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Abstract. Long-term changes in the state of the Bottom
Shelf Water (BSW) on the Western shelf of the Black Sea
are assessed using analysis of intra-seasonal and inter-annual
temperature variations. For the purpose of this study the
BSW is defined as such shelf water mass between the seabed
and the upper mixed layer (bounded by theσθ = 14.2 isopyc-
nal) which has limited ability to mix vertically with oxygen-
rich surface waters during the warm season due to formation
of a seasonal pycnocline. A long-term time series of tem-
perature anomalies in the BSW is constructed from in-situ
observations taken over the 2nd half of the 20th century. The
BSW is shown to occupy nearly half of the shelf area dur-
ing the summer stratification period (May–November).The
results reveal a warm phase in the 1960s/70s, followed by a
cold phase between 1985 and 1995 and a further warming
after 1995. The transition between the warm and cold peri-
ods coincides with a regime shift in the Black Sea ecosys-
tem. While it was confirmed that the memory of winter con-
vection is well preserved over the following months in the
deep sea, the signal of winter cooling in the BSW signifi-
cantly reduces during the warm season. The potential of the
BSW to ventilate horizontally during the warm season with
the deep-sea waters is assessed using isopycnic analysis of
temperature variations. It is shown that temperature in the
BSW is stronger correlated with the temperature of Cold In-
termediate Waters (CIW) in the deep sea than with the sever-
ity of the previous winters, thus indicating that the isopycnal
exchanges with the deep sea are more important for inter-
annual/inter-decadal variability of the BSW on the western
Black Sea shelf than effects of winter convection on the shelf
itself.
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1 Introduction

The coastal and shelf zones of the Black Sea are of immense
economic significance, they contain biologically productive,
diverse ecosystems that provide a vital habitat for many com-
mercial and endangered species. Until mid-1980s, it sup-
ported fisheries almost five times richer than those of the
neighbouring Mediterranean. In the end of the 20th cen-
tury the Black Sea has experienced the worst environmen-
tal degradation of all of the world’s major seas (Mee et al.,
2005).

The environmental crisis and subsequent dramatic changes
in the Black Sea’s ecosystem are a direct effect of both natu-
ral and anthropogenic causes (Salihoglu, 2000). At the same
time, significant changes in the physical environment have
been reported (McQuatters-Gollop et al., 2008; Oğuz, 2005).
There is growing understanding that changes in the Black Sea
ecosystem are stronger influenced by climate change than
previously thought (Daskalov, 2003; Oğuz, 2005).

The influence of changes in the physical environment on
the ecosystem cannot be properly assessed without accurate
analysis of the variability of the marine physical sub-system
in its own right. The studies of long-term (interannual or
interdecadal) variations of physical parameters of the Black
Sea are sparse, they are commonly restricted by analysis of
the deep sea only, and usually deal with either sea surface
temperature (Ŏguz, 2005; McQuatters-Gollop et al., 2008) or
temperature variations in the Cold Intermediate Water (CIW)
of the deep basin (Ivanov et al., 2000; Belokopytov, 1998).

The link between the physical and biochemical param-
eters of the Black Sea has been established, in particular
the connection between water density and vertical profiles
of chemical parameters (Vinogradov and Nalbandov, 1990;
Murray et al., 1995; Yakushev et al., 2005). The oxycline
and the chemocline occur at the same depth intervals as the
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halocline, because of similarity in the mechanisms of verti-
cal exchanges (̈Ozsoy andÜnlüata, 1997). Supply of oxygen
to the near-bottom waters, which is controlled by physical
processes, is crucial for functioning of the benthic ecosys-
tem (Yakushev et al., 2005). Habitats with normal levels of
oxygen occur in the narrow coast zone from the shore to 7–
10 m and in the deeper shelf zone from 40 m to the onset
of permanently anoxic conditions at around 130 m (Zaitsev,
2006). While coastal areas are free from hydrogen sulphide,
concentrations increase in the deeper parts of the shelf due
to the restricted ventilation under the thermocline (Zaitsev et
al., 2002).

The focus of this paper is on the long-term variation in the
temperature of Bottom Shelf Water (BSW) on the produc-
tive Western shelf. For the purpose of this study the BSW
is defined as such shelf water mass between the seabed and
the upper mixed layer which has limited ability to mix verti-
cally with oxygen-rich surface waters during the warm sea-
son (May–November) due to the formation of a seasonal py-
cnocline. This water mass has an arguably stronger influ-
ence on the deeper benthic communities of the outer shelf
(depth range 40–130 m) than parameters at the sea surface.
As we show later in Sect. 3, the areas occupied by the deeper
shelf ecosystem coincide well with the spread of the BSW
and hence knowledge of temporal variations in the physical
state of BSW could help understand the decline and recovery
cycles of the benthic ecosystem.

During the winter months the BSW on the extensive Black
Sea shelf is subject to strong convective mixing with the sur-
face waters and hence an intensive ventilation of the bottom
waters occurs during the cold season. On the contrary, the
heating of the surface waters during the warm season (here
defined as May to November) weakens the link between the
surface and bottom waters due to formation of a strong ver-
tical density gradient that hampers vertical mixing and the
bottom waters become isolated from the surface. It has been
suggested that the strengthening of the seasonal pycnocline
in summer is associated with the reduction of the oxygen sup-
ply to the bottom waters (Keondzhyan et al., 1990, p. 18).

Suppression of vertical mixing does not mean that the
BSW is completely arrested – they can still be involved in
horizontal (more precisely – isopycnal) exchanges with deep
sea waters. There is a number of ways in which horizon-
tal exchanges contribute to communication between the shelf
and the deep Black Sea, including transport by Rim Current
meanders, mesoscale eddies, shelf edge cascading etc. (see
e.g. Blatov et al., 1984; Gawarkiewicz et al., 1999). Hor-
izontal shelf-deep sea exchanges are considered as one of
the mechanism of formation of the Cold Intermediate Water
(CIW) in the deep Black Sea (e.g. Sorokin, 2002; Stanev et
al., 2004). Shelf-deep sea interactions are known to have im-
pact on the sea surface temperature over the shelf (Ginzburg
et al., 2002), spatial distribution of chlorophyll (Oğuz et al.,
2002; Shapiro et al., 2010b) and the state of the Black Sea
ecosystem (Sur et al., 1996), however the strength of these

Fig. 1. Location map of the Black Sea and the boundaries of the
shelf and deep sea compartments (separated by the 150 m isobath
shown in bold). Also shown are the locations of stations in the com-
bined WOD + ROM + MHI data set used for calculation of inter-
annual variability for 1950–2004 in the shelf compartment (green,
27 016 stations) and the deep sea compartment (blue, 11 710 sta-
tions).

exchanges was difficult to quantify and this issue has moti-
vated the present study.

In this paper we use historic data sets to identify intra-
seasonal, inter-annual and inter-decadal variability in the
temperature of the BSW over the western Black Sea shelf.
We also analyse the correlation of these changes with other
physical parameters of the shelf and deep-sea waters, and the
overlying atmosphere. Correlation between shelf and deep
sea waters are used to examine potential role of lateral ex-
changes in variability of parameters and the ventilation of
the BSW on the extensive western Black Sea shelf. We use
temperature as an indicator for general physical conditions
in the BSW. The physical reason for this is that inter-annual
variations in the near-bottom temperature are directly related
with the variations in the volume of cold waters (Ivanov et
al., 2000) which are formed on the shelf and then exported
into the deep sea. The other reason is that the variations in the
strength of the thermocline above the BSW reflect variations
in the vertical fluxes of heat and dissolved matter including
oxygen (Vinogradov and Nalbandov, 1990; Yakushev et al.,
2005).

2 Data and methods

2.1 Geographical compartments and data sets

The area for this study includes the western part of Black
Sea (both shelf and the deep sea) as shown in Fig. 1. The
area is subdivided into 2 compartments: the western shelf
and the western deep sea. The compartments are defined
in the western Black Sea over 41.05◦ N to 47◦ N and 27◦ E
to 34◦ E. The shelf boundary is considered to be the 150 m
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depth contour which forms the lower limit of the deep ben-
thic ecosystem on the shelf (Zaitsev, 2006). The bathymetry
was taken from ETOPO2v2 (NGDC, 2006). The sources of
data are a combination of the temperature data subset from
the World Ocean Database 2001 (Stephens et al., 2002), for
the period 1910–2000, which includes 18 314 individual sta-
tions, the data set obtained from the Romanian Marine Re-
search Institute (RMRI), which includes 2362 stations cover-
ing the period 1963–2004 and a further 35 677 stations (for
1950–2001) from the Black Sea Digital Atlas of the Marine
Hydrophysical Institute (Sevastopol, Ukraine) (Suvorov et
al., 2004). Individual data sets are hereafter called “WOD”,
“ROM” and “MHI”, respectively. In order to eliminate erro-
neous data points, the WOD + ROM data set was subject to
a quality control using a two-step procedure as in Stephens
et al. (2002) and Shapiro et al. (2010a), which is briefly out-
lined below. The data were subdivided geographically into
0.25◦ squares. Then the approximate values of the “first-
guess” (i.e. before removal of the outliers) monthly mean
states and standard deviations were calculated for 12 calen-
dar months and all 0.25◦ degree squares at 26 standard hy-
drographic depth levels. Both monthly mean and standard
deviation were calculated using all data within the cell. Then,
the outliers, i.e. the data points with more than 6 standard de-
viations away from the mean, were removed from the data
base and the process was repeated 3 times, which resulted in
removal of 2797 of stations from the WOD data set. Data
from the MHI data set was quality controlled by the origina-
tors (Suvorov et al., 2004).

The locations of stations used for the calculations of tem-
perature variations from the combined WOD + ROM + MHI
dataset are shown in Fig. 1.

2.2 Climatology and inter-annual variability

In order to calculate deviations from climate, the mean (cli-
matic) values were calculated first. For consistency with
the previous study (Shapiro et al., 2010a) we calculate the
monthly climate averages for the period 1910–2000 using the
WOD + ROM data set. Climatic averages are calculated us-
ing the adaptive grid method as in Lozier et al. (1995) and
Shapiro et al. (2010a) where further details can be found.
The idea of this method is to use smaller grid sizes where the
data is abundant and larger grids in the areas of sparse data.
The Black Sea is split into 0.25◦

× 0.25◦ squares, and the av-
erages at each grid point and each depth level are calculated
using a two-scale weighting function (Willis et al., 2004):

C(r) = θ

(
r

rs

)
·exp

[
−

r

rd

2
]

(1)

whereθ(x) = 1 atx ≤ 1 andθ(x) = 0 atx > 1; r is the dis-
tance between the sampling station and the grid node; and
rs and rd are the coefficients. Larger values ofrs and rd
result in better statistical accuracy but lower spatial resolu-
tion and vice versa. Parametersrs = 100 km andrd = 25 km

are selected as in Shapiro et al. (2010a) to provide a balance
between horizontal resolution and statistical accuracy of the
calculated mean values. The resulting climatology is close
to that by Boyer et al. (2005) and Suvorov et al. (2004). For
each grid point we compute the climatological density profile
which allows to convert z-coordinates intoσθ -coordinates.

The next step is to calculate inter-annual and inter decadal
variability of parameters of interest. The amount of obser-
vational data is often insufficient to produce statistically ro-
bust assessment of inter-annual variability based on the abso-
lute values, so that the data are often aggregated in time into
large (for example decadal) blocks, however such method
greatly reduces the temporal resolution of the analysis (see
e.g. Shokurova et al., 2004). In line with recent climate stud-
ies of the global ocean (e.g. Levitus et al., 2009) and in con-
trast to many previous studies of inter-annual variability in
the Black Sea, e.g. Blatov et al. (1984), Belokopytov (1998),
Shokurova et al. (2004), Ŏguz (2005) and references therein,
we do not use the absolute temperatures as indicators of
temporal changes, instead we use the temperature anomalies
(i.e. deviations from monthly climatic averages). Hansen and
Lebedeff (1987) have shown that the use of anomalies in-
stead of absolute values has a significant advantage as they
are stronger correlated spatially over large areas than the ab-
solute temperatures.

The large correlation radius allows aggregating observa-
tional data over extended areas of the Black Sea and avoids
the bias caused by spatial inhomogeneity of sampling sites.
Reduction of such bias can be illustrated by a simple exam-
ple. Assume that there were two identical years with the
temperature distribution exactly equal to the climatic values.
Assume further that in one year most measurements were
carried out in the Northern (typically colder) area of the sea
and in the other year the data were collected in the South-
ern (warmer) area. The method based on absolute values
would provide a spurious warming trend, whilst the anoma-
lies would be zero in all cases, correctly showing zero trend.
The method of anomalies has been used recently in a number
of climate studies (e.g. Jones and Mann, 2004; Willis et al.,
2004; Boyer et al., 2007; Levitus et al., 2009).

In order to calculate deviations of individual observations
from climatic values, the gridded climatic values are spatially
and temporally interpolated to the location and the date and
time of the actual measurements. Temporal interpolation to
a specific date uses monthly climatic averages, which are as-
sumed to be centred at the middle of the month, from the
nearby grid points. Both profiles (measured and climatic) are
interpolated in the vertical inσθ -coordinates to density levels
in 0.1 kg m−3 intervals. For stations where matching density
levels are present in both actualT (x,y,σθ ,t) and climatic
Tclim(x,y,σθ ,t) profiles the temperature anomalies (Tan) are
calculated at each density level (σθ ) as:

Tan(x,y,σθ ,t)= T (x,y,σθ ,t)−Tclim(x,y,σθ ,t) (2)

wheret is the time of observation.
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The anomalies are aggregated into two seasonal bins (cold
period (“winter”): December to April, warm period (“sum-
mer”): May to November). Combination of anomalies from
different months within a season is routinely used in cli-
mate studies as it increases the number of stations used in
the analysis and improves statistical significance of the re-
sults, (e.g. Altman and Simonov, 1991; Belokopytov, 1998;
Oğuz et al., 2006). Using the property of anomalies to be
highly spatially correlated (Hansen and Lebedeff, 1987) they
are further aggregated spatially over each geographical com-
partment, either the western shelf or the western deep sea.
The final step is to aggregate anomalies in the vertical within
the BSW, so that the number of sampling points representing
the BSW is significantly greater than the number of stations,
hence further enhancing statistical significance of the results.

In order to estimate statistical uncertainty related to com-
bining data collected in different months of the warm sea-
son, the intra-seasonal (i.e. month-to-month) variability is as-
sessed using temporally and spatially averaged data for each
calendar month and then compared to inter-annual variabil-
ity of the same parameter. Such uncertainty might have oc-
curred due to non-identical temporal distribution of samples
over the warm season in different years. For example if in
one year there were more measurements during the “colder”
months than in another year, a spurious inter-annual variabil-
ity may have been recorded. Such spurious variability would
have been likely to occur if the intra-seasonal variability had
been greater or comparable with the inter-annual changes.
Fortunately, calculations show that the intra-seasonal vari-
ability during the months May to November (measured as
standard deviation from the mean) is significantly smaller
than the inter-annual variability (see Sect. 3.1), hence justi-
fying the method of combining the data over the period May
to November. Despite the improvement in statistical accu-
racy due to use of the method of anomalies and aggregating
data into seasons and within the BSW, the amount of data for
the period 1910–1949 is still insufficient to produce reliable
time series of inter-annual variability, the results are noisy
and they are not reported here. For calculation of anoma-
lies for the time period 1950–2004 we use the combined
WOD + ROM + MHI set containing total of 38 726 stations.

The vertical extent of the bottom waters on the shelf can
be defined by a number of ways: for example by setting a
specific height above bottom or choosing a specific tempera-
ture/salinity/density level. For instance, the Cold Intermedi-
ate Layer (CIL) in the deep Black Sea is traditionally defined
by the 8◦C isotherms (e.g. Blatov et al., 1984) or at its upper
bounds by the isopycnic levelsσθ = 14.2 kg m−3 (e.g. Ivanov
et al., 2000, 2001). For practical purposes these two defini-
tions are effectively the same, as can be seen in Fig. 2. In this
study we use the latter definition for the upper boundary of
the BSW.
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Fig. 2. A typical climatic profile of temperature (red), salinity (blue)
and potential density (black) at the outer shelf (44.50◦ N, 31.00◦ E)
in August. The separation between the homogenous layer of Bot-
tom Shelf Waters (BSW) and the upper thermocline occurs at ap-
proximately 47 m (8◦C isotherm), which coincides with the density
level ofσθ = 14.25 kg m−3.

3 Results

3.1 Climate and intra-seasonal variations

Analysis of climatic temperature profiles reveals that the wa-
ter column during the winter convection period is well mixed
on most parts of the shelf and therefore does not allow a
meaningful identification of the pycnocline. Further analy-
sis is therefore restricted to the warm season (defined here
as May–November) when the shelf waters are strongly strat-
ified.

The topography of the isopycnal levelσθ = 14.2 kg m−3 is
shown in Fig. 3 for the climatology in April (after the winter
convection period) and October (after the summer stratifica-
tion period). The spatial extent of the BSW calculated for
each calendar month within the warm season using climatic
temperature and salinity profiles is shown in Fig. 4. The con-
tours show the coverage of the BSW, which is largely iso-
lated from vertical mixing from the surface until the follow-
ing winter. The potential of these areas to be ventilated by
horizontal exchanges during the warm period is discussed in
Sect. 4.
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Fig. 3. Depth of climatically averaged isopycnic surfaceσθ = 14.2 kg m−3 in April and October (shaded and numbers). The isobaths are
shown at 200, 1000 and 2000 m levels (thin solid lines). The April plot also shows the contour of this isopycnal along the sea surface (dashed
line).
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Fig. 4. Shelf area covered by BSW (σθ ≥ 14.2 kg m−3) for the in-
dividual months from May to November. The extent in August is
shaded in red, while the slight deviations in other months are shown
by super-imposed contour lines, several of which are individually
labelled. The bold line is the shelf boundary along the 150 m iso-
bath, dashed lines are isobaths at 200, 500, 1000 and 2000 m.

Figure 5 shows that the area occupied by the BSW is fairly
constant during May–November at around 38× 103 km2,
which is 45 % of the total shelf area, which occupies
83 300 km2 from the coast to the depth of 150 m. The area
of “locked” near-bottom waters varies from 30 300 km2 in
September to 40 500 km2 in June. The volume of this water
body varies from 900 km3 in September to 1400 km3 in June

(the total volume of the shelf compartment is 4300 km3).
Figure 5 also shows the intra-seasonal variability of the depth
of the upper boundary of the BSW as identified by the isopy-
cnal atσθ = 14.2 kg m−3, which gives an average depth of
46± 4 m. This depth level approximately coincides with the
upper boundary of the outer shelf benthic ecosystem which
occupies the depth range from 40 m to the onset of perma-
nently anoxic conditions at around 130 m (Zaitsev, 2006).
The pycnocline deepens slightly (a few metres) during the
warm season probably due to slow diapycnic mixing.

Figure 6 shows the values of spatially averaged climatic
absolute temperatures within the BSW (i.e. averaged over
the water body withσθ ≥ 14.2 kg m−3 over the shelf up to the
150 m depth contour) for different months within the warm
season. The intra-seasonal variability during the whole warm
period shows a very small range from 7.5–8.2◦C with the
mean value of 7.8◦C (Fig. 6). With the exception of June,
there is a small but systematic warming of the BSW during
the warm season from 7.5◦C in May to 8.1◦C in November.
An unexpected small increase of average temperature in June
is not statistically significant due to large scatter of data for
this month.

For the same months the average temperature at the upper
boundary of the BSW (defined asσθ = 14.2 kg m−3) was cal-
culated as 8.3◦C (stdev= 0.35◦C) which closely coincides
with the classical definition of the boundary of CIW as the
8◦C isotherm.

3.2 Inter-annual and inter-decadal variability

For reasons discussed in Sect. 2, inter-annual and inter-
decadal variability is analysed using temperature anomalies
rather than absolute values. A time series of temperature
anomalies averaged spatially over the area and the verti-
cal expanse of the BSW (fromσθ = 14.2 kg m−3 down to
a depth of 150 m) and temporally over the warm season
(May–November) of each year (Fig. 7) was constructed us-
ing methodology described above in Sect. 2.
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Figure 8 shows the distribution of stations available in dif-
ferent years for the calculation of temperature anomalies in
the BSW during the warm period (May–November). Out of a
total 27 016 stations available for the shelf compartment from
1950–2001 the time series of BSW temperature anomalies
(see Fig. 7) was constructed from a subset of 5568 stations
(with 111 336 individual samples of temperature and salin-
ity within the BSW) because other stations either fell outside
of the period of interest (May–November) or did not reach
deep enough into the BSW. Large number of samples within
the BSW results in small statistical uncertainties as shown by
small error bars in Fig. 7.

The temperature anomalies range between−1.16◦ in 1996
and +1.48◦C in 1979. The interdecadal variability is thus
significantly greater than the than the small statistical uncer-
tainty of less than 0.2◦C associated with this climatic data set
(Shapiro et al., 2010a). It is also much greater than the intra-
seasonal variability between May and November shown in
Fig. 6, thus justifying temporal aggregation of temperature
data in the BSW into a single seasonal value for the entire
warm period of each year.

A warmer-than-average period is evident from the early
1960s to the early 1980s followed by a colder-than-average
period from the early 1980s to the early 2000s. Figure 7
clearly shows 2 warming periods when the temperature rose,
one lasted from the early 1960s to the early 1970s, the other
started in the mid-1990s and continued at least to the end of
the data set. Despite their similarities there is an important
difference between them: the first warming period (1960–
1970s) started from climatically “normal” condition (Tan=

0), whilst the second one (1990–2000s) started from a colder
than climatically averaged state (Tan≈ −0.8 ◦C) and did not
reach the climatic mean temperatures until after 2000. These
warming periods were separated by a 20-year-long cooling
period from the early 1970s to 1990s.

The parameters of the BSW are influenced by neighbour-
ing water masses and by the meteorological conditions par-
ticularly during the winter season when intensive vertical
mixing with surface waters takes place. The correlations
between the inter-annual variations of the BSW tempera-
ture and other local and remote parameters are analysed us-
ing Pearson correlation coefficients. In order to preserve
comparability with the previous studies (Altman and Si-
monov, 1991; Belokopytov, 1998) correlations with external
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meteorological conditions are assessed using the long-term
time series of the “winter severity index”6ta which is tradi-
tionally calculated as the sum of negative air temperatures
during winter (November–April) from meteorological sta-
tion at Odessa, Ochakov and Khorly along the North-Western
shore of the Black Sea shelf (Fig. 9).

The effect of winter cooling is first felt at the sea surface
and hence correlation between the winter sea surface temper-
ature and the summer temperature in the BSW would show
how well the effect of winter cooling is preserved in the shelf
bottom waters. Interannual variability of the winter sea sur-
face temperature of shelf waters is estimated similar to the
bottom waters, i.e. by calculating temperature anomalies us-

ing Eq. (2) and then aggregating them over the shelf com-
partment (see Fig. 1) however temporal aggregation is done
over the cold period (December–April) of each year (Fig. 9).
In a similar way, the inter-annual variability was calculated
for the temperature of CIW (defined by the density range
σθ = 14.2–14.8 kg m−3, as in Ivanov et al., 1997) during the
warm season (May–November) in the deep part of the west-
ern Black Sea (Fig. 10). The temperature response of sur-
face waters in the deep sea to winter cooling is characterised
by a long-term series of the winter (December–March) mean
sea surface temperature averaged over the interior basin with
depths greater than 1500 m obtained from Oğuz et al. (2006),
see Fig. 10.
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Fig. 10. Long-term time series of the mean sea surface temperature (◦C) in winter averaged over the interior basin with depths greater than
1500 m (thin black line + circles, redrawn from Oğuz et al., 2006) and time series of the summer (May–November) temperature anomaly
(Tan, ◦C) of Cold Intermediate Water (CIW) (σθ = 14.2–14.8 kg m−3) in the deep sea compartment (grey line + squares), and the 5-yr
running mean (red line). Error bars show the standard error of the mean.

Figure 11 shows the correlation between monthly values
of temperature anomalies in the sea surface layer (0–10 m)
averaged over the shelf compartment and monthly temper-
ature anomalies of the BSW covering the months May–
November for the period 1950–2004. The Pearson correla-
tion is only R = 0.22, which confirms decoupling between
the surface layer and the BSW during the summer stratifi-
cation period, thus justifying the concept of the BSW be-
ing “locked”, i.e. isolated from the direct influence of atmo-
spheric forcing.

Figure 12 summarises the correlations (Pearson R-values)
of long-term temperature time series of the winter severity
index 6ta, SST of the basin interior in winter, temperature
anomaly (Tan) of the shelf surface in winter,Tan of the BSW
in summer and CIW in the deep sea in summer. In the next
section, these correlations are used to discuss the links be-
tween various factors that influence the temperature response
of the bottom waters on the western Black Sea shelf.

4 Discussion

In his study of the variability of sea surface temperature
(SST) in the North Atlantic, Bjerknes (1964) suggested that
SST variations on inter-annual timescale may solely be ex-
plained by a local forcing from the atmosphere. On the
other hand, the explanation of inter-decadal temperature vari-
ations requires additional contribution from ocean dynam-
ics, i.e. lateral exchanges (Eden and Willebrand, 2001). The
Black Sea is much smaller than the North Atlantic, has a
well developed basin- and sub-basin scale circulation pat-
tern (Shapiro, 2008; Altman and Simonov, 1991;Özsoy and
Ünlüata, 1997), so that one can expect that temperature re-
action to lateral exchanges can be felt faster and be seen
in interannual temperature variability. In earlier studies by
Buesseler et al. (1991) and̈Ozsoy andÜnlüata (1997) it was
suggested that such lateral processes may play an essential
role in the ventilation of the pycnocline. Temperature of sur-
face waters responds fairly quickly (on a daily to weekly time
scale) to the changes in the meteorological forcing (Stanev et
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Fig. 11. Correlation between monthly temperature anomalies
(1950–2004) in the shelf surface layer (0–10 m) and the BSW dur-
ing the warm period (May–November).

al., 1995; Enriquez et al., 2005; Schrum et al., 2001). How-
ever the waters below the pycnocline on the outer shelf ex-
perience only indirect influence from the atmosphere, and
hence have greater inertia, so that time scales for local at-
mospheric forcing and lateral exchanges due to ocean dy-
namics could become comparable (Ivanov et al., 2000). In
this section we contrast and compare vertical and “horizon-
tal” (isopycnic) communications of the bottom waters on the
western Black Sea shelf.

The Bottom Shelf Waters (BSW) are defined here as a
near-bottom water mass which is located below the upper
mixed layer down to the seabed. We use the density level
σθ = 14.2 kg m−3 as the lower boundary of the upper mixed
layer following previous studies (e.g.̈Ozsoy andÜnlüata,
1997; Ivanov et al., 1997, 2000, 2001). Our calculations
(Fig. 11) show that the near-bottom waters on the west-
ern Black Sea shelf below this density level remain largely
“locked” i.e. isolated from the effects of surface processes
from May to November.

The shelf bottom area covered by the “locked” bottom
waters is at its smallest at the height of the winter convec-
tion period, when a well-mixed water column prevails over
large parts of the shelf. As surface heating increasingly strat-
ifies the water column in spring and summer, the “locked”
shelf bottom areas reach their maximum extent during June–
August, when nearly half the shelf bottom is occupied by
BSW.

Vertical mixing is suppressed by intense stratification dur-
ing the summer. If only diapycnal (vertical) movement is
considered the BSW remains mainly locked until at least the
following winter. However, the BSW can, in principle, move

Σta  North-
Western winter 
severity index

Shelf De0.60

0.16

Tan Shelf surface (winter)

Shelf          De

σθ

0.31

0 15

0.75
0.15
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(summer)

1

eep sea

SST basin interior (winter)

eep sea 
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0 53Tan Locked 
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(summer)
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Fig. 12. Schematic of the Pearson correlation (R-values) between
various long-term temperature time series over the period 1950–
2005. The shelf limit is the 150 m isobath, the locked BSW is
bounded by theσθ = 14.2 kg m−3 isopycnal and the seabed.

“horizontally”, predominantly along the constant density lev-
els and get ventilated via isopycnal exchanges. Density sur-
faces in the Black Sea are dome-shaped (e.g.Özsoy and
Ünlüata, 1997), so that the movements along sloping isopyc-
nals towards the deep sea could bring the BSW upward. As a
result, the BSW may in principle re-enter the euphotic zone
over the deep sea where they could be biogeochemically re-
ventilated. However, our isopycnic analysis shows that the
σθ = 14.2 kg m−3 isopycnal reaches the sea surface only in
March-April (see white areas in Fig. 3, left panel as an ex-
ample), and hence surfacing of BSW due to such mechanism
can only happen in early spring. Later in the warm season
a strong pycnocline prevents theσθ = 14.2 kg m−3 isopycnal
from approaching the surface even in the deep sea.

Not surprisingly, our calculations (see Fig. 12) reveal a
strong influence of atmospheric conditions on the shelf sur-
face temperature during the winter season. There is a fairly
high correlation,R = 0.60, between the winter severity in-
dex6ta and the winter SST on the western Black Sea shelf.
The time series of winter SST on the shelf is indicative of
the temperature response of the entire shelf water body be-
cause the shelf is well-mixed during the winter (e.g. Sorokin,
2002). The effects of atmospheric processes therefore pene-
trate down to the benthic ecosystem during the cold season.

A high correlation (R = 0.75) is shown in Fig. 12 between
the temperature anomalies of the BSW and CIW in the ad-
jacent deep sea. With the inception of the warm season and
formation of the pycnocline, the influence of the weather on
the bottom shelf waters is much reduced, creating a poten-
tial for the bottom shelf waters to preserve the memory of
the winter conditions in the subsequent months. However
the correlation coefficient between winter SST on the shelf
and summer temperatures in the BSW is as low asR = 0.15,
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showing that in reality the memory of the winter conditions
is not well preserved in the bottom waters. The situation is
quite different in the deep sea, where the winter SST is cor-
related with the summer temperatures of CIW at a moderate
value ofR = 0.53, revealing that the waters within the CIL
keep a longer memory of the preceding winter.

Our analysis revises the findings by Ivanov et al. (2000),
that traces of winter mixing events appear well preserved in
the temperature-salinity structure, are only valid for the deep
sea but not on the shelf. The different response of shelf wa-
ters can be attributed to their much smaller volume compared
to the CIW in the deep sea. Furthermore the upper mixed
layer is thinner in the deep sea compared to the shelf as a
result of the doming of isopycnal surfaces (e.g.Özsoy and
Ünlüata, 1997). It should be noted that the surface waters
of the shelf and the deep sea regions appear to be in some
communication giving an R-value of 0.31. The correlation
between the winter severity index, which is calculated using
data from the costal stations, and the winter SST in the deep
sea is very low (R = 0.16), confirming the previously re-
ported de-coupling between surface waters of shelf and deep
sea regions to climate variations (Shapiro et al., 2010a).

The low vertical and higher lateral correlations of the shelf
bottom waters in the summer suggest that the horizontal ex-
changes below the pycnocline across the shelf break are thus
more significant than diapycnic mixing across the pycno-
cline. Horizontal processes thus appear to account for a sub-
stantial degree of inter-annual variability. These exchanges
are thought to reduce the memory of winter mixing events on
the shelf, while the CIW in the deep sea (which has a much
larger volume and higher latency) buffers the traces of winter
convection for longer, as observed by Ivanov et al. (2000).

The existence of horizontal exchanges has been suggested
in a number of previous studies based on measurements
from individual field campaigns. The mainly advective na-
ture of CIW replenishment was probably first proposed by
Kolesnikov (1953) and later by Filippov (1965, 1968), how-
ever this view was challenged by other researchers (see
e.g. Özsoy andÜnlüata, 1997; Zatsepin et al., 2003 for
details). Blatov et al. (1984) introduced the concept of
cold-water lenses which facilitate horizontal advection along
isopycnal surfaces in the CIL. The exposure of the shelf
break region to mesoscale circulation is well-established and
shelf edge exchange processes can be driven by a number of
mechanisms: meandering of the main Rim Current, forma-
tion of cross-shelf jets and filaments, transport by mesoscale
eddies, dense water cascades, coastal upwelling events etc.
(Stanev et al., 2004; Ginzburg et al., 2002; Oğuz et al., 2002;
Zatsepin et al., 2003; Gawarkiewicz et al., 1999).

More recently, significant horizontal exchanges across the
shelf break in the Black Sea by a mesoscale eddy have been
quantified using satellite imagery to show that about 40 % of
the shelf waters was exchanged during the period from May
to August 2005 (Shapiro et al., 2010b). The depth of pene-
tration of a cross-shelf current induced by a mesoscale eddy

can exceed 100 m and hence such eddies can be influential
in maintaining a good correlation between summer temper-
atures below theσθ = 14.2 isopycnal (Korotaev et al., 2006;
Aleinik et al., 2007). Complex vertical and horizontal inter-
actions of the BSW result in the inter-annual variability of
the near-bottom temperature which mimics exactly neither
the winter severity pattern nor the variations in the surface.

The inter-seasonal and inter-decadal variability of temper-
ature in the Bottom Shelf Waters for the period 1950–2004
does not have a simple linear trend; instead it has an os-
cillating shape shown in Fig. 7. The range of inter-annual
variations is as high as 2.9◦C and it significantly exceeds
the range of intra-seasonal variations of 0.7◦C. Shokurova et
al. (2004) calculated time series of temperature at a number
of depth levels between 50 and 100 m for August for the pe-
riod 1951 to 1995 by averaging observed temperatures over
the whole Black Sea and aggregating it into 10-yr temporal
bins for reducing statistical noise. From data shown in their
Fig. 3b one could infer inter-decadal oscillations of temper-
ature averaged within the layer 50–100 m: cold 1950–1970,
warm 1970–1980 and cold 1980–1995. Whilst most observa-
tions used in Shokurova et al. (2004) were taken in the deep
sea, and only data for August were processed, these oscilla-
tions loosely coincide with what is seen from our Fig. 7 for
the BSW. This is not a surprise as we have shown that tem-
perature variations in the BSW are well correlated with the
deep sea due to enhanced horizontal exchanges.

The cold periods seen in the non-smoothed oscillations
with a 2 yr period indicate events of increased winter con-
vection in agreement with Ivanov et al. (2000). It is thought
that these events would also increase the oxygenation of the
BSW, however we do not have sufficient chemical data to
support this statistically. The 5-yr running average in Fig. 7
suggests a cyclical oscillation with a period of approx. 20 yr
and an amplitude of∼2◦C. A similar periodicity was ob-
served by Ivanov et al. (2000) in a temperature time series
of various isohaline surfaces in the deep Black Sea, although
the timing of the cooling phases does not coincide exactly.
The BSW temperature is characterised by a cooler period
in the 1950s, which was followed by a warm period in the
1960s and 1970s followed by colder-than-usual conditions
in 1980–2001 (see Fig. 7). The warmer-than-usual period of
1970–1980s coincided with the timing of significant eutroph-
ication, whilst during the cold period the signs of the regime
shift in the state of the ecosystem and some ecosystem recov-
ery have been observed (Mee et al., 2005). The 1990s belong
to the colder-than-usual period; however the start of a warm-
ing tendency is evident from mid-1990s. There is no guaran-
tee that future variations in the BSW temperature will repeat
the oscillatory pattern of the past, but if they did we would
have expected the current trend to have brought the BSW
temperatures into the warmer-than-usual zone by about 2004
and the warming phase to last until approximately 2015.
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5 Conclusions

The Bottom Shelf Water (BSW) is defined as located be-
tween the density surfaceσθ = 14.2 kg m−3 and the seabed
on the western Black Sea shelf where the bathymetric depth
less than 150 m. During the warm season from May to
November it is isolated from exchanges with the surface
layer and hence has a limited supply of oxygen due to a lack
in diapycnic mixing. The area occupied by the “locked” bot-
tom waters reaches 45 % of the total shelf area during the
summer months.

The use of anomalies rather than absolute temperature val-
ues allows aggregating the data spatially and reducing sta-
tistical uncertainties. The novelty of our result is that we
now are able to show inter-annual/inter-decadal variability of
the Bottom Shelf Water temperatures and quantify the rela-
tive importance of horizontal (isopycnal) communications as
compared to vertical mixing based on a very large data base
spanning over more than 50 yr.

There is little intra-seasonal (i.e. month-to-month) varia-
tion of the temperature of the BSW during May–November.
To the contrary, the inter-annual variability is significant.
The time line of the BSW temperature shows a warm phase
(1960s–1980s) and a cold phase (1980s–2000s). Whilst the
warm phase coincides with environmental deterioration, the
colder-than-usual period coincides with signs of recovery of
the Black Sea ecosystem.

The correlation analysis suggests that over the summer
months the BSW generally loses memory of winter-time at-
mospheric forcing on the shelf, while traces of local winter
cooling are reasonably well preserved in the deep sea. Lat-
eral exchanges of the BSW with the Cold Intermediate Wa-
ters (CIW) from the deep sea are shown to be more impor-
tant for controlling inter-annual temperature variations of the
BSW than winter conditions on the shelf itself.
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