resulting in the death of 23 sailors and a major oil spill. Whether the storm caused an
increase in transport of the lower current in the Bosphorus Strait remains unknown in the absence of transport measurements for that time period. Assuming that the dynamic response of the circulation in the strait
was similar to that observed during the storm in November 2008, it is likely that a strong injection of MOW
into the Black Sea did occur. That would explain the appearance of the MOW intrusion in the Rim Current in
December 2007.
We thus hypothesize that the most prominent MOW intrusions in the Black Sea are generated by the impact
of extremely strong cyclonic storms on the circulation in the Bosphorus Strait. Strong southerly winds associated with a storm may block the upper current and cause a drastic increase in transport of the lower current in the strait. This results in a short-term injection of an anomalously large amount of warm saline MOW
into the Black Sea and to the formation of a prominent MOW intrusion. Anomalously high temperatures of
such intrusions allow to detect them in hydrographic data at large distances from the formation region.
Testing the hypothesis will require additional observations, including longer transport time series in the
Bosphorus Strait. Additionally, the testing would beneﬁt of employing a numerical model capable of reproducing the transport variability in the strait in response to atmospheric forcing, as well as realistic circulation
and mixing in the Black Sea.

5. Pathways of Intrusions
The spatial pattern of the observed temperature anomalies (Figure 1b) allows to depict the propagation
pathways of MOW intrusions in the general circulation system of the sea (Figure 5). To better understand

Figure 5. Pathways of Mediterranean-origin intrusions from the Bosphorus Strait into the Black Sea interior as inferred from the observed middepth temperature anomalies. The color
circles and triangles show the anomalies (Dh > 0.018C) associated with the prominent intrusion that appeared in the sea after the strong storm over the Bosphorus on 10–11 November
2007. The months when the anomalies were observed are labeled. The locations of all other anomalies (Dh > 0.018C) detected in the present study (Figure 2a) are marked with the green
crosses.
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the along-path evolution of the anomalies and the approximate propagation times, we put the emphasis
on the anomalies observed between the two strong storms that occurred over the Bosphorus Strait on 10–
11 November 2007 and 21–22 November 2008 (Figure 4). The occurrence of these anomalies in time and
space (color circles and triangles in Figure 5) strongly suggests that they were associated with a single
prominent MOW intrusion that, as we hypothesized above, originated from a strong injection of MOW
through the strait during the storm in November 2007 and then was propagating over the Black Sea during
almost a year. The intrusion was ﬁrst observed in December 2007 in the western part of the Rim Current
southern limb (41.88N, 31.58E). The Rim Current transported the intrusion eastward, and it took the intrusion almost 1.5 months to reach the eastern basin (east of 348E). On the path through the western basin, a
part of the ﬂow turned cyclonically from the Rim Current into the interior of the western gyre, where the
intrusion was observed in April–July 2008. In the eastern basin, the ﬂow diverged. A part proceeded in the
Rim Current to the southeast toward the easternmost part of the sea, where (east of 388E) the intrusion was
observed in July–August 2008. The other part of the ﬂow entered the interior of the eastern gyre in February–March 2008. There, the ﬂow split into two branches: the one directed to the center of the gyre, where
(43–43.58N, 37–37.58E) the intrusion arrived by April 2008, and another one that turned cyclonically to the
west and reached the interface between the eastern and western gyres (43.58N, 348E) in July–September
2008. The latter pathway was observed by a single ﬂoat (4900541) all the way from the southwestern part
of the sea (Figure 3).
The magnitude of anomalies generally exhibits a basin-scale decline in the direction of the ﬂow (Figure 5),
which is an apparent consequence of along-path mixing with colder ambient water. The largest anomalies
(Dh up to 0.10–0.168C) were observed in December 2007 to January 2008 in the western part of the Rim
Current (west of 34.58E). From there, the anomalies generally decreased downstream, until they completely
disappeared by the end of summer 2008.
The circulation pathways as described above are inferred from the observations covering a relatively short
time period (less than a year) and hence should not be regarded as persistent, stationary pathways of MOW
intrusions. Given that the circulation varies on many temporal and spatial scales, these pathways may also
considerably vary in time. Nonetheless, the anomalies detected in the rest of our data set (green crosses in
Figure 5) suggest a recurrent appearance of the intrusions along the revealed pathways: in the Rim Current
and in the western and eastern gyres. To shed more light on the extent of temporal variability of the MOW
pathways, more observations and possibly numerical simulations are needed.

6. Conclusion
The present analysis suggests that the most prominent middepth (100–600 m) MOW intrusions in the Black
Sea originate from strong injections of Mediterranean water during strong cyclonic storms over the Bosphorus Strait. Such intrusions propagate in the Black Sea over much larger area than was previously reported.
The main conduit for the intrusions is the southern limb of the Rim Current, which within several months
delivers the intrusions to the eastern and western gyres of the sea. Temperature anomalies associated with
an intrusion decrease in magnitude due to mixing and become undetectable in less than a year after the
intrusion departed from the Bosphorus Strait. In line with earlier studies that have suggested the propaga€
tion of MOW intrusions within the intermediate layer [Ozsoy
et al., 1993; Konovalov et al., 2003; Glazer et al.,
2006b; Falina et al., 2007], the present analysis shows no signatures of intrusions below 600 m.
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