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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- and inter-annual varia-
tions of temperature as well as their relations to physical parameters of both shelf and
deep-sea waters. First, large data sets of in-situ observations over the 20th century
are compiled into high-resolution monthly climatology at different depth levels. Then,
the temperature anomalies from the climatic mean are calculated and aggregated into
spatial compartments and seasonal bins to reveal temporal evolution of the BSW. For
the purpose of this study the BSW is defined as such shelf water body between the
seabed and the upper mixed layer (bounded by the o, = 14.2 isopycnal) which has
limited ability to mix vertically with oxygen-rich surface waters during the warm season
(May—November) due to the formation of a seasonal pycnocline. The effects of atmo-
spheric processes at the surface on the BSW are hence suppressed as well as the
action of the “biological pump”. The vertical extent of the near- bottom waters is deter-
mined based on energy considerations and the structure of the seasonal pycnocline,
whilst the horizontal extent is controlled by the shelf break, where strong along-slope
currents hinder exchanges with the deep sea. The BSW is shown to occupy nearly
half of the area of the shelf during the summer stratification period. 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. A long-term time se-
ries of temperature anomalies in the BSW is constructed from observations during the
May—November period for the 2nd half of the 20th century. The results reveal a warm
phase in the 1960s/70s, followed by cooling of the BSW during 1980-2001. The transi-
tion between the warm and cold periods coincides with a regime shift in the Black Sea
ecosystem. While it was confirmed that the memory of winter convection events is well
preserved over the following months in the deep sea, the signal of winter cooling in the
Bottom Shelf Waters significantly reduces during the warm season. The time series of
temperature in the BSW is highly correlated with the temperature of Cold Intermediate
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Waters in the deep sea 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 winter convection on the shelf itself.

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 commercial and endangered species. Until mid-1980s, it supported fisheries
almost five times richer than those of the neighbouring Mediterranean. In the end of
the 20th century the Black Sea has experienced the worst environmental 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 natural and anthropogenic causes (Salihoglu,
2000). At the same time, significant changes in the physical environment have been
reported (McQuatters-Gollop et al., 2008; Oguz, 2005). There is growing understand-
ing that changes in the Black Sea ecosystem are stronger influenced by climate change
than previously thought (Daskalov, 2003; Oguz, 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 (inter-annual or inter-decadal)
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 (Oguz, 2005; McQuatters-Gollop et al., 2008) or temperature variations in
the Cold Intermediate Water (CIW) of the deep basin (lvanov et al., 2000; Belokopytov,
1998).

The link between the physical and biochemical parameters of the Black Sea has
been established, in particular the connection between water density and vertical pro-
files 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

323

OosD

8, 321-352, 2011

Seasonal and
inter-annual
temperature

variability

G. |. Shapiro et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/321/2011/osd-8-321-2011-print.pdf
http://www.ocean-sci-discuss.net/8/321/2011/osd-8-321-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

intervals as the halocline, because of similarity in the mechanisms of vertical ex-
changes (Ozsoy and Unliiata, 1997). Supply of oxygen to the near-bottom waters,
which is controlled by physical processes, is crucial for functioning of the benthic
ecosystem (Yakushev et al., 2005). Habitats with normal levels of oxygen occur in the
narrow coast zone from the shore to 7-10m 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 productive Western shelf. For the purpose of this study the
BSW is defined as such shelf water body between the seabed and the upper mixed
layer which has limited ability to mix vertically with oxygen-rich surface waters during
the warm season (May—November) due to the formation of a seasonal pycnocline. This
water body has an arguably stronger influence 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 surface 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
vertical 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 supply to the
bottom waters (Keondzhyan et al., 1990).
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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 horizontal 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). Horizontal shelf — deep sea exchanges are
considered as one of the mechanism of formation of the Cold Intermediate Water in the
deep Black Sea (e.g. Sorokin, 2002; Stanev et al., 2004). Shelf — deep sea interactions
are known to have impact on the sea surface temperature over the shelf (Ginzburg et
al., 2002), spatial distribution of chlorophyll (Oguz et al., 2002; Shapiro et al., 2010b)
and the state of the Black Sea ecosystem (Sur et al., 1996), however the strength
of these exchanges was difficult to quantify and this issue has motivated the present
study.

In this paper we use historic data sets to identify seasonal, inter-annual and inter-
decadal variability in the temperature of bottom shelf waters over the Western Black
Sea shelf. We also analyse the correlation of these changes with other physical pa-
rameters 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 con-
ditions 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 (lvanov et al., 2000) which are formed on the shelf and then exported into the
deep sea. The other reason is that temperature variations in the BSW reflect variations
in the vertical fluxes of heat and dissolved matter including oxygen.
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2 Data and methods

The sources of data for this study are a combination of the temperature data subset
from the World Ocean Database 2001 (Stephens et al., 2002), for the period 1900—
2000, which includes 15517 individual stations, and a data set obtained from the Roma-
nian Marine Research Institute (RMRI, 2362 stations covering the period 1963—2004).
These combined data sets were used to calculate the high-resolution climatology and
are hereafter referred to as “WOD+ROM” (see Shapiro et al., 2010a for a more detailed
description of this data set). A further 26283 stations (for 1920-2001) from the Black
Sea Digital Atlas of the Marine Hydrophysical Institute (Sevastopol, Ukraine) (Suvorov
et al., 2004) were used for the calculation of an additional time series of temperature
anomalies. This dataset will be referred to as “MHI”. The temperature and salinity
data for each individual station were linearly interpolated to 1 m vertical increments in
z-coordinates.

In order to eliminate erroneous data points, the WOD+ROM data set was subject
to a quality control using a two- step procedure as in Stephens et al. (2002). The
data were subdivided geographically into 0.25° squares. Then the approximate values
of the “first-guess” monthly mean states and standard deviations were calculated for
12 calendar months and all 0.25° degree squares at 26 standard hydrographic depth
levels. Then, the outliers, i.e. the data points with more than 6 standard deviations
away from the mean, were removed from the data base.

In contrast to many previous studies of inter-annual variability in the Black Sea, the
temperature anomalies (i.e. deviations from monthly climatic averages) rather than the
absolute values are used here as indicators of temporal changes. The advantage of
using anomalies is that unlike the absolute temperatures, the temperature anomalies
are highly correlated spatially at sampling points separated as far as 1200 km (Hansen
and Lebedeff, 1987). This large correlation radius allows aggregating observational
data over extended areas of the Black Sea and avoids bias caused by spatial inho-
mogeneity of sampling sites. In order to calculate deviations from climate, the mean
(climatic) values over the period of 1910-2000 were calculated first.
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2.1 Climatology and inter-annual variability

Climatic averages are calculated using the adaptive grid method (Lozier et al., 1995;
Shapiro et al., 2010a). 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° x 0.25° squares, and the averages at each grid point and each depth level
are calculated using a two-scale weighting function:

r r 2
co-o(z) o] (2]

where 6 (x) =1 at x< 1 and 6(x) = 0 at x> 1. Parameters r, = 100km and r, =
25km are selected as in Shapiro et al. (2010a) to provide an optimum balance between
horizontal resolution and statistical accuracy of the calculated mean values.

Then climatic values are spatially and temporally interpolated to the location and time
of month of the actual measurements. Both profiles (measured and climatic) are inter-
polated in o4-coordinates to density levels in 0.1 kg m~2 intervals. For stations where
matching density levels are present in both actual T(x,y,04,t) and climatic 7, (X,¥,04.t)
profiles the temperature anomalies (T,,,) are calculated at each density level o, as:

Tan(X.y.09.8) =T(X,y,00.1) =T sjim(X. Y. 0p. 1) (2)

where t is the time of observation.

The anomalies are aggregated into two seasonal bins (cold period (“winter”): De-
cember to April, warm period (“summer”): May to November) and further aggregated
spatially over each geographical compartment, either the western shelf or 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 (see Fig. 1). The shelf boundary is considered to be the 150 m
depth contour which forms the lower limit of the deep benthic ecosystem on the shelf
(Zaitsev, 2006). The bathymetry was taken from ETOPO2v2 (NGDC, 2006).

In order to estimate uncertainty related to combining data collected in different
months of the warm season, the intra-annual variability is assessed using temporally
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and spatially averaged data for each calendar month and then compared to inter-
annual variability of the same parameter. A similar procedure is used to assess tem-
perature anomalies at specific density levels. The intra-annual variability during the
months May to November (measured as standard deviation from the mean) is shown
to be 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.

2.2 Mixing depth

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
temperature/salinity/density level. For instance, the Cold Intermediate 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 levels oy = 14.2kg m~3 (e.g. lvanov et
al., 2000, 2001). For the purpose of this study we are interested in the ability of water
masses to mix under the action of mechanical forces. Following up ideas formulated
by Simpson and Hunter (1974) and Ivanov et al. (2000) we employ the energy consid-
erations to identify the boundaries between the water masses. In this section we show
that the amount of mechanical energy needed to mix the pre-winter stratification from
the surface down to a specified density level at different locations on the outer west-
ern Black Sea shelf is largely determined by the value of density itself irrespective of
geographical location so that density levels can be used as “proxies” for mixing energy
levels.

The energy needed for mixing down to a specific depth is calculated using the fol-
lowing scheme.

The potential energy (PE) of a stratified water column over a unit area is given as:

0
PE = g/p(z)z dz (3)

Z4
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Where g is the acceleration due to gravity, p is the density, z is the depth and z, is
the depth of the water column (using a coordinate system with upward looking vertical
axis).

The uniform density of the water column after mixing can be derived from the mea-
sured density profile (Opetore) USING conservation of mass,

0
1
Patter = _Z /pbefore (2)dz (4)
21

resulting in the potential energy of the well-mixed water column as:

0 0
g
IDEafter = g/pafter(z)z dz= 521 /pbefore (2)dz (%)

Z4 Z4

We consider here the work W, required to completely mix a water column from the
surface to depth z, as the difference between the potential energy of the stratified and
homogeneous water column:

Wmix = I:)Eafter - IDEbefore (6)

Substituting Egs. (3) and (5) into Eq. (6) and rearranging the equation using the
density o4 instead of pPygrore, the mixing energy W, (in J m™?) can be linked to the
pre-mixed density profile as:

0 0
Wmix =g 21/09(Z)d2—2/0'9(2)2 dz (7)
Z4 Z4

The evaluation of depths z; from Eq. (7) for various W, gives an indication of how
deep the effects of atmospheric processes penetrate into the water column.
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A mean density profile (Fig. 2a) is obtained by combining climatic profiles located
on the outer shelf (deep enough to reach the seasonal pycnocline) from 43°N, 28.5° E
to 44.75° N, 33.25° E for the month of October representing stratification at the end of
the summer period and before the beginning of winter convection. Calculations of the
penetration depth of convective mixing are carried out using Eq. (7).

Figure 2b proves the robust link between density levels and mixing energy values.
This fact provides a physical justification to the preferential use of density, rather than
temperature and salinity, levels to define the boundaries of the BSW. According to 3.1b,
if 10 KJm™2 were applied to the surface of an average water column the resulting mixing
would penetrate down to about o, = 14.2 kg m~2 while 30 KJm™2 would be required
to penetrate to the level of o, = 14.8 kg m~, which corresponds to the core of the
neighbouring CIL in the deep sea. These figures are consistent with results by lvanov
et al. (2000) who applied a similar method to measurements taken in October 1992
and showed that mixing energy of about 10-12KJ m~2 would penetrate down to o, =
14.3kg m~2 in the western anticyclonic circulation of the deep Black Sea. Further in
this study we use the same isopycnic surface o, = 14.2kg m~2 as in Ivanov et al. (2000)
to define the upper boundary of the BSW.

3 Results
3.1 Climate and intra-annual variations

Analysis of climatic temperature profiles reveals that the water 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 analysis is therefore restricted to
the warm season (defined here as May—November) when the shelf waters are strongly
stratified.

The topography of the isopycnal level oy = 14.2kgm " is shown in 3.1 for the cli-
matology in April (after the winter convection period) and October (after the summer
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stratification period). The spatial extent of the bottom shelf waters calculated for each
calendar month within the warm season using climatic temperature and salinity pro-
files is shown in Fig. 4. The contours show the coverage of the BSW, which is largely
isolated from vertical mixing from the surface until the following winter. The poten-
tial of these areas to be ventilated by horizontal exchanges during the warm period is
discussed in Sect. 4.

Figure 5 shows that the area occupied by the BSW is fairly constant during May—
November at around 38x10° km2, which is 45% of the total shelf area, which occupies
83300 km? from the coast to the depth of 150 m. The area of “locked” near-bottom
waters varies from 30 300 km? in September to 40500 km? in June. The volume of this
water body varies from 900 km? in September to 1400 km? in June (the total volume
of the shelf compartment is 4300 km3). Figure 5 also shows the intra-annual variabil-
ity of the depth of the upper boundary of the BSW as identified by the isopycnal at
0p=14.2kg m~2, which gives an average depth of 46 £+ 4m. 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 with o, > 14.2kg m~2 over the shelf up to
the 150 m depth contour) for different months within the warm season. The intra-annual
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 as o, = 14.2kgm™>) was calculated 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.
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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 density range of the BSW (from o,y =
14.2kg m~ down to a depth of 150 m) and temporally over the warm season (May—
November) of each year (Fig. 7) was constructed using methodology described above
in Sect. 2.

The temperature anomalies range between —1.2° in 1996 and +1.7°C in 1978. The
inter-decadal variability is thus significantly greater than the than the small statistical
uncertainty of less than 0.2°C associated with this climatic data set (Shapiro et al.,
2010a). It is also much greater than the intra-annual 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. Fig-
ure 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 early 1990s and continued
at least to the end of the 20s century. Despite their similarities there is an important
difference between them: the first warming period (1960-70s) started from climatically
“normal” condition (T, = 0), whilst the second one (1990-2000s) started from a colder
than climatically averaged state (T,, = —=0.7°C) and did not reach the climatic mean
temperatures even in 2001. These warming periods were separated by a 20-years-
long cooling period from the early 1970s to 1990s.

The parameters of the BSW are influenced by neighbouring water masses and by
the meteorological conditions particularly during the winter season when intensive ver-
tical mixing with surface waters takes place. The correlations between the inter-annual
variations of the BSW temperature and other local and remote parameters are anal-
ysed using Pearson correlation coefficients. In order to preserve comparability with
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the previous studies (Altman and Simonov, 1991; Belokopytov, 1998) correlations with
external meteorological conditions are assessed using the long-term time series of the
“winter severity index” 2, which is traditionally calculated as the sum of negative air
temperatures during winter (November—April) from meteorological station at Odessa,
Ochakov and Khorly along the North-Western shore of the Black Sea shelf (Fig. 8).

The effect of winter cooling is first felt at the sea surface and hence correlation be-
tween the winter sea surface temperature and the summer temperature in the BSW
would show how well the effect of winter cooling is preserved in the shelf bottom wa-
ters. Inter-annual variability of the winter sea surface 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 compartment (see Fig. 1) how-
ever temporal aggregation is done over the cold period (December—April) of each year
(Fig. 8). In a similar way, the inter-annual variability was calculated for the temperature
of CIW (defined by the density range oy = 14.2-14.8kg m~3, as in Ivanov et al. (1997))
during the warm season (May-November) in the deep part of the western Black Sea
(Fig. 9). The temperature response of surface waters in the deep sea to winter cool-
ing 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 Oguz et al. (2006) , see Fig. 9.

Figure 10 summarises the correlations (Pearson R-values) of long-term temperature
time series of the winter severity index 2¢,, SST of the basin interior in winter, tempera-
ture anomaly (T,,,) of the shelf surface in winter, T, of Bottom Shelf Waters in summer
and CIW in the deep sea in summer. In the next section, these correlations are used
to discuss the links between various factors that influence the temperature response of
the bottom waters on the western Black Sea shelf.
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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 explained by a local forcing from the atmosphere. On the other hand, the explana-
tion of inter-decadal temperature variations requires additional contribution from ocean
dynamics, 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 circu-
lation pattern (Shapiro, 2008; Altman and Simonov, 1991; (")zsoy and Unlliata, 1997),
so that one can expect that temperature reaction to lateral exchanges can be felt faster
and be seen in inter-annual temperature variability. In earlier studies by Buesseler et
al. (1991) and Ozsoy and Unliiata (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 al., 1995; Enriquez et al., 2005; Schrum et
al.,, 2001). The near-bottom water body experiences only indirect influence from the
atmosphere, and hence has greater inertia, so that time scales for local atmospheric
forcing and lateral exchanges due to ocean dynamics become comparable (Ilvanov et
al., 2000). In this section we contrast and compare vertical and “horizontal” (isopychic)
communications of the bottom waters on the western Black Sea shelf.

We define the Bottom Shelf Water (BSW) as a near-bottom water body which is
located below the upper mixed layer defined by a density level o, = 14.2kg m~ down
to the seabed. We show that the underlying physical reason that supports the use
of an isopycnic surface as the upper boundary of the BSW is the close link between
the amount of mixing energy applied during the winter season and the density level
to which mixing occurs. The mixing-energy approach gives results which are close
to the commonly used definition of the upper boundary of the CIW in the deep sea,
i.e. the isotherm of 8°C and density level of oy = 14.2kg m™> (e.g. lvanov et al., 1997,
2000, 2001; (")zsoy and Unl[]ata, 1997). Our calculations show that the near-bottom
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waters on the western 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 convection period, when a well-mixed water column prevails over
large parts of the shelf. As surface heating increasingly stratifies 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 the Bottom Shelf
Waters.

Vertical mixing is suppressed by intense stratification during the summer. If only
diapycnal (vertical) movement is considered the bottom shelf waters remain mainly
locked until at least the following winter. However, the BSW can, in principle, move
“horizontally”, predominantly along the constant density levels and get ventilated via
isopycnal exchanges. Density surfaces in the Black Sea are dome-shaped (e.g. Ozsoy
and UnlGata, 1997), so that the movements along sloping isopycnals towards the deep
sea could bring bottom shelf waters 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 (see Fig. 3, left panel) that surfacing
of bottom shelf waters due to such mechanism can only happen in early spring (March—
April). Later in the warm season a strong pycnocline prevents the oy = 14.2kg m~3
isopycnal from approaching the surface even in the deep sea (Fig. 3).

Not surprisingly, our calculations (see Fig. 10) reveal a strong influence of atmo-
spheric conditions on the shelf surface temperature during the winter season. There is
a fairly high correlation, R = 0.69, between the winter severity index ¢, and the win-
ter 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 because the
shelf is well-mixed during the winter (e.g. Sorokin, 2002). The effects of atmospheric
processes therefore penetrate down to the benthic ecosystem during the cold season.

A high correlation (R = 0.56) is shown in Fig. 10 between the temperature anomalies
of the bottom shelf waters and CIW in the adjacent deep sea. With the inception of
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the warm season and formation of the pycnocline, the influence of the weather on the
bottom shelf waters is much reduced, creating a potential for the bottom shelf waters
to preserve the memory of the winter conditions in the subsequent months. However
the correlation coefficient between winter SST temperature on the shelf and summer
temperatures in the BSW is as low as R = 0.26, 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 correlated with the summer
temperatures of CIW at a moderate value of R = 0.46, revealing that the waters within
the Cold Intermediate Layer 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, is only valid for the
deep sea but not on the shelf. The different response of shelf waters 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. Ozsoy and Unliiata, 1997). It should be noted that
the surface waters of the shelf and the deep sea regions appear to be in moderately
strong communication giving an R-value of 0.43. The correlation between the severity
of winters 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 reported 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 exchanges below the pycnocline across the shelf
break are thus more significant than diapycnic mixing across the pycnocline. Horizontal
processes thus appear to account for a substantial 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).
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The existence of horizontal exchanges has been suggested in a number of previous
studies based on measurements from individual field campaigns. The mainly advec-
tive nature of CIW replenishment was probably first proposed by Kolesnikov (1953)
and later by Filippov (1965, 1968) , however this view was challenged by other re-
searchers (see e.g. Ozsoy and Unliiata, 1997; Zatsepin et al., 2003 for details). Blatov
et al. (1984) introduced the concept of cold-water lenses which facilitate horizontal ad-
vection 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, formation 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; Oguz 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 penetration 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 temperatures below the o, = 14.2
isopycnal (Korotaev et al., 2006; Aleinik et al., 2007). Complex vertical and horizontal
interactions of the BSW result in the inter-annual variability of the near-bottom temper-
ature which mimics exactly neither the winter severity pattern nor the variations in the
surface.

The inter-annual and inter-decadal variability of temperature in the Bottom Shelf Wa-
ters for the period 1955-2001 does not have a simple linear trend; instead it has an
oscillating 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-annual variations of 0.7°C. The
cold periods seen in the non-smoothed oscillations with a 2 year period indicate events
of increased winter convection 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
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sufficient chemical data to support this statistically. The 5-year running average sug-
gests a cyclical oscillation with a period of approx. 20 years and an amplitude of ~2°C.
A similar periodicity was observed 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 warm
period in the 1960s and 1970s followed by colder-than-usual conditions in 1980-2001.
The warmer-than-usual period of 1970-80s coincided with the timing of significant eu-
trophication, whilst during the cold period the signs of ecosystem recovery have been
observed (Mee et al., 2005). The 1990s belong to the colder-than-usual period, how-
ever the start of a warming tendency is evident from mid-1990s. There is no guarantee
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.

5 Conclusions

The Bottom Shelf Water (BSW) is defined as located between the density surface
0p=14.2kg m™~2 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” bottom waters reaches
45% of the total shelf area during the summer months.

The use of anomalies rather than absolute temperature values allows aggregating
the data spatially and reducing statistical uncertainties. The novelty of our result is that
we now are able to show inter-annual/inter-decadal variability of bottom water temper-
atures and quantify the relative importance of horizontal (isopycnal) communications
as compared to vertical mixing based on a very large data base spanning over more
than 50 years.
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There is little intra-annual (i.e. month-to-month) variation 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 deterio-
ration, 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 atmospheric forcing on the shelf, while traces of local
winter cooling are reasonably well preserved in the deep sea. Lateral exchanges of the
Bottom Shelf Water with the Cold Intermediate Waters from the deep sea are shown to
be more important for controlling inter-annual temperature variations of the BSW than
winter conditions on the shelf itself.
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Fig. 1. Location map of the Black Sea and the boundaries of the shelf and deep sea compart-

ments used in this study. The locations of stations where temperature anomalies in the BSW
(i.e. between density level o, = 14.2kg m~ and the bottom) were calculated are also shown
(crosses: shelf compartment, squares: deep sea compartment).
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Fig. 2. Density and temperature profiles (a) and mixing energy penetration (b) from grid nodes
along the shelf break (50—150 m) of the October climatology. The mean density profile for the
outer shelf is shown in full circles. Error bars in (a) denote 1 standard deviation, while in (b) the
mixing energy penetration is also shown for density profiles minus/plus 1 standard deviation
(open triangles/open squares respectively).
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Fig. 4. Shelf area covered by “locked” Bottom Shelf Water (o, >14.2 kg m™2) for the individual
months from May to November. The extent in August is shaded in dark grey, while the slight
deviations in other months are shown by super-imposed contour lines, several of which are
individually labelled.
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Fig. 7. Long-term time series of the temperature anomaly ("C) of “locked” Bottom Shelf Water
(thin solid line: WOD+ROM data set, thin dashed line: MHI data set) and the 5-year running

mean (thick line) of the combined time series. Error bars show the standard error of the mean.
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Fig. 8. Long-term time series of the winter severity index 2t, (°C) for the North-Western part of
the Black Sea (black line + circles, redrawn from Belokopytov, 1998) and time series of the win-
ter (Dec—Apr) temperature anomaly (°C) of the shelf surface calculated using the WOD+ROM
data set (grey line + squares), and the 5-year running mean (thick black line). Error bars show
the standard error of the mean.
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Fig. 9. 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
Oguz et al., 2006) and time series of the summer (May—Nov) temperature anomaly (7, “C)
of Cold Intermediate Water (CIW) (o, = 14.2-14.8kg m~2) in the deep sea compartment (grey
line + squares), and the 5-year running mean (thick black line). Error bars show the standard
error of the mean.
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