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Abstract. There is growing understanding that recent deteri-
oration ofthe Black Sea ecosystem was partly due to changes
in the marine physical environment. This study uses high res-
olution 0.25° climatology to analyze sea surface temperature
variability over the 20th century in two contrasting regions
of the sea. Results show that the deep Black Sea was cooling
during the first three quarters of'the century and was warming
in the last 15-20 years: on aggregate there was a statistically
significant cooling trend. The SST variability over the West-
ern shelf was more volatile and it does not show statistically
significant trends. The cooling of the deep Black Sea is at
variance with the general trend in the North Atlantic and may
be related to the decrease of westerly winds over the Black
Sea, and a greater influence of the Siberian anticyclone. The
timing of the changeover from cooling to warming coincides
with the regime shift in the Black Sea ecosystem.

1 Introduction

Europe’s four regional seas (the Baltic, Black, Mediterranean
and North Sea) have all suffered major ecological change
in the past three decades. There is compelling evidence of
degradation of marine habitats on the Black Sea shelves be-
ginning in the mid-1970s (Mee et al., 2005). The causes of
such catastrophic degradation of the Black Sea ecosystem
have been frequently cited as eutrophication due to increased
riverine nutrient load as a result of the Green Revolution
(Zaitsev and Alexandrov, 1997) and the arrival of invasive
species (Kideys, 2002). However, there is an increasing ap-
preciation that current climate change can trigger a major re-
sponse in the structure and function of marine ecosystems on
a decadal timescale, as has been observed in various parts of

Correspondence to: G. 1. Shapiro
(gshapiro@plymouth.ac.uk)

the World ocean including the North Atlantic and the North
Sea (Reid et al., 2001) and the Mediterranean Sea (Conversi
et al., 2009). Recent research demonstrates that changes in
temperature, wind and river run-off may also play a role in
changes of'the Black Sea ecosystem (Daskalov, 2003: Oguz,
2005). Physical factors are also cited as contributing to the
inter-decadal changes in chlorophyll concentrations in the
open Black Sea (Yunev et al,, 2007). Hence reliable infor-
mation of long term trends in the physical environment is
vital for our understanding of the changes in the Black Sea
marine ecosystem. The western shelf is particularly impor-
tant for marine life, whilst the central deep part of the sea is
anoxic below about 200 m (Kideys, 2002).

The warming of the World Ocean over recent decades has
been firmly established (e.g. Levitus et al., 2005, 2009 and
references therein). In the Black Sea, studies of inter-annual
variability ofthe physical properties are commonly restricted
in their time coverage to the last 20 to 50 years, see e.g.
(Kazmin et al., 2009 and references therein). Polonsky and
Lovenkova (2004) gave a detailed analysis of SST variabil-
ity and their possible causes over the period of 1960-1990,
however their study was limited to a single transect across
the Black Sea. Potential causes of temperature changes and
their link with North Atlantic Oscillations were also dis-
cussed by Oguz (2005) and by Kazmin et al. (2009). Studies
covering longer periods are mostly concerned with changes
in the sea as a whole and are based on the analysis of the
monthly/yearly mean Sea Surface Temperature (SST) de-
rived from 1°x1° gridded data sets (see Oguz, 2005 and
references therein), which in turn were obtained by opti-
mal interpolation from 4°x4° or 2°x2° gridded observations
(Rayner et al., 2003 and Stephens et al., 2002). With the ex-
ception of recent years when the satellite data become avail-
able (see e.g. Ginzburg et al, 2004: McQuatters-Gollop et al.,
2008), historical data sets contain insufficient data to produce
charts of monthly SST distributions with resolution adequate
to separate the shelf and the deep sea regions.
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Existing gridded data sets seem to be too coarse for the
Black Sea, which is only 1150x580 km in size. Rayner et
al. (2003) note that care must be taken when using interpo-
lated gridded data sets for studies of observed climatic vari-
ability, particularly in some data sparse regions, because of
the limitations of the interpolation techniques.

The aim of this paper is to analyze temporal trends and
long-term (on interannual to inter-decadal scale) changes of
the SST during the 20th century over the contrasting shelf
and deep sea regions using original individual observations
rather than interpolated data sets. This is achieved by an-
alyzing temperature anomalies instead of their absolute val-
ues, the method which allows to avoid some of the limitations
inherent to the calculations based on interpolated data sets.

2 Data and methods

The source of data for this study is a combination of the

sea surface temperature data subset from the World Ocean

Database 2001 (WODO1) (Stephens et al., 2002), for the pe-

riod 1900-2000, which includes 15 517 individual stations,

and the data set obtained from the Romanian Marine Re-

search Institute (2362 stations covering the period 1963—
2004).

Monthly air temperature data for the coastal stations in
Odessa (period 1900-2000) and Yalta (1881-1990) were ob-
tained from the Goddard Institute for Space Studies web-
site http://data.giss.nasa.gov/gistemp/station_data/. The time
series for North Atlantic Oscillation (NAO) Index for win-
ter months (December to March) was obtained from the
University of East Anglia Climatic Research Unit web-
site http://www.cru.uea.ac.uk/~timo/datapages/naoi.htm (see
also Jones et al,, 1997). In contrast to previous Black Sea
studies, the monthly temperature anomalies rather than the
absolute values are used as indicators of temporal changes
in Sea Surface Temperature. The benefit of using anomalies
is that unlike the absolute temperatures, the SST anomalies
are highly correlated at stations separated as far as 1200 km
(Hansen and Lebedeff, 1987); this fact allows aggregating
observational data over large areas of the Black Sea.

The time series of monthly SST anomalies for the shelf
and deep parts of the Black Sea were obtained as follows:
first the gridded climatic mean values for each calendar
month were calculated at a high spatial resolution of 0.25°,
then the SST anomalies at individual stations were calcu-
lated, which were then aggregated in time and space over
selected areas as detailed below.

2.1 Quality control
The accuracy of all methods of measurement were well
within 0.1 °C, which is significantly smaller than both natu-

ral variability of temperature in the Black Sea and statistical
errors, hence there was no need for additional bias adjust-
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Odessa

Fig. 1. Spatial distribution of the original measurements is shown.
The solid line separates the western shelf (WS) and the deep sea
(DS). Open circles indicate locations of the weather stations Odessa
and Yalta.

ment (Folland and Parker, 1995). The distribution of avail-
able original data over the century is shown in Fig. 1. In
order to eliminate erroneous data points, the combined data
set from WODO1 and RMRI were subject to a quality control
using a two- step procedure (Stephens et al., 2002): (1) co-
ordinate check and (2) statistical check. During the first step
a small number of stations showing their location on land
were removed.

The remaining 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 all 12 calendar months and all 0.25° degree
squares. During the second step, the outliers, i.e. the data
points with more than 6 standard deviations away from the
mean, were removed from the data base. Following Willis et
al. (2004) we have chosen 6 rather than a more usual 2.3 stan-
dard deviation range in order to keep enough data to analyse
significant interannual variability of SST in the Black Sea.
After cleaning, 17 525 stations for the period 1910-2000 re-
mained for further analysis, there were no recorded in-situ
observations for the period 1900-1909 and during the war
time.

2.2 Climatic averages

In calculation of climatologies, the uneven distribution of
data in time and space is often the largest source of uncer-
tainty (Fozier, 1995). The horizontal distribution of stations
in the Black Sea is far from uniform. The highest density of
stations occurs in the western and north-eastern parts of the
sea (see Fig. 1), with sparser distribution of stations in the
south-east. The widest and most productive shelf is in the
north-western of the Black Sea, which is covered by a dense
net of sampling stations. In addition to spatial inhomogen-
ities, the distribution of stations varies also over time due
to political and socio-economic factors (Fig. 2). It is worth
noting that in the 1920-s there was a reasonable amount of
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Fig. 2. The bar-chart showing distribution of the number of SST
observations over 20th century. Only quality controlled data are
included in this histogram and all following figures. Total height of
the bars represent the total number of sampling points, open parts
represent measurements taken on the shelf. There were no recorded
measurements between 1900 and 1910 and during the war-time.

measurements, which could be used to recover the trends in
temporal variations. The number of observations also varies
from month to month (Fig. 3).

It would be ideal to create gridded data sets for all months
and all years on a high density grid and infer both climatic
means and interannual variability from these mapped data.
With the available historical data sets for the Black Sea, there
is not enough data to fill all or even the majority of individ-
ual small grid-boxes. The increase in the size of grid-boxes
would reduce statistical errors but it would lead to the loss of
resolution and hence greater errors when calculating anoma-
lies, i.e. deviation of the actual observations from the mean
state. This source of error is particularly noticeable at the
shelf - deep sea borders, where mean values in one region
can be contaminated with observations from a physically dif-
ferent region. Grouping together the data over a larger (than
one month) period of time, e.g. by seasons also reduces the
statistical errors but leads to the loss of temporal resolution.

One way to achieve a reasonable balance between resolu-
tion and accuracy is to use an adaptive rather than a fixed size
grid (Lozier et al., 1995; Shapiro, Meschanov, 1996) where
grid-boxes that contained small amounts of data were con-
solidated. Similar idea was used in recent study by Willis et
al. (2004) who used a weight function to automate the pro-
cess. Due to temporal inhomogenity of data the monthly
means could be biased towards the years in which greater
amounts of data are available. In order to reduce this source
of error we used the adjustment for sampling density in grid
boxes similar to that used by Jones et al. (2001), namely first
aggregating data into individual monthly bins and then cal-
culating the overall climatic average.

For this study all data were segmented into 12 monthly
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Fig. 3. The bar-chart showing distribution of the number of obser-
vations over calendar months (I=January). Open parts of the bars
represent measurements taken on the shelf.

blocks and SST climatologies were produced by gridding
original observations onto a dense 0.25° latitude-longitude
grid for each calendar month. A version of the adaptive
grid method (Shapiro and Meschanov, 1996) was applied
where the elementary area over which averages were com-
puted changed its size depending on the density of available
observations. The mapping procedure used a two-scale co-
variance function C(r) in the form introduced by Willis et
al. (2004)

C(r) = 6(r/rs) -exp d)

where r is the distance between the centre of the square and
the actual observation, rs is the maximum radius of influ-
ence (i.e. maximum search radius), r&is the decorrelation ra-
dius, and the truncation function 6(x) is defined as 0(x) = 1
if X< 1and 0(jt) = Oifjt>1. We have found that for the
present study the best balance between accuracy and resolu-
tion is obtained with the following parameters: rs= 100 km
and rd = 25 km.

The chosen value of the search radius was approximately
half of that used by Boyer et al. (2005) and hence gives a bet-
ter spatial resolution. The mapping procedure was applied at
every point on the 0.25° rectangular grid to produce monthly
composite time series Tp using the equation

Y,C(f\)T(xk,yk,m,i)
Tp(x,y,m,i) = x £C (1h) )
K

where x, y are the coordinates of the grid node; x*, yk - are
the co-ordinates of the original observations; i is the year
number, i = 1 being the year 1901, m is the calendar month
number, m = 1 being January.
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fig. 4. Monthly charts of mean Sea Surface Temperature averaged over the 20th century.
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Fig. 5. Monthly charts of'the distribution of the number of stations used for calculation climatic averages in Fig. 4.
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The monthly composite time series were then averaged
over the whole period of observation to provide 12 monthly
mean climatic maps using the equation

nix,y,m)
> T(x.y.m.i)
i=1
n(x,y,m) ©)
where n is the number of members in the time series contain-
ing actual measurements, the value of n is dependent on the
location (x,y) and the calendar month, #1.

Then the maps were processed with a 5-point matrix spa-
tial smoother to reduce high frequency noise to produce
monthly climatologies which are used for further analysis.
The resulting charts are shown in Fig. 4.

As it was noted by Lozier et al. (1995) in order to achieve
a good quality climatic map, the number of data points used
for calculating climatology at each grid point should greater
than 10. Figure 5 shows the distribution of data points per
grid node used to produce monthly climatologies. The fig-
ure shows that a typical number of stations per grid node are
100-150 well above the recommended threshold.

The uncertainties in climate values are assessed by stan-
dard errors of the mean err(x,y,m) which are calculated for
each monthly map at each grid node using the standard equa-
tion

< T(x,y,m)>=

n
\/Z (Tp(xv yvmai)_ < T()C, yvm) >)2
i=1
@)
The errors are relatively small and typically less than 0.2 °C,

i.e. significantly smaller than inter-decadal variability, see
Fig. 6 and Sect. 3.

err(x,y,m)=
n

2.3 Interannual and interdecadal variability

The long-term variability in the SST was assessed using
the spatially aggregated temperature anomalies, i.e. devia-
tions of actual observations from the relevant climatology.
The climatic mean at the each sampling site was obtained
by interpolation from the neighbouring 0.25° climate grid-
nodes for the appropriate month. The temperature anomaly
for each station was then calculated as the difference be-
tween the actual observation and the climatic mean. The
Black Sea was subdivided into 2 geographical provinces
(Fig. 2), one including the biologically productive western
shelf, i.e. areas shallower than 200 m and spread as far as
30° E along the southern coast and 34° E along the north-
ern coast (hereafter referred WS). The other province (here-
after referred DS) covers the rest of the sea, mostly the
deep sea areas. Data from the narrow (order of a few km)
shelves bordering the deep areas were consolidated with the
data from the deep sea due to extensive exchanges between
these areas. The monthly time series of SST anomalies for
each of the provinces were obtained by averaging temper-
ature anomalies from individual stations within each of the
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12(month)-90(years)=1080 months over the corresponding
province.

The advantage of consolidation of anomalies rather than
the original observational data for providing a meaningful
estimate of interannual changes is that the geographically in-
homogeneous climatic mean is removed and so is the bias
towards the locations with greater amount of observations.
Another reason to aggregate anomalies, rather than absolute
temperature is that absolute temperature varies markedly in
short distances, while monthly temperature anomalies are

representative of a much larger region (Hansen and Lebed-
eff , 1987).

3 Results and analysis

As expected, the 0.25° climatology preserves the main qual-
itative features of temperature distribution calculated with
coarser resolution (e.g., Stephens et al., 2002; Suvorov et
al., 2004; Rayner et al., 2003). However, the higher reso-
lution climatology shows up or represents more clearly local
features such as coastal upwelling near the Bulgarian coast,
spring warming on the NW shelf and a warm patch associ-
ated with the sub-basin gyre in the eastern Black Sea.

3.1 Linear trends

The SST anomaly time series for the deep Black Sea and the
western shelf are shown in Fig. 7a, b. Due to large amount
of monthly data points only yearly averaged SST anomalies
are represented in Fig. 7a, b, while the statistical calculations
below are done with the complete data set of monthly anoma-
lies. Corresponding time series for surface air temperature at
Odessa and Yalta weather stations are shown in Fig. 7c, d.

There are a number of statistical approaches for detecting
and estimating trends that may be present in environmental
variables (Hessa et al., 2001). Here the SST trends were
estimated with both parametric and non-parametric statisti-
cal methods by calculating coefficients of linear regression,
as well as Pearson, Spearman and Kendall-tau correlations
(see Table 1). The correlation coefficients were calculated
between the temperature data and the corresponding times
of observations expressed in months elapsed from January
1900.

All four statistical methods clearly show that there was
a definite cooling trend in the deep Black Sea over the
20th century (see Table 1). Linear regression analysis
yields a negative rate of (—0.86+ 0.3) °C per 100 years (see
Fig. 7b) with the level of confidence as high as CL=(1 —
p)-100%=98%, where the p-value is the probability to reject
the null hypothesis. The confidence level of negative corre-
lation obtained by non-parametric methods is also above the
CL=98% mark.

On the western shelf the temperature trend is much less
definitive. Whilst linear regression seem to show a small
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Fig. 6. Monthly charts of statistical uncertainties (in °C) in calculation of the mean Sea Surface Temperature distributions shown in Fig. 4.

cooling trend of (—0.2 + 0.3) °C per 100 years, it is not sta-
tistically significant as the level of confidence is very low
(less than 40%). This result was confirmed by other 3 meth-
ods (see Table 1), all showing a small negative correlation,
which however is statistically indistinguishable from zero at
the confidence level of CL=95%. Hence there was neither
cooling nor warming trend over the length of the 20th cen-
tury on the Western shelf.

The linear trend in the air temperature in the central Black
Sea represented by the data set from Yalta weather station
is negative showing a modest whilst statistically significant
cooling at (—0.3 £ 0.1) °C per 100 years. In contrast to this,
air temperature in the western Black Sea measured at Odessa
weather station shows a positive trend at (0.3 £0.2) °C per
100 years. Potential causes and consequences ofthe opposite
trends in the western and central parts of the sea are discussed
below.

3.2 Interannual and interdecadal variability

In addition to the overall trends over the whole century, a
further analysis using the cumulative sum (CUSUM) method
has been carried out on an interannual and decadal scale.
The CUSUM method is considered particularly useful for
identification of regime shifts, as well as small and sustained
changes or slow fluctuations in the mean values, see e.g. (Yi
et al.,, 2006, and references therein).

Ocean Sei., 6,491-501, 2010

The CUSUM charts are shown in Fig. 8. A segment on a
CUSUM chart with an upward slope indicates a period where
the monthly mean temperature values tend to be above the
climatic average. The downward slope indicates a period
where those values tend to be below the average. Change
in the slope of CUSUM charts manifests the regime shift.

Figure 8b shows the CUSUM chart for area- aggregated
monthly SST anomalies in the deep sea. Significant changes
in slope of the graph, indicating regime shifts, are seen in
years 1927, 1966, 1968, 1986 and 1997. The 1920s were
“warm” years with high positive SST anomalies, the fact
which is represented in Fig. 8b as a steeply rising section
of the chart. The counterpart CUSUM chart for air tempera-
ture in Yalta shows only a small warming trend between 1922
and 1927 surrounded by negative and positive fluctuations of
monthly air temperatures, see Fig. 8d.

The period from late 1940s to 1966 is characterized by a
nearly constant value of CUSUM, which correlates with rela-
tively small interchanging positive and negative SST anoma-
lies. These were the “average” years exemplifying a cool-
down development from the warm 1920s. During the same
period, the air CUSUM chart (Fig. 8d) shows a series of
fluctuations without any large peaks. The situation changes
dramatically within the period 1960-1968 when air tempera-
tures are subject to fast warming. The response of SST in the
deep sea is lagged showing a fast and short warming in 1966
to 1968 which then is transformed into slow cooling until
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Fig. 7. Annual SST anomalies on the western shelf (a); deep sea (b); and air temperature anomalies for coastal stations Odessa (c); and Yalta
(d). Temperature trends (—0.17 (a), —0.86 (b), +0.31 (c) and —0.36 (d) °C per 100 years) are calculated using more detailed data of monthly

anomalies, which are not shown to keep the graphs uncluttered.

Table 1. Statistics of the Sea Surface and Air Temperature trends.

STD-ERROR PEARSON

TIME- OF p-VALUE CORRELATION p-VALUE
SERIES TREND TREND (2-taii) COEFFICIENT (2-tail)
DS, 1900-2000 -0.008 0.003 0.015 -0.125 0.015
WS, 1900-2000 -0.002 0.003 0.603 -0.024 0.603
DS, 1900-1984 -0.008 0.005 0.101 -0.112 0.101
DS, 1985-2000 0.048 0.034 0.169 0.137 0.169
WS, 1900-1984 0.001 0.004 0.824 0.012 0.824
WS, 1985-2000 0.063 0.034 0.064 0.164 0.064
Air Temp. Odessa,

1881-1989 0.003 0.002 0.099 0.046 0.099
Air Temp. Yalta,

1881-1989 -0.003 0.001 0.012 -0.070 0.012

1986. A similar slow cooling represented by a nearly con-
stant value of CUSUM is seen in the air temperature from
1968 to 1975.

An intensive cooling phase in the air temperature in Yalta
starts from 1975 until the end of the available for analysis
data set (November 1989). The strong cooling phase in SST
starts about a decade later probably triggered a severe win-
ter of 1985 (Belokopytov, 1998). From the mid 1980s the
CUSUM chart (Fig. 8b) shows an abrupt drop caused by
a succession of “cold” years with negative SST anomalies
(see Fig. 7b). Whilst there is similarity in the shape of the
CUSUM charts for air temperature in Yalta and sea temper-
ature in the deep sea they are far from identical and show
a varying time lag between changes in the atmosphere and
ocean.

www.ocean-sci.net/6/491/2010/

SPEARMAN KENDALL-TAU Confidence
CORRELATION  p-VALUE CORRELATION p-VALUE level of the
COEFFICIENT (2-tail)  COEFFICIENT (2-tail) trend (%)
-0.128 0.012 -0.086 0.012 98.5

-0.051 0.264 -0.035 0.250 <40, insignificant

-0.078 0.252 -0.049 0.280 90.0

0.012 0.901 0.008 0.908 83.0

-0.024 0.656 -0.017 0.630 <20, insignificant

0.146 0.099 0.097 0.102 93.0

0.034 0.220 0.022 0.225 90.0

-0.075 0.007 -0.050 0.007 90.0

The CUSUM charts for the western shelf shows a higher
level of variability, see Fig. 8a The steep rise (warming) in the
early 1920s is followed by a steep fall (cooling) in the late
1920s-early 1930s. This is out of phase with the warming
trend in air temperature at Odessa (Fig. 8c), between 1914
and 1920 which was followed up by cooling in the period
1920-1922 and subsequent warming in 1922-1927. After
some period (mid 1930s to late 1940s) where data were too
sparse to make definitive conclusion the SST CUSUM chart
shows a deep trough in 1958-1959 representing a cooling
trend in the 1950s, which is followed by a positive peak in
1975 representing warming between 1959 and 1975. These
variations are in phase with the tendencies in air tempera-
ture: fast cooling in 1953-1959 and a general warming (with
some fluctuations) in the period 1960-1975. Further changes
in air and sea are much more correlated: a sharp minimum at
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Fig. 9. A scatter plot showing distribution of SST anomalies on the
Western shelf against SST anomalies in the deep sea.

around 1980 representing a cooling tendency between 1975
and 1980 is seen in both charts as well as local maximum in
1983-1984 (warming between 1980 and 1983) and another
minimum - in 1989 for air and in 1993 for water showing the
cooling tendency in late 1980s. A warming trend towards the
end of century is also evident in both air and water tempera-
tures.

The most significant cooling periods of the SST on the
Western Shelf are associated with the most severe winters
observed in 1947, 1954, 1985 and 1987. These winters were
caused by frequent cold air outbreaks from the Arctic Ocean
(Belokopytov, 1998). A cold but slightly milder winter of
1963 caused by penetration of air masses from Scandinavia

Ocean Sei., 6,491-501,2010

did not cause similar changes in the thermic regime of ei-
ther shelf or deep sea waters. However while the severe win-
ters were followed by relatively mild weather conditions in
the subsequent years, the cooling events in the shelf waters
were extended over a number of years (8 years in the 1950s
and 5 years in the 1980s) , which indicates a non-linear link
between atmospheric forcing and the sea response: short-
lived but severe weather events trigger longer term changes
in the marine environment. Similar effect, however less pro-
nounced, is seen in the deep sea. Generally response of the
deep sea contains lower frequency components than the air
temperature (see Fig. 8b and d), which is manifestation of a
greater heat capacity of the sea water.

The link between changes in the atmospheric conditions
and the response of the sea can be seen from calculation of
Pearson correlation between air and sea temperature anoma-
lies both on shelf and deep sea. Calculations were carried
out for the period 1910-1989 for those months when both
monthly air and sea temperatures were available. Monthly
data were pre-smoothed with a 6-month moving average fil-
ter to remove higher frequency oscillation. Results show
amazingly similar level of correlations between local air and
sea temperatures for both the deep sea and shelf regions:
R(DS, air-SST)=0.654 for DS and R(WS, air-SST)=0.652
for WS. This result is underpinned by high correlations be-
tween the corresponding CUSUM charts for the original non-
smoothed time series - in the DS region R(CUSUM, air-
SST)=0.826, in the WS region R(CUSUM, air-SST)=0.845.
Cross-correlation between the SST temperatures in shelf and

WWWw.ocean-sci.net/6/491/2010/
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deep sea regions is lower R(SST, DS-WS)=0.506, which is
lower than correlation coefficient between air temperature
anomalies from Odessa and Yalta R (air, Od-Ya)=0.808. This
fact supports the statement of decoupling between the shelf
and the deep sea waters, see Fig. 9.

4 Discussion

The long term variability in both deep and shelf areas of the
Black Sea is at variance with many other parts of the world
ocean (Levitus et al., 2005, 2009). General temperature vari-
ations in the Northern Hemisphere show little sign of trends
before about 1900, a peak in the early 1940s, and the high-
est temperatures occurring after 1980 with overall positive
(warming) trend over the 20th century (Parker et al., 1994).
According to Kushnir (1994), the annual SST in the North
Atlantic in the latitude belt 40-50° N between 1920 and 1987
has risen by 0.65 °C at a rate of 0.97 °C per 100 years. In the
deep Black Sea, located within 42-47° N, i.e. approximately
at the same latitude, the trend for the same period was nega-
tive at —0.86 0.3 °C per 100 years in the deep sea and no
statistically significant trend was identified on the western
shelf.

Unusual temperature trends in the Black Sea could be at-
tributed to the variations in the overlying weather pattern.
The atmospheric forcing across the Black Sea is not uniform:
the northern and north eastern parts of the sea are influenced
by the atmospheric conditions of a moderate climate with rel-
atively large inter-seasonal variations of meteorological pa-
rameters brought by the Siberian anticyclone, which is the
source of very cold winds from the NE in the winter. The
southern and south western parts are influenced by the milder
Mediterranean weather system intruding from the southwest,
and they belong to the sub-tropical climate zone with warm
rainy winter and hot summer (Sukhovey, 1986).

The balance between the two weather systems is con-
trolled by comparative strength of the westerly winds over
Southern Europe, which can be represented by the values of
the North Atlantic Oscillation Index (NAOI). A decrease in
the NAOI from 1900 to 1984 at a rate of —1.3 units per 100
years (Jones et al., 1997) is linked with the reduction of the
westerly winds over the Mediterranean and Southern Europe
(Hurrell et al., 1997). The weakening of the westerlies could
arguably shift the balance towards greater influence of the
Siberian anticyclone over larger areas of the sea, not only its
NE areas. The strengthening of the Siberian weather system
is evidenced by a cooling trend in the air temperature at Yalta
meteorological station (see Table 1) located close to the cen-
tral part of the sea. In particularly cold years the influence
of the Siberian anticyclone is seen further south. The “cold
years” of the 1980s (1982, 1985 and 1987) were identified
both in air and sea surface temperatures in the localised ar-
eas at the centre of the Black Sea (a 2°x2° square centred
at 29° E 43° N) and in the Levantine Basin (a 2°x2° square
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centred at 29° E 35° N) by Ozsoy and Unluata (1997) based
on the comprehensive ocean-atmosphere data set (COADS).
The extreme cooling of the 1987 was evidenced in the neigh-
bouring southern areas e.g. dense water intrusion from the
Aegean into the Marmara Sea (Besiktepe et al., 1994). In the
western Black Sea, out of reach of the Siberian anticyclone,
the air was warming in accordance with the general trend ob-
served over the North Atlantic Ocean, see data from Odessa
station in Fig. 3c.

A relatively small (R = 0.65) correlation coefficient be-
tween variations in air and sea temperatures for both DS
and WS regions exemplifies a non-linear response of the sea
to changing weather conditions. The analysis of CUSUM
charts suggests that it is the shifts in the established weather
regimes on a decadal scale rather than interannual variations
of meteorological forcing which lead to changes between
warming and cooling phases of SST evolution, particularly
in the shelf regions (see Fig. 8a and c¢). The shelf and the
deep sea response show different patterns of their responses
to the weather conditions, which results in de-coupling of the
SST wvariations of on the western shelves and the deep sea.

Comparison of presented results with other studies con-
ducted for the second half/last quarter of the 20s century
shows both general and quantitative agreement. The cooling
trend of Sea Surface Temperature was noticed on a repeated
transect taken within a 30-year period (1960-1990) in the
western deep Black Sea (Polonsky and Lovenkova, 2004) in
agreement with our results showing a cooling phase between
1968 and 1986 after a nearly decade of a warming trend
(1960-1968). The warming trend which according to our
CUSUM analysis started in the 1990s is in agreement with
analysis based on satellite imagery (Ginzburg et al., 2004).

Variations in the physical parameters of the sea are coin-
cident with the changes in the chemical properties. In the
deep sea the nitrate level increased between 1960s and 1984
(Yunev et al., 2007) which coincides with the period of fast
warming in 1960-1968 and then a period of thermic stabil-
ity of relatively warm, slightly cooling surface waters (1968
to 1986). Yunev et al. (2007) report that the nitrate level in
the open Black Sea increased until 1984/85 and the average
maximum nitrate concentration and the nitrate gradient for
all depth profiles increased between 1969 and 1984 and then
remained constant. Strong cooling of the deep sea in the late
1980s coincides with stabilization of the nitrate concentra-
tion so that only moderate fluctuations in the nitrate profile
characteristics were observed within this period. While it
is common to associate changes in the Black sea nutrient
concentration with variations in river discharges, and partic-
ularly level of eutrophication due to the Danube river, Yunev
et al. (2007) indicate that some physical factors, such as in-
tensification of the Rim Current, may play a role. Analysis
of temperature anomalies presented here shows some paral-
lelism in the variations of the SST and nitrates in the deep
sea and it may not be accidental. Heat and nutrient dissipa-
tion are closely related and driven by physical processes. In
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the deep Black Sea vertical transport of cold water and nutri-
ents is largely determined by winter storminess.

5 Conclusions

The use of an adaptive grid method with a two-scale covari-
ance function allows calculation of monthly climatologies
for the whole Black Sea over the 20th century with high spa-
tial resolution of 0.25° in both latitude and longitude and also
allows separation of the properties of the western shelf waters
from the deep sea. Analysis of the time series has revealed
de-coupling between the shelf and deep sea regions of the
sea in response to climate change. The deep sea experienced
general cooling over the 20th century, which was particularly
strong from beginning of century to late 1960s. The west-
ern shelf did not show a definite trend, except the last 15—
20 years when warming was evident in the SST time series.
The changeover between cooling and warming trends took
place in the 1990s and coincided with the dramatic regime
shift in the Black sea ecosystem. This correlation has con-
siderable potential to explain some of the major ecosystem
changes that have recently occurred in the offshore Black
Sea. Regime shifts may have been a significant historical
feature of the offshore system because of the Black Sea’s
geographical location at the boundary between marine and
continental climate systems.
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