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Abstract: Black Sea freezing in winter is observed regularly in its northern parts and near the Kerch
Strait. The reason for this is the relatively shallow northwestern shelf part and the river inflow of the
three major European rivers Danube, Dnieper, and Dniester, as well as Don through the Azov Sea,
carrying a large amount of fresh water to this part of the Black Sea. The global warming that has been
observed in recent decades has made these episodes less intense; nevertheless, they exist and impact
people who live n the area. The aim of this study is to analyze the extent of sea-ice variability in the
last 15 years, observed by satellite observations, and to describe the weather conditions favorable for
freezing to occur. Itis found that, in 2006, 2012 and 2017, sea ice extended unusually southward, which
is related to the unusually cold winter and weather conditions in these years. The weather patterns
associated with the periods of maximal sea ice in the Black Sea are discussed. In addition, we analyze
how the winter conditions change in the period 1926-2021 by combining different data sources.
The winter is classified as cold, moderate or mild through the Winter Severity Index following a
previously published methodology. The findings in our paper could help to monitor and predict
these events and to inform the interested end-users.

Keywords: climate change; Black Sea; winter severity

1. Introduction

The Black Sea is a large deep-water basin on the border between the European and
Asian continents lying in the continental mid-latitude climate zone. It is an important
climatic factor for all borderline countries (Bulgaria, Romania, Ukraine, Russia, Georgia
and Turkey). The open plane in the north enables the propagation effect of the Siberian
High in winter, and thus severe winter conditions often occur. On the other hand, in the
south, the Mediterranean Sea affects the climate: Mediterranean cyclones frequently pass
through the area, leading to moderate or mild weather conditions.

Black Sea freezing is observed regularly in its northern parts and near the Kerch Straits,
and occasionally spreads during cold winters to the south, reaching the Romanian coast [1].
Russian authors reported several cases of heavy freezing on the northern coast in the
20th century [2-7]. The relation of the freezing events to weather conditions is investigated
in [8,9], which identify the importance of the ratio between zonal and meridional atmosphere
circulation: zonal circulation is enhanced in mild winters and meridional circulation is
stronger in cold winters.

Since 1972, moderate freezing has been observed in the Black Sea, but February 2012
was extremely cold and the Black Sea ice reached Constanta in Romania (Figure 1), as
reported by the media. The winter of 2017 was also anomalously cold in this area. Most
of the studies of Black Sea ice formation are published by Russian authors and are rather
outdated. The present article is a continuation of our previous work [10]. Our aim is to
update the information on Black Sea freezing using available recent satellite observations.
Further motivation for this is the fact that the present operational numerical models of Black
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Sea circulation (for example, the Copernicus Marine Service operational Black Sea model)
do not take into account ice formation; we would like to determine if sea-ice occurrence is
regular and needs to be considered.

Figure 1. Romanian coast near Constanta in February 2012 [11].

The other objective of our work is to analyze the long-term variability of the thermal
regime and winter severity in the region in relation to freezing, based on the available
data for the 20th century and after. This could shed light on the atmospheric conditions
leading to freezing and enhance the predictability of such events. We found that the winter
conditions tended to be milder in the 20th century and the beginning of 21st century, but
this is not directly related to the freezing events. Thus, ice formation could be taken as a
measure of the local and regional atmospheric winter conditions.

The novelty of this paper is that we quantify the areas covered with ice in the Black Sea
using the satellite data product of NSIDC, so that the identification of the intense freezing
events since 2006 is possible. We also obtain new information from the qualitative analysis
of the meteorological conditions favorable for ice formation.

2. Data and Methods Used in the Study

The aim of this study is to combine different data sources on sea-ice cover and air
temperature in order to study the recent freezing occurrence and in general the interannual
variability over recent decades.

e Data for the extent of sea ice were taken from the US National Snow and Ice Data
Center product Multisensor Analyzed Sea Ice Extent—Northern Hemisphere (MASIE-
NH) [12]. This provides daily sea-ice data from 1 January 2006 to the present (NIC-
NSIDC, 2010). The accuracy of this product was investigated for the Arctic region
in [13], through a comparison using passive microwave sensors.

e  Synoptic data for the 2 m air temperature were collected from 9 coastal meteorological
stations along the coast of the Black Sea—Burgas, Varna, Odessa, Herson, Mariupol,
Batumi, Trabzon, Sinop, and Istanbul (Figure 2). The data source is the regular SYNOP
reports distributed by the Global Surface Summary of the Day (GSOD) data archive at
ncei.noaa.gov [14]. The data cover the period from 1950 to the present, but there are
numerous gaps, especially in the beginning of the period.

e  Historical archives and the literature on the Black Sea ice cover and air temperature in
the 20th century were taken from “Black Sea” Volume 4 of the book series “Hydrometeo-
rology and hydrochemistry of the USSR seas” [1], Chapter IV.5, “Ice”. To the best of our
knowledge, this is the most comprehensive analysis of Black Sea ice cover; unfortu-
nately, the data only cover up to 1985, and the processing is not well documented.

e  We combined weather maps of the 500 hPa geopotential height, sea-level pressure, and
relative topography, with a difference of between 500 and 1000 hPa in geopotential
height, copied from [15]. These are used to represent the synoptic conditions for
several instances of intense freezing.

Table 1 summarizes the data used in this study.
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Figure 2. Locations of the meteorological stations used in the study [16]. The two stars indicate the
positions of two towns, Ochakiv and Khorli, mentioned further on in the text.

Table 1. Summarized data used in the study.

Data Archive Parameter Link

nsidc.org/data/masie

MASIE-NH Black Sea ice cover (accessed on 11 June 2022)

ncei.noaa.gov

GSOD 2 m air temperature (accessed on 11 June 2022)

Sea-ice cover and 2 m air temperature Volume 4 of the book series
P “Hydrometeorology and hydro-

Published articles .
for the period 1926-1985 chemistry of the USSR seas”

Maps of the 500 hPa geopotential
Wetter3 height, sea-level pressure, and
relative topography of 500-1000 hPa

Wetter3.de
(accessed on 11 June 2022)

In order to qualitatively categorize how cold the winter was, we followed Simonov
and Altman [1] and Kryidin’s [9] approaches: the Winter Severity Index (WSI) is defined as
the sum of the negative daily temperature values (frozen days) from December to March
for each of the 9 stations. The winters were considered mild, moderate, or cold using the
threshold values of 200 and 400 °C.

We calculated the linear trends in the graphs by fitting the data points with a linear
polynomial, using the gnuplot implementation of the nonlinear least-squares Marquardt—
Levenberg algorithm.

3. Results
3.1. Black Sea Ice Cover from Satellite Observations from 2006 onwards

Three major European rivers flow along the north shore of the Black Sea—Danube,
Dnieper, and Dniester. Negative air temperatures could lead to the freezing of the riverine
water as this part of the Black Sea is relatively shallow. Freezing events can be identified on
the satellite images. Data on the extent of freezing were taken from the US National Snow
and Ice Data Center product Multisensor Analyzed Sea Ice Extent—Northern Hemisphere
(MASIE-NH). This provides daily sea-ice data from 1 January 2006 to the present. The
satellites used for this research are ALOS, AQUA, DMSP, ENVISAT, GOES, MSG, and
RADARSAT-2. The parameters measured by these sensors include sea ice, ice edges, ice
extent, and ice growth/melt. The spatial coverage in this study is the entire Northern
Hemisphere, specified as N 90° to N 0° and E 180° to W —180°. The raster data pixels
(grid cells) are 4 km x 4 km, thus covering an area of 16 km? each [12]. Since 2014, MASIE-
NH has also provided a product with a 1 km spatial resolution, but this period is too
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short for analysis. Before 2006, there was another NISCIDC product—IMS Daily Northern
Hemisphere Snow and Ice Analysis (available from 1997 to the present)—but its spatial
resolution is 24 km X 24 km, and thus it is not accurate enough to represent the areas of the
Black Sea covered by ice.

The available MASIE-NH geotiff images in a polar stereographic projection (Figure 3a)
were preprocessed into a Mercator projection, and the mask for the Black Sea pixels was
applied (Figure 3b); only the “sea” pixels with ice were counted. Thus, the average and
the maximal extents of sea ice for the four months in the winter season (December to
March) were estimated. One can note that the mask also contains the major rivers estuaries;
these were taken into consideration as they are important for vessel navigation in this
area. Obviously, the area depends on the choice of the pixels to consider in the daily ice
cover map.
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Figure 3. (a) MAISIE-NH product projection; the geotiff image was processed to obtain Mercator
projection and only the Black Sea area was cut. Then, the pixels indicating area of ice were counted,
and thus the sea-ice cover was estimated. (b) Mask for the Black Sea pixels.

The results for the daily sea-ice cover in the winters of the period 20062021 are shown
in Figure 4. As shown in [10], freezing occurred almost every year, with the exceptions
of the winters of 2007, 2020, and 2021. The maximal ice extent was reached in February
2012, but only for a relatively short period. The maximal ice coverages in 2006 and 2010, for
example, are less than that in 2012, but the ice formation was more stable and lasted longer.
In fact, a significant trend could not be identified, probably due to the relatively short time
period. During the latest winters in 2020 and 2021, ice only formed in the Azov Sea.

35+

30

= N N
w o w

Ice covered area [10%km?]

=
o

0

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
time [years]

Figure 4. Daily sea-ice extent in the period 20062021 from MASIE-NH.
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3.2. Winter Temperature Variations and Winter Severity Index

In order to relate the freezing events and the air temperature, we used data from the
NOAA data set Global Surface Summary of the Day—GSOD [14]. The same methodology
was used in [10]. In GSOD, we found daily data from nine meteorological stations along
the Black Sea coast—Burgas and Varna in Bulgaria, along the west coast; Odessa, Herson
and Mariupol in the north, in Ukraine; Batumi in Georgia on the east coast; and Istanbul,
Trabzon and Sinop along the south coast in Turkey (Figure 2, locations with balloons). Data
are available from 1950 onwards, but, especially in the beginning of this period, many gaps
are present. The mean winter temperature was calculated for the months January, February
and March and the graphs are presented in Figure 5 (blue lines). As expected, the north-
coast stations (Odesa, Herson and Mariupol) are much colder than the south ones (Istanbul,
Sinop and Trabzon), and the eastern one (Batumi) is similar to the south ones, as it is
located on the south-east coast. On the west coast, Burgas and Varna’s winter temperatures
are in between the aforementioned values. Overall, the variations in the nine stations are
very similar (except for those in Trabzon and Batumi). The calculated Pearson correlation
coefficients with respect to Odesa’s winter temperature are as follows: 0.98 for Herson; 0.94
for Mariupol; 0.9 for Burgas; 0.93 for Varna; 0.7 for Istanbul; 0.62 for Sinop; 0.41 for Trabzon;
and 0.22 for Batumi. These results suggest that the winter conditions are uniform above the
majority of the basin, with exception in the south-eastern part. This could be explained by
the dominating north-eastern winds during winter.
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Figure 5. The mean winter (January, February, and March) temperatures in blue and WSI in black
in Mariupol, Herson, Odesa, Batumi, Varna, Burgas, Istanbul, Sinop, and Trabzon, for the period
2006-2021. The trends of the curves are given with a dashed line in the corresponding color. Note that
the WSl is close to zero along the south coast in Batumi, Istanbul, Sinop, and Trabzon. The periods
with more than 20% data missing were not taken into consideration in this analysis.

It is interesting to note the asymmetry in the north-south and west—east directions: the
mean winter temperature increased from north to south and west to east (the latter is due to
the westerlies, typically spreading the marine influence in the east direction for this latitude).

The intensity of the winter in the nine meteorological stations is presented in Figure 5
through the WSI. The black lines show that in Odesa, Mariupol, and Herson, frozen days
occur regularly in winter; on the contrary, in Istanbul and Sinop, these are very rare. Burgas
and Varna, on the west coast, are similar to the northern parts. Trabzon and Batumi
practically never suffer from freezing air temperatures for a whole day (WSI ~ 0). In the
considered period, there are several years with typical winter cold conditions—2006, 2012,
and 2017. The recent winters of 2019, 2020, and 2021 are definitely mild with very low WSL
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The positive trend of the mean winter air temperature is accompanied by a negative
trend in the winter severity, which is especially well pronounced along the north coast. The
clear tendency for milder winters (the linear trend is shown with a dashed blue line) is
consistent with the warming trend for the winter in the Northern Hemisphere [17].

By comparing Figures 4 and 5, one can conclude that the relation between freezing
events and WSI (or winter temperature) is not direct: the tendency to milder winters is not
so evident in Figure 4. The freezing in the coldest years, 2006 and 2012, is in fact the most
intense and longest. However, in 2017, which was also very cold, the freezing event was
moderate and less intense than in the warmer years of 2010 and 2014. Thus, in the next
section, we analyze the meteorological conditions which led to the most intense freezing
events in the considered period. We suggest that the low winter seasonal temperature is not
only important for ice formation, but also for the occurrence of specific meteorological events.

3.3. Analysis of the Impact of Synoptic Conditions on Freezing

The aim of our study is to evaluate the importance of the mean seasonal temperature
and synoptic conditions for freezing in the Black Sea. Of course, these conditions are
related, as one season comprises several synoptic situations. In this section, we analyze
the “cold” synoptic conditions in the winters of 2006, 2010, 2012, and 2017, which were
associated with the intense penetration of cold air masses over the northern Black Sea area,
which resulted in intense seawater freezing. For visualization, we used weather maps from
the wetter3.de archive, which combine the sea-level pressure, 500 hPa geopotential height,
and the relative geopotential height of 500-1000 hPa (the first two indicate the dynamic
circulation, and latter is indicative of the thermal advection). The meteorological analysis
results come from the Global Forecasting System maintained and run at the US National
Center for Environmental Prediction. In order to better understand the dynamics of the
processes, one should look at the whole series of maps with a 6 h time step, but we report
here only the most representative instances for the purposes of analysis.

3.3.1. The Period of 8-13 February 2006

The weather maps shown in Figure 6 are for the period of maximal sea ice, 8-13
February 2006. At the beginning of February (Figure 6a), a deep cyclone of North Atlantic
origin formed and was stationary in Northern Europe. A trough of cold air penetrated in
the south, forming a cold core which was further transformed into an anticyclone on 13
February (Figure 6b). This anticyclone lingered for several days over the Black Sea and
then moved north. Overall, this could be classified as a penetration of a cold air mass of
North Atlantic—Arctic origin.
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Figure 6. Weather maps for 8 February (a) and 13 February (b) 2006. The maps show the 500 hPa
geopotential (black contours), sea-level pressure (white contours) and relative topography H500-H1000
(color scale) [15].
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3.3.2. The Period of 21-27 January 2010

In the winter of 2010, freezing occurred for a long period: starting in late December
and staying until the middle of March. The maximal extent was seen in the second half
of January, associated with the stable Siberian High with expansion over Eastern Europe.
The weather was very dynamic and a rapid cyclone of Scandinavian origin replaced the
anticyclone. On 21 January (Figure 7a), one can see that the weather was dominated by the
large anticyclone, expanding over central Europe and Balkan Peninsula. In the Tyrrhenian
Sea, a Mediterranean cyclone formed and propagated in an eastern direction above the
Black Sea over the following three days. This caused a rapid flow of cold air along the
north-west periphery of the cyclone, exacerbating the low temperature (Figure 7b). After
27 January, a series of cyclones of high latitude and of Atlantic origin entered Europe and
destroyed the Siberian High tongue. This prolonged freezing is related to consecutive
penetrations of air masses of Siberian and Arctic origin.

(GFS)  (Anolyse) ©) www,wetter3.de Dienstog, 26~01-2010 00 UTC (GFS) (Analyse) ©) www,wetter3,de

(a) (b)
Figure 7. Weather maps for 21 January (a) and 26 January (b) 2010. These maps show the 500 hPa
geopotential (black contours), sea-level pressure (white contours) and relative topography H500-H1000
(color scale) [15].

3.3.3. The Period of 10-20 February 2012

A maximum of the sea-ice cover seen by the satellites for the period 2006-2020 was
reached on 10-11 February 2012. The beginning of February was dominated by a stable
Siberian High tongue which expanded over a large part of Europe (Figure 8a).
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Figure 8. Weather maps for 10 February (a) and 16 February (b) 2012. The maps show the 500 hPa
geopotential (black contours), sea-level pressure (white contours) and relative topography H500-H1000
(color scale) [15].
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This blocking ended with a cyclone of high latitude of Atlantic and Arctic origin,
which on 14 February passed through the Scandinavian Peninsula, migrated south to
Northern and Central Europe, and on 16th February reached the Black Sea (Figure 8b). As a
consequence, the already cold weather conditions were exacerbated due to the introduction
of cold arctic air into the periphery of the cyclone. This freezing occurrence could be related
to the combined influence of Siberian and Arctic air masses.

A more detailed overview of the synoptic conditions over the Black Sea during the
first half of February 2012 is available in the work of Galabov and Chervenkov [18].

3.3.4. The Period of 30 January—15 February 2017

The winter in 2017 is characterized by almost constant sea ice in February. The end of
January 2017 was influenced by the Siberian High expansion over the Balkan Peninsula
(Figure 9a). Then, February 2017 was very dynamic with many cyclones of high latitude
Atlantic origin, which passed over central Europe and the north Balkan Peninsula. An
interesting condition formed in the middle of the month—a stable anticyclone over central
Europe, which brought cold air on its eastern periphery in the Black Sea region (Figure 9b).
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m]. Bodendruck [hPa), relotive Topogro
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(@) (b)

Figure 9. Weather maps for 30 January (a) and 15 February (b) 2017. The maps show the 500 hPa
geopotential (black contours), sea-level pressure (white contours) and relative topography H500-H1000
(color scale) [15].

The analysis of the weather patterns during the periods of maximal sea-ice extent
indicates that relatively long periods under Siberian High followed by an Arctic air mass
penetration in the periphery of a high-latitude Atlantic cyclone are the main meteorological
patterns responsible for sea-ice formation.

3.4. Black Sea Ice Cover in 20th Century

It is interesting to compare the results on the freezing area from satellites with the
previously published study of Simonov and Altman [1], which shows historical data for the
period 1948-1984. Unfortunately, a direct comparison of our results (based on MASIE-NH,
processed as described in Section 3) with these data is not possible as the original source is
not available; according to Simonov and Altman [1], these are maps of the north-western
Black Sea, drawn up in winter by the aviation intelligence service. The exact area used to
estimate the ice cover is not well documented; it is summarized in plots and tables (pages
411-412 of the volume).

Combining the two data sources in Figure 10, we did not aim to tailor the data in
single homogenized time series; we could not find a way to do this as there is no overlap
between the two data sources. Clearly, MASIE-NH has larger values, and we think the
reason for this is the different areas chosen for estimation. We used the mask shown in
Figure 3b with a pixel size of 4 x 4 km, which is apparently different from analogous maps,
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shown by Simonov and Altman [1]. What is important here is the fact that despite the
global warming trend, freezing occurs rather regularly. This leads us to the conclusion that
this is due to the synoptic conditions rather than the seasonal averages. An interesting
observation is that the periods of no ice formation usually lasted only one year and rarely
occurred two years in a row. This is also the case in the latest winters in 2020 and 2021. The
results are also an update to those of Matov et al. [10].
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Figure 10. Combined data of sea-ice extent, published in [1] (grey columns) and based on MASIE-NH
in the period 2006-2021 (blue columns). The upper panel (a) presents the average area for the season
December to March, and the lower (b) shows the maximal area covered with ice in the winter season.

3.5. Winter Severity Index in the Period 1925-2021

In this section, we discuss the long-term variations in the winter severity in the
northern areas of the Black Sea in an attempt to relate them to the documented freezing
events. Because the most indicative parameter for winter intensity is the air temperature
in the northern cities, Odesa, Mariupol and Herson, in the following analysis we only
consider these three locations (the methodology is similar to that of Matov et al. [10]).

In regard to the mean winter temperature, we can compare our results with the ones
published in [1]. These authors show a really long record of WSI, based on observations in
the northern meteorological stations Odesa, Ochakiv and Khorli (the latter two are indicated
with stars in Figure 2), covering the period 1926-1985. As the original temperature records
are not available, we compared the WSI calculated from the GSOD data in Odesa, Mariupol
and Herson after 1950.

The graphs in Figure 11 represent the WSI variations from the historical data of
Simonov and Altman [1] for the period 1926-1985; below, our calculated WSI from the
synoptic measurements in Odesa, Herson and Mariupol is presented after 1950, when data
are available. It can be seen that the values evolve in a very similar manner. Mariupol
is the northern-most city and, as consequence, the winter severity index is the highest
there. The Odesa and Herson graphs are similar. In 1954, there was an extremely cold
winter in this area. The Pearson correlation coefficients of Herson and Mariupol’s WSI
with respect to Odessa’s WSI are 0.97 and 0.88, which are quite high. In Table 2, we show
the calculated Pearson correlation coefficient of WSI in Odesa, Herson and Mariupol with
respect to Simonov and Altman’s [1] WSI in the overlapping period. This good correlation
of historical WSI with Odesa’s WSI allows us to prolong the first time series with the
data from Odesa. In order to tailor the two time series, we aligned the mean value in the
overlapping period (WSImean 220 vs. 246 °C); the standard deviations are practically equal.
The missing value in Odesa’s record for the year 1989 is substituted by the data of Herson.
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Figure 11. WSI of the historical data for the northern coast of the Black Sea and Odesa, Herson
and Mariupol from the GSOD database; the lowest panel shows the new WSI time series and the
calculated linear trend with dashed line (black for the period 1926-2021 and red for the last 30 years,
1991-2021).

Table 2. Linear correlation coefficient between the curves in Figure 11 for the overlapping period
1950-1985.

Pearson CC Odesa WSI Herson WSI Mariupol WSI
Simonov and Altman (1991) 0.97 0.96 0.92

Thus, we constructed a new WSI time series that is only missing the World War
II period, 1942-1944, shown in the lowest panel of Figure 11. In order to assess the
combined WSI consistency, we ran a standard normal homogeneity test, developed by
Alexandersson [19], to detect potential change points in a time series (from R: https://cran.
r-project.org/web/packages/snht/snht.pdf, accessed on 11 June 2022). At a confidence
level of 95%, the test discovered one change point in 1973. We decided, however, not to
further modify the original time series of Simonov and Altman [1] because there is also a
gap in the Odesa record in this period (1972-1973) from GSOD.

The most notable fact in the combined time series in Figure 11 is the negative trend
of WSI during the period 19262021, estimated at ~25 °C/decade (black dashed line). We
also present the linear trend for the latest 30 years, 1991-2021 (red dashed line); both lines
nearly coincide. This suggests that the tendency to warmer winters in this region since the
beginning of the 20th century did not change significantly in the almost 100-year period.

In regard to the reported freezing event during the 20th century, there is a relation
to the winter temperature, but this is not direct. Comparing Figure 10a,b, we see that the
coldest winters in 1954, 1963 and 1985 led to a large average extent of sea ice. On the
contrary, the ice-free winters in 1970, 1971, 1981 and 1983 are not the warmest on record.
The winter-to-winter sea ice-covered area does not necessarily follow the WSI. This again
leads us to the conclusion that the mean seasonal winter temperature is not the only factor
impacting the north Black Sea freezing events.

3.6. Winter Classification Based on WSI

In this section, we aim to categorize the long-term winter conditions in the Black Sea
region using the Winter Severity Index (WSI). The threshold values of WSI were determined
following the approach of Simonov and Altman [1] and are given in Table 2. The same
methodology was used in [10].
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According to the classification in Table 3, Table 4 shows the WSI of the winters in the
period 1926-2021 and gives the type of winters. Note that, since 2003, no really “cold”
winter conditions have been observed (e.g., WSI > 400), and the relative colder moderate
winters are indicated as “Moderate *”. The information in Table 4 has been updated since
the study of Matov et al. (2020), where the same methodology was used.

Table 3. Threshold values of WSI used for winter classification (from [1]).

WSI Value Winter Type
[0, 200] Mild
[200, 400] Moderate
[400, -] Cold

Table 4. Winter type from 1926 to 2021 according to the of WSI value in Table 3. The grey cells in
italic font contain Simonov and Altman’s [1] data.

Year Value Winter Type Year Value Winter Type Year Value Winter Type
1926 244 Moderate 1960 284 Moderate 1991 164 Mild
1927 272 Moderate 1961 145 Mild 1992 183 Mild
1928 562 Cold 1962 130 Mild 1993 256 Moderate
1929 606 Cold 1963 450 Cold 1994 98 Mild
1930 167 Mild 1964 365 Moderate 1995 136 Mild
1931 322 Moderate 1965 209 Moderate 1996 424 Cold
1932 481 Cold 1966 84 Mild 1997 295 Moderate
1933 274 Moderate 1967 264 Moderate 1998 126 Mild
1934 341 Moderate 1968 249 Moderate 1999 162 Mild
1935 405 Cold 1969 376 Moderate 2000 118 Mild
1936 103 Mild 1970 188 Mild 2001 74 Mild
1937 315 Moderate 1971 182 Mild 2002 208 Moderate
1938 185 Mild 1972 398 Moderate 2003 437 Cold
1939 185 Mild 1973 203 Moderate 2004 156 Mild
1940 385 Moderate 1974 176 Mild 2005 154 Mild
1941 299 Moderate 1975 47 Mild 2006 329 Moderate *
1945 320 Moderate 1976 326 Moderate 2007 69 Mild
1946 261 Moderate 1977 191 Mild 2008 113 Mild
1947 513 Cold 1978 210 Moderate 2009 113 Mild
1948 162 Mild 1979 251 Moderate 2010 251 Moderate
1949 329 Moderate 1980 230 Moderate 2011 271 Moderate
1950 362 Moderate 1981 75 Mild 2012 295 Moderate *
1951 192 Mild 1982 196 Mild 2013 146 Mild
1952 122 Mild 1983 120 Mild 2014 137 Mild
1953 190 Mild 1984 54 Mild 2015 136 Mild
1954 840 Cold 1985 641 Cold 2016 145 Mild
1955 103 Mild 1986 213 Moderate 2017 215 Moderate *
1956 377 Moderate 1987 524 Cold 2018 133 Mild
1957 207 Moderate 1988 179 Mild 2019 85 Mild
1958 126 Mild 1989 98 Mild 2020 21 Mild
1959 112 Mild 1990 71 Mild 2021 115 Mild

From the winter classification, it can be seen that “cold winter” conditions usually last
only one season, and the following winter is either mild or moderate. Rarely are there two
cold winters in sequence. We think this is due to the the Black Sea acting as a buffer and its
thermal inertia as a large water body. The recent study of Stanev et al. [20] investigated
the water mass formation of the Black Sea and found that the temperature of the winter
atmosphere affected the formation of a specific layer in the Black Sea—the cold intermediate
layer—thus affecting sea stratification. There is no doubt that sea temperature is one of the
factors that impacts freezing in the basin and it is well known that the Black Sea’s surface
temperature has been increasing in the last 30 years [21]. Future work is intended in order
to better understand the air-sea climate feedback mechanism in the Black Sea region.



Atmosphere 2022, 13, 974

12 0f13

4. Conclusions and Discussions

In this study, we combine data from satellite observations of Black Sea ice cover
with data from synoptic measurements in coastal meteorological stations in an attempt
to analyze the Black Sea freezing events and relate them to the winter conditions. We
conclude that not only is a low air temperature necessary, but also is the occurrence of
specific meteorological events.

The satellite daily product on the sea-ice cover from the archive MASIE-NH was used
to estimate the sea ice-covered areas in the period 2006-2021. It was found that in the
northern areas, freezing is observed rather regularly. The winters in 2007, 2020 and 2021
are unique, with no ice observed, and the maximal area covered with ice was reached in
February 2012.

We used synoptic observations from nine coastal Black Sea meteorological stations
in order to analyze the mean winter temperature and winter severity (Odesa, Herson,
Mariupol, Burgas, Varna, Istanbul, Trabzon, Sinop, and Batumi). Winter is defined for
the months January, February, and March. Our study shows that the variations between
sites, especially for the northern parts of the Black Sea, are very similar and in phase,
suggesting that the winter conditions are uniform in the majority of the basin. There has
been a tendency for milder winters in the last two decades in all nine stations.

Our analysis of the mean air temperature in winter shows that freezing is partially
related to a generally colder winter season. However, the analysis of the weather patterns
during the periods of maximal sea-ice coverage indicates that the tendency for freezing
in the northern Black Sea is a combined influence of Siberian High and Arctic air mass
penetration on the periphery of a high-latitude Atlantic cyclones.

The results for the sea-ice cover derived from the satellite product were combined
with published observations in the 20th century in an attempt to compare the trends and
interannual variations. The direct comparison of these two nonoverlapping periods is not
possible; however, it can be seen that the global warming does not affect the freezing events.
There is no evident tendency for decreases in temperature and significant interannual
variations are noted. The Winter Severity Index time series for the 20th century extends
until 2021 and indicates a negative trend of ~25 °C/decade, reflecting the pattern of
experiencing warmer winters in the Northern Hemisphere. The linear trend for the last
30 years, 1991-2021, is similar to this and suggests that the tendency for warmer winters in
this region did not change significantly in the almost 100-year period.

The freezing events observed in the periods 1948-1985 and 2006 partially related to
winter severity, but our analysis has unveiled that other factors (specific meteorological
patterns) had an influence. Further work to clarify these relationships is warranted.

The WSI was used to classify the winters in the period 19262021 as cold, moderate or
mild. Since 2003, no real “cold” winter conditions in the region were observed, but 2006,
2012 and 2017 were cool. On the other “warm” end are the winters in 2001, 2007, 2020 and
2021. The winter of 2020 was anomalously warm, the mildest of the analyzed period.
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